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Abstract—Models of photogeneration of charge carriers and structural regularities of the photoeffect are ana-
lyzed for homologous series of the main classes of photosensitive polymer semiconductors and their donor—
acceptor complexes with different sensitizers. The relationship between the chemical structure of polymersand
their photophysical propertiesis studied on the basis of an analysis of the effect of the energy and spatia struc-
ture of the monomeric unit of a polymer and the complex molecules on the spectra of the quantum yield of car-
rier photogeneration. The existence of general regularities of changesin the quantum yield with changesin the
parameters of the molecular structureis ascertained for the main classes of polymer semiconductors and donor—
acceptor complexes. Comparison of the experimental results with the calculations on the basis of the structure-
sensitive model of Onsager photogeneration made it possible to estimate the initial distances and the degree of
charge transfer in the excited state of complex molecules and relate the obtained val ues of the dipole moments
to the hyperpolarizability in nonlinear optical mediaformed on the basis of these polymers and complexes. The
ascertained structural regularities of the photophysical processes make it possible to predict the ultimate quan-
tum yield of photoprocessesin polymer organic semiconductors and their molecular complexes, as well asthe
ultimate value of photosensitivity of recording media on their basis. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Photosensitive polymer semiconductors are charac-
terized by the combination of photoconductive proper-
ties (revealed for polymers at the end of the 1960s [1])
with thermal stability, mechanical, and other specific
properties of polymers (in particular, the possibility of
obtaining high resolution due to the features of their
molecular structure). Hence, these semiconductors are
promising candidates for optical recording media [1-5].
Polymer photoconductors have a number of technically
important properties. optical transparency, film-form-
ing ability, flexibility, and thermoplasticity. In addition,
they are fairly conventional for preparation of layers at
low cost. The attractive possibility of synthesizing new
photoconductive polymers with specified properties
also led to intense investigations that began in the early
1970s. Photosensitive polymer semiconductors are now
more and more widely used as recording media of var-
ious types.

Photosensitive polymers were used previously in
electrophotographic and photothermoplastic media and
liquid crystals (LCs), which are applicable for photo-
graphic and holographic information recording. However,
their application was limited due to their [ow competitive-
ness as compared with inorganic semiconductors.

Presently, along with these (conventional) applica-
tions, photosensitive polymers becameindispensablein
fabrication of photovoltaic elements for solar energy
converters [6, 7]. In 1993, it was found that polymers
have photorefractive properties caused by photopolar-
ization of their molecules [8]. Since that time, on the
basis of studying the nonlinear optical properties of
polymers (generation of the second and third harmon-

ics and photorefraction) and processes of photopolar-
ization of their molecules and photopolymerization of
compositions, materials for laser media have been
developed, as well as molecular media exhibiting pho-
topolarization, photorefraction, and photopolymeriza-
tion effects for static and dynamic holography.

Datarecording using the noted classes of molecular
media is based on photophysical processesin an elec-
tric field due to the photopolarization or internal photo-
effect (the carrier photogeneration). These processes
lead to the modulation of the refractive index (LCs and
media with photorefraction, photopolarization, and
photopolymerization) and the surface charge or poten-
tial (electrophotographic and photothermoplastic media).
In photothermoplastic media, the charge modulation
results in the modulation of thickness due to the ther-
mopl asticity.

The noted fields of application of photosensitive
polymers are related to the features of intermolecular
interaction in these media and the possibility of form-
ing donor—acceptor (D—A) charge-transfer complexes
(CTCs) in them. It is the complex-forming ability and
the efficient charge transfer in complex molecules that
lead to their polarization under illumination (and, there-
fore, photopolarization of a medium) and also to the
specific features of photovoltaic and nonlinear optical
properties related to the photopolarization.

The determination of the mechanism of electron
transfer in CTC moleculesis necessary for understand-
ing the nature of biochemical processes: the electron
transfer in photosynthesisin green |leaves of plants con-
taining chlorophyll and in protohemes entering the
composition of enzymes and the electron (energy)
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transfer in cell mitochondria and chromoproteids of
blood (mioglobins and hemoglobins), whose structure
is similar to that of photosensitive molecules of com-
plexes of quinones with porphyrins (polyconjugated
macrocycles formed of four five-member pyrrole rings)
and their derivatives—phthalocyanines [9]. Aggregates
of chlorophyll molecules form antennas absorbing
solar photons and efficiently directing thelight-induced
excitons to the reaction centers where the light energy
is transformed into the chemical energy of redox reac-
tions[10]. The electron transfer in cells of living organ-
isms lies in the basis of a modern method of cancer
treatment. This method is based on the destruction of
cancer cells under the action of active (singlet) oxygen,
which isformed as aresult of photochemical reactions
inacell involving aphotosensitizer absorbing red light,
which penetrates easily through tissues.

However, neither mechanisms of charge transfer nor
the nature of primary photophysical processes in
organic materials is clear. The specific features of
molecular media—weak intermolecular interaction
(and, in the presence of CTC molecules, D-A interac-
tion in these mol ecul es, which dominates over theinter-
molecular interaction)—lead to significant differences
in the physical processes occurring in such media (both
polymers and molecular crystals) from those in inor-
ganic semiconductors. Therefore, at present, many
guestions concerning the charge transfer and the photo-
generation of charge carriers with their subsequent
transfer remain open for organic materials.

Most information on the photoprocesses occurring
in molecules as a result of light absorption can be
obtained by measuring the photosensitivity and the
quantum yield of carrier photogeneration n (which
determinesthe photosensitivity) in strong electric fields
(the so-called electrophotographic mode [1]). The use
of this mode, aong with the determination of ), makes
it possible to study the mechanism of carrier photoge-
neration and relate the physical characteristics of pho-
togeneration to the parameters of chemical structure of
molecules of photosensitive media [11-13]. Since the
stage of carrier photogeneration in polymer semicon-
ductors is preceded by electron transfer in a molecule
absorbing light, the determination of the degree of the
charge transfer 6 from the value of n makesit possible
to estimate another important characteristic of mole-
cules of photosensitive media: the dipole moment L,
which is related to 8. The value of this parameter is of
interest not only for preparation of photosensitive
media, such as electrophotographic and photothermo-
plastic media and LCs, but also for estimation of the
polarizability of molecules in polymers with photopo-
larization and photopolymerization properties, which
are used in holography and laser applications.

Thus, the methods of attaining high quantum yields
of photophysical processes (in particular, the carrier
photogeneration [12, 13]) and fabricating high-resolu-
tion molecular mediawith high photosensitivity SO an
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(a is the absorption coefficient) in the visible spectral
range [14] based on these processes, developed for
electrophotographic recording media, can be used not
only in fabrication of electrophotographic and photo-
thermoplastic mediaand L Cs. They can also be used for
adeliberate choice and synthesis of materialswith CTC
components for solar energy converters and photore-
fractive and photopolymerizing compositions, as well
as for estimation of polarizability and dipole moments
of photosensitive molecules. Knowledge of the mecha
nisms of the processes related to photogeneration—
luminescence and carrier transport through a molecular
medium—uwill allow oneto design new electrolumines-
cent devices based on organic semiconductors.

Traditionally, the development of photosensitive
polymer materials ran in two directions[1, 10]: synthe-
sis of polymers with a polyconjugated system and fab-
rication of systems based on the formation of CTCsin
polymers. CTCs can either exist in polymers in the
form of amonomeric unit or be formed by introducing
low-molecular substances into polymers (the interac-
tion of such substances with a polymer leadsto both the
increase in its photosensitivity and the extension of the
spectral range of absorption and sensitivity, i.e., to the
sensitization of the photoeffect (photoconduction) [1].
The following substances can be used for this purpose:
dyes, which form centers of photoactive absorption in
thevisible or infrared (IR) spectral region in apolymer
(the spectral sensitization of photoeffect), and acceptor
or donor impurities (depending on the electronic prop-
erties of a polymer), which lead to the occurrence of
one or severa absorption bands due to the D—A interac-
tion with aromatic fragments of the polymer (the struc-
tural chemical sensitization). It has been shown
recently that, along with the two noted directionsin the
synthesis of photosensitive polymers, photoconductive
properties can be obtained by forming supramolecular
structures in a polymer due to hydrogen bonds [15]
(it is the conjugation in these structures that is respon-
sible for the photosensitivity [16]). However, the mech-
anism of photogeneration in polymer media containing
CTC molecules remains unclear, and questions of prac-
tical interest about the relationship between the magni-
tude and spectrum of the quantum yield and the poly-
mer structure and about the ultimate characteristics
(in particular, photosensitivity) of molecular recording
media on the basis of these polymers are still open. The
solution of this problem encounters significant difficul-
tiesnot only due to the low photosensitivity of polymer
systems but also because there are alimited number of
film-forming substances appropriate for fabrication of
thin photoconductive films. Therefore, the photosensi-
tive properties of polymer D—A complexes have been
studied in more detail [1-3] because they are the most
numerous and their structure can be easily varied.

In this study, analysis of existing models of carrier
photogeneration in molecular media is performed and
an attempt is made to relate the mechanism controlling
the quantum yield of photogeneration (the internal pho-
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toeffect) to the medium structure and to study the pos-
sibility of increasing the quantum yield by sensitizing
the internal photoeffect. From this point of view, we
consider theintrinsic photosensitivity of polymerswith
saturated and conjugated bonds and their sensitization
(of structural, spectral, and injection types) by forming
CTCs of different structure in them, including organo-
metallic complexes and complexes formed at the inter-
face between the photogeneration and transport layers
in electrophotographic recording media. Analysis of
the structural regularities of photosensitive properties
of polymerswas performed using the datain the litera-
ture referring to the most photosensitive electrophoto-
graphic recording media and the results of our studies
of the quantum yields of photoprocesses in molecular
complexes used in electrophotographic and photother-
moplastic recording media, which were performed at
the Vavilov State Optical Institute at the |aboratory of
Prof. Yu.A. Cherkasov.

1.1. Specific Features of Molecular Media
and Photophysical Processesin These Media

Molecular media (both organic crystals and poly-
mersand CTC-containing films) are solid-state systems
formed due to intermolecular interaction. The intramo-
lecular structure of covalently bonded atomsin amole-
cule (crystal) or the structure of CTCs formed due to
the D—A interaction (in solid solutions of polymer com-
plexes) remains almost unchanged when a solid is
formed. Depending on the el ectronic structure of amol-
ecule and the parameters related to the molecul ar struc-
ture (polarizahility, dipole moments, D—A properties),
the energy of intermolecular interaction may vary over
awide range: from 1072 eV (van der Waals interaction)
to several eV (D-A bonds) [17].

1.2. Specific Features of Molecular Media Containing
D-A Complexes

Theformation of acomplex isrelated to intermol ec-
ular interactions of various types: van der Waals, Cou-
lomb, dipole-dipole, polarization, induction, and oth-
ers. A complex can be formed when the distance
between the donor and acceptor molecules is small
(~0.35 nm [18]) and they are oriented in such away as
to provide the most efficient overlap of their orbitals,
which leadsto the formation of aD—A or CTC complex.
This processis related to the redistribution of the elec-
tron density due to the electron transfer from the highest
occupied molecular orbital of the donor to the lowest
unoccupied molecular orbital of the acceptor [18-22].
Depending on the state (ground or excited) of the com-
plex in which partial or total charge transfer occurs,
complexes are distinguished as strong (ion—radical
salts), weak, and contact ones.

The quantum-chemical theory of D-A interaction
(the main type of intermolecular interaction in binary
compounds composed of two types of molecules with

SEMICONDUCTORS  Vol. 38

No. 10 2004

1117
Ia ,’/
b 7
Ic av
> I AW, I
5 0] / w
1 B
[5 ES ““'j’,/'/'/"' 7ro
10} 17,
Er.._.--~ -
ET—/{/.‘g = | 3
0 B @| 3
S| E| 2
~—IRS CTC CcC
Ip—Anp

Fig. 1. Energy diagram for D—A complexes of different
types [18]: CTC—complexes with charge transfer, IRS—
ion—radical salts, and CC—contact complexes, Ej is the
ground level, Eg) is the singlet excited state, E$) is the
triplet level, Wy is the state of the nonpolar CTC component
(DA), W; isthe state of the polar CTC component (D*A7),
Ip istheionization potential of the donor molecule, and Ay
is the electron affinity of the acceptor molecule.

donor or acceptor properties) was developed by Mul-
liken in 1952 [23]. According to this theory, the D-A
interaction arises due to the quantum-mechanical mix-
ing of two states: nonpolar (DA), in which only van der
Waals interaction occurs between donor and acceptor
molecules, and polar (D*A"), in which an electron is
transferred from the donor to the acceptor. The average
energy of the D-A interaction, Wp,, is determined by
the resonance integral of the polar and nonpolar com-
ponents, while the mixed state actually describes the
dipole D*3A-3, where 0 < & < 1 is the degree of charge
transfer. With respect to the energy, which is in the
range from 0.05 to 1.0 eV, the intermolecular D-A
interaction (in acomplex) isintermediate between cova-
lent interaction (several eV), on the one hand, and hydro-
gen (0.05-0.5 eV) and van der Wadls (10#-10" eV)
interactions, on the other hand [17].

The generalized energy band diagram of D-A sys-
tems of different types is shown in Fig. 1. The above
classification of molecular complexes is based on this
diagram and the difference in the ionization energy of
donor molecules and the electron affinity of acceptor
molecules, | — A,. For weak CTCs, which are mainly
discussed here, the energy W; of the state of the polar
component D*A~ significantly exceeds the energy W,
of the nonpolar state DA: W, > W, [17]. Polar states
can be occupied under photoexcitation as a result of
optical transitions with charge transfer.

Since recording media containing molecular com-
plexes are solid solutions of these molecules in poly-
mers (in thermoplastic matrices in the case of photo-
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Fig. 2. Energy diagram for different D—A complexes,
depending on the intermolecular distancer: Eg (curvel) is

(1) (2
the energy of the ground state §; Eg” (curvell) and Eg

arethe energies of thefirst and second excited states, S; and
S,, respectively; and Eg, (curvelll) isthe energy of the exci-

plex state. rg , Fg, @nd rg, are the charge-transfer distances
in a complex before the relaxation of vibrational energy,
after the relaxation, and after the exciplex formation,
respectively. W%A and W[E,A are the energies of the D-A
interaction in the ground (8 = &y — 0) and excited

(& — 1) states. Transitions 14 are clarified in Subsec-
tion 1.3.2.

thermoplastic media), their plasticization results in
another important feature of the media under consider-
ation—low concentration of CTC molecules (lower
than 5%) [1-3], which excludes their interaction with
each other.

Thus, filmswith D—A complexes regarded as mol ec-
ular solids are characterized by strong intramolecular
(~1 eV [17, 24]) and weak (10°+4 x 1072 eV [17])
interaction between complex molecules. Therefore,
when complexes are formed, molecules retain their
individuality, their energy structure changes insignifi-
cantly (Figs. 2, 3a, 3b) (the bandwidthsare ~0.2 eV [24]),
and the optical and electric properties of the solid
formed are controlled by the properties of the mole-
cules and their complexes. The optical absorption
shows molecular features and its spectrum isrelated to
the energy structure of the complex molecules. Redistri-
bution of the electron density upon formation of a com-
plex leads to the formation of new bands in the absorp-
tion spectrum due to the charge transfer. The energies of
these bands are determined by the equality [17]

where E, and EY are the energies of the ground and
excited (ith) statesof aCTC (Fig. 2 showsthe energy of
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the van der Waals interaction (curve 1)); I and A, are
the ionization potential of the donor molecule and the
electron affinity of the acceptor molecule, respectively;
E. isthe Coulomb energy, which stabilizesthe complex
in the excited states (see Fig. 2, curvesll, I11); Rz isthe
energy of destabilization of the excited complex due to
the exchange polarization (resonance) interaction; and
Ry is the charge-transfer energy, which stabilizes the
complex. The energies Rz and R characterize the con-
tribution of the D-A interaction in the excited and
ground states, respectively; and their difference Rc — Ry
isthe change in the energy of the D-A interaction upon
photoexcitation AWp, = W5, — Wo, = 1 eV (Fig. 2).
This value exceeds the energy of intermolecular inter-
action by more than two orders of magnitude [17],

which ensures weak interaction between CTC mole-
culesin asolid.

1.3. Specific Features of the Mechanism
of Carrier Photogeneration

Wesk intermolecular interaction in molecular solids
leads to the pronounced localization of charge carriers
at individual molecules (the localization time 1), =
1012-10* s [17]). This circumstance results in the
electron lattice polarlzatlon by charge carriers (the
polarization time T, = 10%-10*> s [5]) and controls
the time of carrier hopp| ng between neighboring local-
i zed states (the hopping time T, = 10 5[17]). Ascan
be seen, Tpq, > Tik > Ty and the carrier transport is
described by mcoherent hops between localized states
[25-29]. The phenomenological model of hopping
mobility is based on the following formula, which
describesthe rate of hops between two hopping centers
with a difference in the electron binding energies A;E
located at a distance r;; from each other [30]:

- (4 E/KT)O(4E)], (2

whereyisthe damping constant of the wave function of
alocalized electron, which is assumed to be spherically
symmetric, and ©(X) is a unit step function [31, 32].
Obviously, if the spatial location of hopping centersand
the type of distribution of the binding energies are spec-
ified, we deal with the random walk problem for an
electron in a spatial lattice of nonisoenergetic centers.
This problem is known in the literature as the r—E per-
colation problem. Thefirst attempt to solve it was made
in 1975 [26]. Bassler et al. [33-35] reduced the general
r—E percolation problem to a problem for a regular
(cubic) lattice. Later, this problem was solved using the
Monte Carlo method [36].

The carrier-transport stage and the absorption of
photons by complex molecules are generally described
using the concept of charge-transfer states—excited
neutral states of complexes (Fig. 3¢), in which (in con-
trast to excitons, where an electron and ahole arelocal -
ized at the same molecule and the distance between
them isindependent of time) an excited electron passes

M = Toexp[—2yr;
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Fig. 3. Energy diagrams of theionized states of (a) amolecule and (b) amolecular crystal and (¢) the main stages of photogeneration
in crystals using anthracene as an example. EOGpt and Egj are the optical and adiabatic energy gaps; E; and E'_) are the energies
of formation of positive and negative polarons, respectively; P is the energy of electronic polarization; I and | are the ionization
potentials of the molecule and molecular crystal, respectively; Ag and A, are the electron affinities of the molecule and molecular

crystal respectively; M; and M; arethelevels of conductivity of molecular polarons; S; and T, are the singlet and triplet states of
the molecule, respectively; r, and r, ae the thermalization lengths of two possible states of arelaxed bound charge pair with the

energies Ecp and Ucp; E(ClT) and E(CZT)

ignations are clarified in Subsection 1.3.

to the nearest or the next nearest molecule but remains
bonded to ahole by Coulomb forces[37-39]. The ener-

gies E(c'% and Eqp of these nonconducting ionic states
lie below the conduction band (Fig. 3c). When amole-
cule of a solid absorbs a photon, either autoionization
occurs (Franck—Condon transition from the ground
state to an excited state) [17] or direct excitation of the
CT state [38-40], due to which a Coulomb pair is
formed (the so-called charge-pair (CP) state). As a

result, free charge carriers may arise (Fig. 3c).

Thus, the specific features of molecular media are
related to the weak intermolecular interaction in them,
leading to (i) the molecular character of light absorp-
tion and subsequent carrier photogeneration through
the CP state with a quantum yield less than 1 and
(ii) localization of charge carriers and their low mobil-
ity (in comparison with semiconductors, where the
mobility p is not lower than 1 cm?/(V s)). The weak
intermolecular interaction and strong localization of
charge carriers at individual molecules in a molecular
solid cause carrier photogeneration through the CP
state formed as a result of molecular absorption of a
photon with possible direct excitation of CT states.
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are the energies of the CT states; and r is the Coulomb radius of a bound pair. Other des-

1.3.1. Mathematical models of carrier photoge-
neration occurring through the CP state. The carrier
photogeneration in media with weak intermolecular
interaction occurs through the CP state of a Coulomb
pair of carriers of oppositesign[1, 17, 41-43]. The sep-
aration of such a pair of chargesin an external electric
field ‘€ includes two stages. thermalization of a bound
charge carrier and field-assisted thermal dissociation of
the pair. The first (pre-Onsager) stage, in which the
bound charge carrier (electron) loses the excess kinetic
energy acquired from a photon and comes to equilib-
rium with phonons at a certain distance between the
charges (the so-called thermalization lengthr)), is char-
acterized by the quantum yield of formation of bound
pairs no. The stage of field-assisted thermal dissocia
tion, which consists in separation (facilitated by the
external electric field) of thermalized bound pairs due
to the interaction with phonons, is described by the dis-
sociation probability f(r, 8, €). Hence [17],

N = Nofu(r, 8 €)g(r, B)dr’, 3)

where g(r, 0) isthe function describing the distribution
of pairsover their radii r and orientation with respect to
the direction of the field ‘€ and 0 is the angle between
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thevectorsr and €. Atr, <10 nm, g(r, 8) = d(r —r,) [34]
and expression (3) takes the form

N =nofy(r, €). (4)

Since the separation of abound pair of carriersinthe
field € has a diffusion—drift character in the second
stage, it can generally be described by the three-dimen-
siona (3D) Smoluchowski equation [44]. Thisequation
makesit possibleto determine the space-time probabil -
ity density, which is equal to the probability of mutual
field-assisted thermal dissociation of charges bound by
Coulomb forcesfy(r,, €) having a constant microscopic
mobility independent of time. The genera solution of
this equation can be reduced to an analytical form only
intwo cases: at € =0[17] and in asteady-state case [45].

In the steady-state case of an isotropic system of
noninteracting pairs that are in equilibrium with a
medium that has a constant permittivity and is main-
tained at a constant temperature T, the dissociation
probability fy(r,, ‘€) for apair of chargeslocated at adis-
tance r, from each other (r, isindependent of thefield €,
temperature T, and the energy of photons) isdetermined
by the 3D Onsager model [46, 47]

_ 0 KToc€ére 0 €
fd = %‘ e%rtD s kT j&rtk-[ﬂv 5

where e is the elementary charge, k is the Boltzmann
constant, € is the permittivity,

X! .
LX) = i) ——, [>1,
j'e
lo(x) = 1—e™.
For constant ¢ and T, expression (5) can be written as
fa(r, €) O exp[1—exp(r/rc)] . (6)

The condition for the absence of pair—pair interactionis
satisfied at distances between pairs significantly
exceeding their radii r.

To remove the limitations of the classical Onsager
model [46], a number of modifications were proposed:
(i) the one-dimensional model [17] describing pro-
cessesin linear systems; (ii) the ballistic model [42, 43,
48, 49], which takesinto account the drift of bound car-
riers during their thermalization (at r, > 5 nm); (iii) the
model of transient photogeneration [43, 50], which
describes the probability kinetics f(r;, €) at timest <
108 s; (iv) the model proposed by Mozumder [51],
which yields the dependence of f4(r,, €) on the concen-
tration of bound pairs; and (v) the model of optical tran-
sitions proposed by Béassler [38-40].

For anisotropic media, more general (as compared
to the Onsager model) approaches were proposed by
Scher and Racovsky [52] and Ries[53, 54]. These mod-
els assume the hopping character of separation of
charge carriersin a pair and are based on the probabili-
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ties of this process calculated by Monte Carlo methods
[36, 37]. They make it possible to determine the range of
validity of theisotropic Onsager mode!: according to these
approaches, itisvaida r,>1nmand T > 200K [53].

The probability f4(¢€) can also be calculated by the
Pool—Frenkel model [55], which describes the proba
bility of a mobile charge carrier (with a mobility
exceeding 1 cm?/(V s)) escaping from a Coulomb cen-
ter under the assumption that the external electric field
€ affects the activation energy of this process and
reduces the height of the potential barrier by ~é°5.
However, this model and its modifications require use
of the band model, which is inadequate for molecular
semiconductors [17].

Thus, among the aforementioned mathematical
models of photogeneration through the CP state, the
Onsager model most adequately describes the physical
mechanism of this process for thermalized pairs. How-
ever, since thismodel does not describe the initial (pre-
Onsager) stage, it does not allow one to take into
account the photoexcitation and the effect of the D—A
interaction in the thermalization stage or find the
dependence of n on the photon energy and the structure
of the complex molecules. Therefore, a model should
be developed that would describe the initial stage of
photogeneration and take into account the features of
the CTC structure.

1.3.2. Physical models of photogener ation. Differ-
ent physical models of photogeneration consider differ-
ent processes leading to the separation of pairs at the
distancer,. In hopping models[28, 56, 57], this process
is a hop of a carrier from a complex molecule in an
excited state to the neighboring intermediate state. In
the dissociation—hopping model [58, 59], these are
hops by localized states with the dissociation according
to the Pool—Frenkel mechanism [55]. The dissociation
models of Onsager photogeneration [38—40, 42, 43,
60-71] differ in the predissociation stages, depending
on the medium structure, i.e., the character of the
energy relaxation after photoexcitation.

Three models have been developed for molecular
crystals (homomolecular media): the model of optical
transitions [38-40], the ballistic model [42], and the
excimer model [60]. For polyvinylcarbazole, it was
shown that, in the range of singlet absorption bands, the
guantum yield increases stepwise with increasing the
radiation energy Aw, so that n and r, remain constant
within each band. For polyacene crystals, near the
absorption threshold, n increases from 102 to 0.5 with
increasing number of aromatic rings[17, 72, 73]. Pho-
togeneration in molecular crystals occurs via the CT
states formed upon absorption of a photon (see Fig. 3c,
transition 1) due to the excess vibrationa energy of
~0.3-0.4 eV [17]. This energy is spent (transition I11)
on theinteraction with lattice phonons during 80-100 col-
lisons at the distance r(T) = 6-10 nm (which depends
on the field strength) [17]. As aresult, apair in the CP
state with a thermalization length r, is formed, which,
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absorbing additional energy from the environment, can
generate free charge carriers (Fig. 3c, transition 1V). In
the model considered, n and r, depend on the photon
energy [17, 43]. At higher energies, autoionization may
occur (transition I1).

For molecular media based on D-A complexes,
along with the hopping [56] and dissociation-hopping
[58] models, the exciplex [61-68] (for the case of struc-
tural chemical sensitization of the photoeffect) and ion—
radical [69—71] (for spectra sensitization by dyes)
models have been devel oped.

According to the exciplex model, photogeneration
occurs as aresult of the field-assisted thermal dissocia-
tion (Fig. 2, transition 4) of the unrelaxed state of the
Cz'—(D*A")** exciplex (Fig. 2, curve 1) formed upon
absorption of a photon (Fig. 2, transition 1) by a donor
molecule (the carbazolyl fragment Cz of polyvinylcar-
bazole) [65-67] or an acceptor molecule (both the
donor and acceptor molecules are intramolecular CTCs
(curvell)) and subsequent thermalization of an electron
(transition 3) [74, 75]. In this model, the thermalization
length r, = 2-3 nm; it can be independent of € and 7w
in the absorption band due to the fast intramolecular
relaxation (transition 3) of the molecule absorbing a
photon.

In the case of spectral sensitization of the photoef-
fect, photogeneration occurs from the * 3[IRP] states of
abound ion—radical pair arising from the exciplex state
of the dye molecule dye* absorbing a photon and acar-
bazolyl group of the polymer Cz. The 1 J[IRP] state
formed from the (dye-Cz)* state dissociates into free
carriers. The® Y[IRP] state arising as aresult of singlet—
triplet conversion with a constant kg, which depends on
the magnetic field [ 75], gives neutral products[76]:

dye* + Cz+2 (dye-Cz)* — “[IRP] <= *'[IRP].
ln
h+e

The above physical models of the photogeneration
in molecular media based on CTCs do not yield depen-
dences relating the magnitude and spectrum of ) to the
structure of CTC molecules, although such attempts
were made in many studies. However, the attempts to
relate the parameters of photophysical processes occur-
ring after absorption of a photon by a molecule to the
parameters of the chemical structure of complex mole-
cules were successful for CTC-containing molecular
media. In contrast to molecular crystals with a regular
structure, for which a correlation with the band gap
width was found [17], the class of CTC-containing
media is wider and series of regularly changing struc-
tures of complexes can be chosen in it. From this point
of view, the most promising are the mediain which the
CTC concentration is low and, therefore, CTC mole-
cules retain their individuality. In addition, since the
transport of photogenerated charge carriers in such
mediais performed by incoherent hops between local -
ized states, the determination of the relationship
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between the photogeneration and structural parameters
requires such methods for measuring n that would
allow one to take into account or exclude the effect of
the transport stage on the measurable values. Therefore,
an origina method for measuring n was developed,
which made it possible to relate the photogeneration
parameters to the structure of organic semiconductors.

2. METHODS AND OBJECTS OF STUDY
2.1. Technique of Study

The technique of study included

(i) experimental method for determining the quan-
tum yield n in strong electric fields (in the el ectropho-
tographic mode) and cal cul ation of the photogeneration
parameters,

(i) choice of the objects of study as homologous
series of both polymersthemsel ves and D—A complexes
formed by polymers.

2.1.1. Electrophotographic method for deter min-
ing the quantum yield of carrier photogeneration.
The quantum yield is the ratio of the number of mole-
cules involved in a photochemica or photophysical
process (in the case under consideration, the photo-
physical process of carrier photogeneration) to the
number of absorbed photons.

The photogeneration quantum yield was measured
for layerswith afree charged surface in the electropho-
tographic mode by the technique reported in [1, 9]. As
is well known [1], the electrophotographic method is
based on the possibility of forming a double electric
layer in a material under the action of an electrostatic
field with subsequent localization of the modulation of
its power (the product of the surface-charge density and
the layer thickness) due to the photoconduction. The
drift of light-generated charge carriers leads to the neu-
tralization of the surface charge or to the decreasein the
thickness of the double electric layer. According to the
technique proposed in [1], n was determined from the
slope of the photovoltage decay characteristic V(1) (Vis
the double-layer potential, tistime) at theinitial instant
of time as

ehwrdv
lad Datl],_’ 0

where fiw is the photon energy, d isthe layer thickness,
| isthe energy illuminance, a is the absorption coeffi-
cient, and € isthe permittivity of the layer. Formula (7)
isvalid at small variationsin the layer potential.

The quantum yield n was measured at the electric
field strength € = 10°-10° VV/cm by the “photogenera-
tion-wedge” method [77], which makes it possible to
monitor the conditions of complete collection of photo-
generated charge carriers as a result of their transport
through the layer. The relative error An/n of absolute
and relative (at the given energy of photons) measure-
ments was 40 and 15%, respectively. Theinjection effi-
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ciency n;y (Whichisequal to the number of charge car-
riers generated in the injection layer (Se or CdSe) and
passed through the interface to the transport layer) was
determined similarly for two-layer injection structures
(in the electrophotographic mode).

2.1.2.Technique for determining the photogener-
ation parameters. The photogeneration parameters
(the quantum yield of formation of bound pairs n, and
the thermalization length r,), which enter expression (3),
are determined, according to [3], from the experimental
values of n and its field dependences. The value of r,
was determined by comparing the slopes of the experi-
mental and calculated (by formulas (3)—(5)) field
dependences n(€). The quantum yield of formation of
bound pairs n, was found, according to (4), from the
value of f, calculated for the thermalization lengths r,
determined by the above-described method.

The mechanism of photogeneration and possible
ways of transformation of absorbed photon energy
were studied by simultaneous photogeneration and
luminescence measurements[1, 78]. The luminescence
spectra were measured in the range 3001200 nm at
temperatures T = 4.2-300 K with the time resolution
t,= 2 x 10°-10 s. The excitation of luminescence of
complexes was performed in the absorption range of
both complexes and their components by radiation of
argon (337.1 nm), He-Cd (441.6 nm), and He-Ne
(632.8 nm) lasers.

2.2. Objects of Study—Series with Systematically
Varied Sructure

As was noted above, a polymer can have photosen-
sitive properties only when either a conjugation system
is present in its structure or D—A complexes can be
formed in it by introducing low-molecular impurities.

2.2.1. Polymers. Investigation of the behavior of
changesin theintrinsic (i.e., with no sensitizing impu-
ritiesintroduced) photoconductivity of polymers of the
vinyl series [-CRH-CH,],, of different structures, for
which the phenomenon of photoconduction in the UV
spectral region [1] wasfound first, showed that, in order
to increase n, it is expedient to synthesize polymers
using the following procedures: (i) provide conjugation
in the main chain by introducing double bonds or aro-
matic rings and (ii) choose fragments R in the lateral
chain with low ionization potentials| (low valuesof |,
can be attained by increasing the 1t conjugation in aro-
matic systems (naphthal ene, anthracene, phenanthrene)
and introducing N, O, S, or Se heteroatomswith forma-
tion of carbazole, triphenylamine, oxazole, thiazole,
and other heterocycles and their derivatives). The pres-
ence of fragments with low I, leads, aong with the
increase in n, to the red shift of the absorption edge
[1, 18], which makes it possible to extend the range of
intrinsic photosensitivity of a polymer not only to the
UV range but also to the visible range. Monomers and
their aromatic fragments were chosen for synthesis of
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photosensitive polymers in accordance with the above
considerations. The most promising was the search for
structures characterized by both large values of n and a
wide photosensitivity range. The classes of photosensi-
tive polymers with such structures obtained to date are
listed in Table 1. Their range of intrinsic absorption is
extended to 2.0-2.5 eV (while the initial range was
4-7¢eV) [1]. The classes of T-conjugated polymers
listed in Table 1 can be classified as either containing or
not containing heteroatoms, in particular, nitrogen
atoms, which play an important rolein the complex for-
mation.

The following polymers containing no nitrogen
atoms belong to the class of Teconjugated polymers:

(i) vinyl polymers with single bonds (the so-called
polyyne structure [1]) in the main chain (Table 1,
series 1.1) with the general formula

[—CIH—CH o
R
where R = -H—polyethylene,

(18

—CeHs—polystyrene,

‘O —polyvinylnaphthalene, and
OOO —polyvinylanthracene;

(i) polymers with multiple (double) bonds (the so-
called polyene structure[1]) in the main chain (Table 1,
series 1.2) with the general formula

[-CR=CR],, (1b)
where R, = R, = -H—polyacetylene,
R; =—H and R, = —C;Hs—polyphenylacetylene, and
R, = R, = —CzHs—polydiphenylacetylene;
(iii) polymers with the bonds
N\, 7
/C:C\

(the so-called polyschiff bases) [1]—polyphenylenes
(Table 1, series 1.3):

OO
je1e)

SEMICONDUCTORS  Vol. 38
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Table 1. lonization potentials I, energies of optica and adiabatic gaps E%pt and E?, photoconductivities iy, guantum

yields of photogeneration of free charge carriersn, and carrier mobilities for different classes of photosensitive polymers

Structure Polymers without nitrogen atoms
of molecu- | go opt ad : 1 a1 2\/-1 1
lar chains | (jas Polymer Eg ,eV|Eg, eV n ipp QoM™ g, cm Vs I, eV
[-CH-CH],,
Polyyne | 1.1 | - - - - - -
R
polyethylene (R = H) 7.6 7.0[1] | 10%-10°[1] - ~10% 10.3
polystyrene (R = CgHs) 9.1 8.0[1] | 10°-102[1] - <107 9.2
polyvinylnaphthalene ~40 |~36[1] (1-3) - - 8.1
x 107 [1]
polyvinylanthracene >36 |31-34| 5x10* - - 7.34
8 x1073[1]

Polyene | 1.2 |[-CR;=CR], - - - _ _

polyacetylene 5.6-5.0 - ~10°[1] 10 104-10° -
polyphenylacetylene ~3.6 7.1[1]| 10°-10%[1] - ~104[1] 8.2
polydiphenylacetylene ~3.1 6.5[1] 10°-3 - ~103[1] 7.4

x 107 [1]

Phe- 1.3 | poly(p-phenylenes) ~5.0 |[~45 15x10°[1] - ~107°[1] 8.0
nylenes poly(m-phenylenes) ~52 |~49 2x107°[1] - ~10° 8.2
poly(p-phenylenevinylenes) | 2.5-2.7 | 2.4 - 10°[79] 10°-10* 7.7
23 | 21 105 [79] ~104 ~75
Polyacene | 1.4 | polyphenanthrene - 3.6 - 104-10° | 10°-10°3 8.1
polyalkylfluorene - - - 10°[79] |~3x10°[79]| 83
polydialkylhydropyrene - 2.7[81] - ~1072 - <8.0
polyphenyloxodidiazole - - - 107 - 6.8

1.5 | polyphenylbutadyine 4.2 40[1]| 3x10°- - 104-102[1] -

3x103[1]
copolymer - 2.0[1] | 10°-102[1] - - -

Polymerswith N, S, O, Cl, and like atoms

2.1 | polyacrylonitrile (R= CN) 7.4 72[1| 10%[1) - - -
polyvinyl chloride (R= Cl) 8.0 7.8[1]| 104-10° - - -

polyvinylpyridine >5.2 49[1]| 3x10* - ~107° ~8.3
polyvinylindole 5.0 - 103-3 10°[79] | 5x10°[79] 7.9
x 1072 [3]
polyvinylcarbazole >46 |>3.1 1035 ~1078[79] ~107 7.4-7.6
x 102 [1]
polyvinylpyrrolidone >4.1 - ~102[1] - - -
polysiloxanes 36-32| 31 [~2x107[1]] - 10° -
polysililenes - - - 104-102[85]| 7.4
polygermylenes - - - 10755 x -
103 [86]
2.2 | polyiodophenylacetylene >20 |~1.9 ~10%[1] - - -
polymethylethylpyridine ~50 |~4.8 3x 104 - - -
103[1]
polyamidines ~33 |[~20 (2-8) - ~10°[16] -
x 102 [16]
~1071[16] - ~104[16] -

SEMICONDUCTORS Vol. 38 No. 10 2004
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Table 1. (Contd.)
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Structure Polymers without nitrogen atoms
?;:%ﬂ;%us rsl‘e'; Polymer EX, eV |EY, eV n g Qo g, cm?2Vtst I, eV
2.3 | polyschiff basesof polyphe-| >3.1 |~3.0[1]| 4x10°>- 107°[13] ~10%[1] -
nylvinylenes 2x10[1]
- |21-23 - 105[79] | 104105
2.4 | polythienylvinylenes - - - 104102 | 1051073 -
polythiophenes 2.45 - - 10°[79] [~3x10°[79] -
polypyrrole 31 - - ~1072 - -
polyphenyloxidiazole 5.3 - - 107 - -
2.5 | polyamideimides - - |10%-1072[91] - ~10° 7597
polyimides >28 |>20 1045 ~105 10102 | 6.7-9.2
x 1071 [91]
polymellitimides >25[5]|>1.9 - - - 6.7-9.2
polyquinazolones >23 |>20 3x 104 ~10° ~10°[5] | 7.0-8.0
1072[94]
R R
[ Q Q , R = -CsH—polytetraphe- [ ,m= 6—poly-9,9,-alylfluo-
n Hom+1Cm CHom+1
R R rene[79].

nylbenzidine [79];
(iv) polyphenylenevinylenes (series 1.3) with the
general formula[80-82]

Ry

, )

\
Ry
where R, = R, =—CgHs; Ry =H, OCgH,; and R, = —CF;

(v) polymers with a double-conjugated system (the
so-called polyacene structure, which is characteristic of
molecular crystals of the anthracene, tetracene, and
pentacene types) in the main chain (series 1.5) with the
general formula

R

pey;

R

where R = —C¢Hs—polydiphenylbutadiene [1] and its
copolymers:

R

——PCR=(I:—]Y :

X C=CR

The analogs of the above polymers that contain, in
contrast to them, heteroatoms (N, Cl, S, Se, O, and so
on) are listed on the right-hand side of Table 1:

(i) series 2.1—polymers with the general formula
(1a), where

R = —-CN—polyacrylonitrile,
—Cl—polyvinyl chloride,

i}
N . .
D@ —rpolyvinyl indole,
)
~ N -
| —polyvinylcarbazole;
AN

(ii) series 2.2—polyamidines with the genera for-
mula[15]

[-HN-C=N-R;-],, (1)
|
R
where R = —H, —CHj, and —CgHs;
X=6,8, 10;
SEMICONDUCTORS ~ Vol. 38 No. 10 2004
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(iii) series 2.3—polymers with conjugated bonds
JC=N-
—polyschiff bases with the general formula
H,(=N-R-N),=(C-C=0),,

[
HsCe CeHs
R s =) A

obtained by polycondensation of amines (p- or m-phe-
nylenediamine and hexamethylamine) with benzyl;

(iv) series 2.4 from Table 1:
—polythiophenes with the general formula [83]

CmHZm +1
/m\
S n
and polyphenyloxadiazoles [84]:

—polyamidines with the general formula (111) with
RO = _C6H4_CH2_CGH4_;
—rpolythienyls [81-83] with the general formula

]

S
and poly-2,5-dialkoxyphenylenes with the general for-

mula
n

where R—phenyl, R, =—H(0); R, = R,—phenyl (-0.35);
R, = R—dimethoxyphenyl (-0.15); R, = R—diphe-
noxyphenyl (0.18) with an ionization potential increas-
ing in the series (its relative change is indicated in
brackets) and polyphenylenevinylene (formula (I1))
with R, = —H, -OCgH;, R, = CF5; R, =
_OC2H5—C4H9; Rl = —OC10H21, R2 = —H [22],
—polysiloxanes [85] and polysilylenes and
polygermylenes [86] with the general formulas

3 =

v v
ms-or,, [l [=6e],
R, R, R

R, = R, = -C¢Hs, C,Hyp.p. 21,

SEMICONDUCTORS Vol. 38 No. 10 2004
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including triradiate, tetraradiate, and linear carbazoly!-
containing polyorganosiloxanes [85]

[—:Si(or Ge)—O—CHz—CIIH—]n :

(v) series 2.5—polyimides and related compounds:
—polyimides with the general formula[87-93]

jeo; co
ool T T re
(60) CO
with donor (aromatic diamine) fragments Ry, varied in
awide range described by the formulas

(W~

sHNe

R
where R= —C¢Hs, —CH3, —H;

o @
688 7.0 7.14

e wos

where R= —CH,, —H;

@ O

7.25 7.45
(the numbers in parentheses in the lines under the
chemical formulas for the R fragments correspond to
the numbers of experimental pointsin Fig. 4; the fig-
ures below are the corresponding values of I in eV)

n

R
where X = -N—, —-O—, -S-, R=-H;
© 0 ©
or X =—N-and R= —H, —CHj, ~C4Hs;
(6a) (6b) (6c)

pYan U
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1.0

o
W
I, arb. units

1
7.0 7.5 8.0

ID, eV

Fig. 4. Dependences of the (A, B) quantum yield of photogeneration n and (C) luminescenceintensity I, (C) on theionization poten-
tial 1 of the donor fragment of polyimides (the types of fragments are indicated by numbers at points—see Subsection 2.2.1) for
different acceptor fragments Ry : (A, C) diphenyl oxide and B (CF3), [87-93]. Theinset shows the dependences of ) on the electron
affinity Aa for the acceptor fragments from series |-VI at different Ry: (D) 1, (E) 6¢, and (F) 12b.

whereX = — —S-, —O—(diphenyl oxide (DPO)) where X = —-CH ,—, —O-;
(9) (10 (11) (14 (15
<7.87.8 81 82 8.36
|
< N N
(1011) N \r
~7.9 Il? R
R, Ry R=H, R=—CgHs;
¢ and -S-, (16) (19
I I ~7.8 ~7.9
R, R,
(122) (12b) « -
~8.5 ~8.2 R
Or Rl = R2 = _CGHS; (18)
(12¢c)
<8.0 whereR= —H, ~COOH, —CH,~CH-CH,—O-R,

OH
: (18a) (18b) (18c)
X 9.2 - _
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NO,

(18c-1)
NO,
Do)
(18c-2)
X NO,
Ve
)l T T
\\N ,
(18c-3)
whereX= -O- o -S
(18¢-3-1)  (18c-3-2)

and acceptor (diimide) fragments R,:

C R C

IC b
R

where R= —CH;, —C¢Hs; ;

I
1.10-1.14

~ -

CF,
|

whereX = -CH,—, —-O-, -CO-, -SO,—,—C—
|

CF,

1 11 v V VI

1.19 1.30(1.12) 1.55(1.48) 1.57(1.48) 1.9

(here, Roman numerals denote series |-VI with R,
fragments in order of increasing electron affinity of the
acceptor molecule A, which isindicated in the bottom
lineineV);

—polymellitimides with the general formula

CO co_
—N\ ]@[ ‘g N-R—
CO (6(0)
n
with R = OXO » X = N(CeHg)—,

~NH—, -S-, -O—;

T

\/ \/
X =-NH-, N(CH,), CH,,=0;

SEMICONDUCTORS Vol. 38 No. 10 2004
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—polyquinazolones with the general formula[94]
I,
where R= OYO .
—< >—S—< >—O—< >—S—< >— )
ol T e
O C|Z O ;
CHs

Y =-0, -CH,~, R, = —CHa, ~C¢Hs, X = —, —CH,~;

—poly-(N-phenyl)-benzimidazoles and polyben-
zoxazoles[5]

KT
e atTas

—polyamide-imides [92]

ﬁ > N—Ry—CONH—Rp—NH—| ,
#=CO )

where Ry, = (—CHy-)g, —CsH,—; Ry = DPO, (18b) and
(18c) from the corresponding structural formulas of the
above polyimides.

2.2.2. Molecular D—A complexes.

2.2.2.1. Structural parameters varied in the series
of D—A complexes. The objects of study were homolo-
gous series of molecules of D—A CTCs with systemati-
cally varied structure in which only one structural
parameter is varied. The following characteristics were
chosen as structural parameters: for the energy struc-
ture, the ionization potential of an isolated donor mole-
cule (or donor fragment), |5, and the electron affinity of
an acceptor molecule or acceptor fragment, A,; for the
spatial structure, theinitial electron-transfer distancein
a complex, ro, and the distance between neighboring
donor fragments, d (for polymer molecules). A homol-
ogous series of the molecules of D—-A complexes is
regarded as a sequence of molecul esformed by a donor
(acceptor) molecule with members of a homologous
series of acceptor (donor) molecules. A homologous
series of molecules with a systematically varied struc-

)
n

X = -N-, -O—
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ture is regarded as a sequence of donor (acceptor) mol-
ecules (terms of the sequence) with similar spatial or
energy structures; for each subsequent term of this
sequence, one of the parameters of the spatial or energy
structure (I, Aa, d, Or ry) increases (decreases) with
respect to the previous term, while the other parameters
remain the same. Theincrease (decrease) in the parame-
ter in this case is due to the difference in a single frag-
ment of the molecular structure or agroup of alomsinit.

Analysis of the results of [12] made it possible to
conclude that n isindependent of which of the parame-
ters, A, or lp, is varied and is determined only by the
difference A, — . Hence, this difference was used as
the energy parameter. Since it is the variation in this
parameter from one member of the series to another
that isimportant in studying homol ogous series, therel-
ative value was used:

AA_ID_(AA_ID)min' (8)

where (Ax — Ip)min 1S the minimum value of the param-
eter in a given homologous series. The advantage of
using therelative valueis asignificant increase in accu-
racy. For example, the methods for determining the val-
ues of A, and Iy have an accuracy of ~0.5 eV [95],
whereasthe methodsfor determining relative values (in
particular, by maximaof absorption bands of D—A com-
plexes) have an accuracy of 0.05 eV [96].

For the molecules of donors and acceptors that are
intramolecular CTCs [97-99], the values of A, and I,
which enter (8), were determined from the parameters
of their donor and acceptor fragments: the ionization
potential of the donor fragment Ry of adonor molecule

or acceptor molecule, 15 or 15, respectively, or the
electron affinity of the acceptor fragment R, of adonor

or acceptor molecule, A5 or Ah , respectively.

2.2.2.2. Formation of homologous series of mole-
cules of D—A complexes. The homologous series of the
molecules of D-A complexes are formed in such away
that the members of each series differ only in the
parameter A, — I and this parameter is larger for each
subsequent member as compared with the previous
one. Thevalue of A, — 1 ischanged by systematic vari-
ation of either A, or Iy, the other spatial parameters
(d and r) being the same. The values of d and r, were
set as constant parameters for a given homologous
series. The parameter d for polymer molecules, in
which monomeric aromatic donor fragments with a
sufficiently low I are responsible for the charge trans-
fer, was defined as the distance between these frag-
ments. For monomer molecules, d was defined as d O
NY3, where N is the concentration of molecules provid-
ing the charge transfer. The values of r, were either
taken from the literature [12] or, if such data were
absent, were estimated based on the structural formulas
of the molecules from the total length of chemical
bondswith regard to the spatial position of the molecu-
lar fragments [11]. The constancy of the values of r
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and d in homologous series of complex molecules is
obtained owing to the coplanar arrangement of varied
donor or acceptor fragments [18].

The objects of study were thin (1-3 pm) films of
solid solutions of molecular complexes in a polymer
matrix [12]. The matrix isinert with respect to the com-
plexes and their components (the ionization potential of
matrix molecules| 4, > |p) and contains molecules pro-
viding transport of charge carriers (the ionization
potential of these molecules|, = I and their concentra-
tion is 5-30%, which corresponds to a distance
between transport molecules of 1-2 nm). The concen-
tration of complex molecules in a matrix does not
exceed 5% (for dyes and their complexes and
fullerenes, lower than 1%). The polymer matrix is pre-
pared on the basis of either a styrene copolymer with
divinyl (I 4 = 8.5-9.2 [95]) with transport carbazolyl-
containing polymers (I, = 7.6 eV [95]) or apolycarbon-
ate (I, = 10.2 eV [95]) with transport molecules on
the basis of hydrazone derivatives [98], amines, carba-
zoles, and so on with |, = 6.88-7.6 eV. In most cases,
complexes were distributed in a matrix in the form of
either individual molecules or aggregates of donor and
acceptor molecules (up to 40), with an average distance
between complexes of 20 nm [18]. In some other cases,
they were distributed in the form of individual mole-
cules at a planar interface between a photoconductor
(layer of amorphous Se 10400 nm thick or CdSe 70—
90 nm thick [100]) and a polymer matrix (density
10*? cm?, distance between complexes ~10 nm).

Homologous series of molecular complexes were
formed on the basis of the homologous series of donor
and acceptor molecules of various classes of organic
(including organometal and organoselenium) com-
pounds used in the preparation of electrophotographic
recording media: carbazolyl-containing polymers (in
particular, polyvinylcarbazole) and its polymeric and
monomeric analogs—poly-9-substituted carbazoles
[99] and aromatic vinyl polymers[85] and correspond-
ing monomers (I, was varied in the range 6.9-8.6 €V)
with various acceptors (A, was varied from —0.2 to
2.7 eV). Thefollowing compounds were used as accep-
tors: fluorene derivatives, intramolecular complexes of
heteryltricyanobutadienes, azides, azo pigments,
squalenes, perylenes, and phthalocyanines, dyes of
triphenylmethane, xanthene, and pyrylium classes; ter-
nary complexes of dyesand ethylenethiolate complexes
of transition metals, chloranil; bromanil; fullerenes
(Cs: Cyo, and their mixture); polyimides (polymers
with intramolecular charge transfer between donor and
acceptor fragments), whose parameters were varied in
awide range (I = 6.7-8.7 eV, A, = 1.1-1.9 eV); and
polyphenylenevinylenes. The distancer,, constant for a
given series, was varied by changing the complex struc-
ture (in going from one series to another). The series
with a varied distance d was formed on the basis of
poly-9-substituted carbazoles with monomeric units of
different length. The classes of molecular complexes
differed in the type of molecular orbitals of electrons

SEMICONDUCTORS  Vol. 38

No. 10 2004



PHOTOSENSITIVE POLYMER SEMICONDUCTORS

(n, T, 0) involved in the formation of a complex, the
interaction energy (from weak nitrogen-containing
complexes and exciplexesto ion—radical salts), and the
preparation conditions (dispersion in an inert matrix or
accumulation at the interface).

The samples with photosensitive media (seeinset in
Fig. 5b) consisted of a glass or Lavsan base covered
with aconducting transparent (Ni or 1n,0O4(Sn)) coating
0.01 um thick (for photothermoplastic media, this coat-
ing served as a thermal developing electrode), onto
which one or two layers of a photosensitive medium
were deposited. In the case of asingle-layer medium, a
layer of D—A complexes dispersed in a polymer (ther-
moplastic) inert matrix was deposited. The matrix was
astyrene-divinyl copolymer with the ionization poten-
tial 1,4 much higher than I of the donor molecules
under study. In the case of a two-layer (injection)
medium, a photogeneration layer of either an inorganic
injection sensitizer; or CdSe (0.1-0.8 um), amorphous
Se (upto 3 um), or SeAsTe (~1 um), which have accep-
tor elements with an unfilled p shell; or polyimide was
deposited on a conducting coating, and this layer was
covered with a transport layer of donor polymer or
monomer molecules in a polymer matrix, which has
thermoplastic properties in the case of photothermo-
plastic media.

2.2.2.3. Series of donor molecules used to form
homologous series of D—A complexes. The following
series of donors were considered: aromatic nitrogen-con-
taining molecules and their anal ogs containing no nitrogen
(series | and 11, respectively), aromatic vinyl polymers
(serieslll), and hydrazone derivatives (series V).

The series of aromatic nitrogen-containing mole-
cules (1) includes

00 o

triphenylamine, ditolylamine,
(6.86) (7.0

diphenylamine, carbazole,
(7.25) (7.4)

I ‘ O
STON N
H H

3

benzocarbazole, indole,
(7.6) (7.8)
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with ionization potentials I, increasing from 6.86 to
7.8 €V [95]. From here on, the figures in parentheses
under the formulas indicate the values of I in eVv.

The series of aromatic molecules containing no
nitrogen (11) includes

secoolleoe

CaHs
tetracene, vinylathracene,
(6.88) (7.38)
( 1
7 x
SOORSOI®
benzanthracene, pyrene, phenanthrene,
(7.56) (7.55) (7.85)

with |5 increasing from 6.88 to 7.85 eV [95].

The series of aromatic vinyl polymers (111) includes
the compounds with the general formula

[-CH,—CRH-],,

where
S900 ow
N N
l l
anthracene, carbazole, indole,
(7.42) (7.46) (7.79)
() 10
w
N
O
pyridine, phenanthrene,
(7.89) (8.10)
POROWS
AN ICH
naphthalene, fluorene,
(8.12) (8.25)

with Iy increasing from 7.42 to 8.25 eV [95].

The series of poly-9-substituted carbazoles (IV) con-
tains compounds with the general formula [-CzR,,



1130 ALEKSANDROVA

SO.I’ sz/J

(a)

105 -

104 -

1071 (b)

Polymer
Se(CdSe)
ITO

N\
AN
||||}—|

107> —
0 hw, eV

Fig. 5. Spectraof the (a) electrophotographic photosensitivity §, 1 and (b) quantum yield of photogeneration n of the polymerswith
saturated and conjugated bonds in the main chain: (1) polystyrene; (2) polyvinyl chloride; (3) polyacrylonitrile; (4) polyethylene;
(5) polyphenylacetylene; (6) polydiphenylacetylene; (7) polyvinylanthracene; (8) polyvinylcarbazole; (9) polydiphenylbutadyine;
(10) polyphenylenevinylene; (11) polyamidine; (12) triphenylamine-containing polyimide; (13) diphenyl oxide—containing
polyquinazolone; and (14, 15) polyamideimides based on (14) phenyl-substituted benzimidazole and (15) diphenyl oxide (My;, =
(3-5) x 103). The data are taken from (1-9) [1], (10) [80], (11) [16], (12) [90], (13) [93], and (14, 15) [92]. For comparison, the data
onn of crystalline layers of (I) thymine and (I1) adenine [1] are shown, whose structure is similar to that of the monomeric unit of
polyimides and polyquinazolones. The inset shows the structure of the objects of study.
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where Cz is carbazole and R are various alkyl and alky-
nyl substituents:

|
CH,
| |
~CH-CH,~  ~CH-CH

(o™
(nO:Z!rnO::L) (n0:31rn():2)

vinyl-, epoxypropyl-,
—CH-C—CH,—O-CH,— —CH-CH,
o 0
S
o
(No=4,my=2) (Np=5my=2)
oxetane-, organosiloxane-,
—CH-COH- —CH-COH-
O O
| (CH,
(No=2,my=3) (Np=2,my=5)
vinyl ether, glyceryl ether.

These substituents are intramolecular complexes with
charge transfer between the nitrogen atom of carbazole

N andtheal kynyl group R™. Here, dp isthe degree
of prt conjugation between p electrons of nitrogen and
Tt electrons of R, which determines the o constants of
alkynyl groups (they range from —0.04 to —0.28) [99].
The use of alkynyl groups with similar I, but different
distances d in this series made it possible to obtain
seriesV, whose members differ in the parameter d.

The series of hydrazone derivatives (V1) contains
compounds with the general formula[98]

o™
Oromens

with different groups R =

—N(C;Hs),, —H, (p)-Br,—OCH, (p)-Cl, (0)-I, (p)-NO,,
(6.67) (7.31) (7.46) (7.33) (7.46) (7.5) (7.8)

replacement of which leadsto the variation in the value
of I (indicated in parentheses).

2.2.2.4. Series of acceptor molecules used to form
homologous series of D—-A complexes. To form series
of acceptor molecules, fluorenes (series VI1), dyes and
their complexes (series VI11-XI), azides and azo pig-
ments (series XII and XIII), perylenes (series XIV),
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squalenes (series XV), fullerenes (series X V1), heteryl-
tricyanobutadienes (series X V1), and elements with an
unfilled p shell (series XVI11) were chosen.

SeriesVII contains compounds with the general for-
mula[101-103]

where X = 3O, >C(CN),,
R, = R, = R, = -H, —Cl,—F,-NO,,
R, = —H, —Cl, —F,-NO,,
—COOHCOC,Hyn.; (n=1-11), —CeNH..

These compounds are intramolecular complexes
with charge transfer of the prt or nmt type between
Ttelectrons of the fluorene ring and p or n electrons of
the acceptor radicals R—R,. The value of A, is esti-

mated as the sum of the electron affinities of all Aj
groups, thus, the minimum value of A, in the seriesis
165eV (at X=0,R, =R, = H, Ry = R, = Cl) and the
maximum value of A, is2.55eV (at X = C(CN),, R, =
R, =R; =R, = NO,[95, 104]).

SeriesVIII includes (i) dyes of the triphenylmethane
class with the general formula

e

Rs

where R, = R, = (-C,Hg), and Ry = —H for brilliant
green (the wavelength corresponding to the maximum
absorption A =628 nm); R, = R, = (-CH5),, Ry = H
for malachitegreen (A, = 616 nm); R, = R, = (—CHy),,
R; =—HCH; for methyl violet (A, =590 nm); and R, =
R, = Ry = (—CHy), for crystallineviolet (A, = 589 nm);
(ii) xanthene dyes (rhodamine 4C, 6G); and (iii) dyes
with the general formula

RN ] l l NR
‘ COOH

where R = (—CHj), and (—-C,H5),.

Series | X consists of dyes based on styryls and car-
bocyanines [105]. They include compounds with the
general formula R*—CIO~, where R = R, is pyrimidine
and R, are the derivatives of dimethylaminostyrylpyra-
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zoles with a relative change in the electron affinity of
the acceptor fragment A, within 0.4 eV.

As dye complexes, the following were chosen: (i) eth-
ylenethiolate complexes of transition metals (series X), in
particular, Ni, with the general formula[106]

where R=—-CHg, —C¢Hs5, and —C4H,N(CHy),, with max-
imum absorption at A, = 780, 830, 960, and 1060 nm,
and (ii) ternary dye complexes (series X1) with the gen-
era formulaTIL3R; [107], where L =

OH
OH
o QL
OH OH OH

(~1.0) (~1.1) (-1.2)

These are monomeric intramolecular CTCs formed via
aligand L by ametal (in particular, thallium) atom and
adye molecule R(A) containing an atom A (sulfur, sele-
nium, oxygen). Thevalue of A, of thiscompound com-
plex isvaried by varying the dye molecule R(A) =

(7.1-7.3)

RAONH—CO OH

ALEKSANDROVA

(7.3-7.5)

(7.4-7.6)

formed by an aromatic fragment with the ionization
potential Ii = 7.1-7.5 eV and an acceptor fragment

formed by S, Se, or O atoms (A =2.0, 2.1, and 2.4 eV
[95], respectively). The value of A, was determined by

formula (8), taking into account the fact that it depends,
along with the type of dye molecule (i.e., the value

of IR), on the electron affinities of the ligand mole-
cule A; and the acceptor fragment of the dye mole-
cule AL, i.e,

Ax = CLAL+ CoAL+ Co(lR — ). (9)

Series XI1 (azo pigments) contain compounds with
the general formula[108]

HO CO—NH@RA

v

They are monomeric intramolecular complexes with
charge transfer of the nrt type between 11 electrons of
different donor bases —-Ry—,

T T

(O

(8.1) (812

&
~0-0-O

(8.2)

H

H ~
(8.25)
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with the ionization potential I,? increasing from 8.1
t0 8.25 eV and n electrons of different acceptor bases
_RA_!

OCH y _CH3, _H y _F, _Cl y _CF3, _N02 y
(-0.15) (-0.05) (0) (0.13)(0.18) (0.53) (0.72)
with different o constants (from 0.15 to 0.8 [108]) and,

accordingly, different values of A, (indicated in paren-
theses).

Azides (series X111) are compounds with the general
formulas

e
|
A

where R= —OCH,, —-COOH, —-NH, -NO,
(-0.17) (-0.05) (0.2) (0.59)

N 3

H,
(0.3)
Perylenes (series X1V) are compounds with the gen-
eral formula[llO]

Sesets

and

N Ra,
WhereRAls
(0 (005 (@10 (0.13) (0.22)

with the values of A, increasing in the series (indicated
in parentheses). They are intramolecular complexes
with nrtcharge transfer between Ttel ectrons of perylene
and n electrons of acceptor radicals R,.

Squalenes (series XV) are compounds with the gen-
eral formula[111]

Ra o Ra
H3C\ /CH3
"~~~
HaC o CHs
They are monomeric intramolecular complexes with
Tt0 charge transfer between o electrons of the O atom

and ttelectrons of the amine group of different acceptor
radicals R,—:

—-OH, -CH;, -H, -F.

(-0.2) (-0.16) (0.0) (0.13)

Series XVI includes fullerenes Cy, (A = 2.6 €V),
Cy (Ay = 2.7 €V), and their mixture (87% Cg, and
13% C,). Their sensitizing ability is comparable with
that of chloranils and bromanils, which have electron
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affinities (~2.6 and ~2.8 €V [95]) similar to those of
fullerenes but different structure.

Heteryltricyanobutadienes (series XVII) include
compounds with the general formula R,—CH=CH-
C(CN)=C(CN), [97]. They are intramolecular com-
plexes with charge transfer of the nrt type between
Tt electrons of the varied donor fragment of the Ry— het-
erocycle and n-electrons of the N atom belonging to the
CN group of tricyanobutadiene; Ry =

98e
N N
| |
acridone (7.43), carbazole (7.5),

| |
indole (7.79) phenylpyrrole (8.09)
with | 2 increasing from 7.43t0 8.06 €V [95]. Thevalue
of A, for heteryltricyanobutadienes was determined

from the known ionization potentials IR of the donor
fragments, which correspond to the absorption peaks

found from the absorption spectra of the molecules[65]:
A = 15
where C is a constant.

Tricyanovinylarylamines (series XVI11) [112] have
the general formula

— AWy + C,

R CN
Se=c(
NC CN
whereR =
CH2
O L
CH3
(540) (545)

<

(520) (550)
L0 o
N N
| |
(510) (475)

(the values of A, areindicated in parentheses).
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The elements with an unfilled p shell (series XI1X)
include S, Se, Te, and Aswith A, = 1.9, 2.1, 2.4, and
2.6 eV, respectively [95].

The chromophores introduced into polyamidines
(series XX) have the general formula

(@)
'
HO R

whereR= —N(C,Hs),, ~N(CH,),,, ~OH, ~NHCOCHs,

(-093) (-0.83) (-0.37) (-0.34)
~0C,, H, F -NO,
(-0.27) (-0) (-0.06) (-0.79).

O O
whereR= o CH, o .
%N N)_

Me: Cu, Cd, Pt, Ru, Tb, Er.

2.2.25. Homologous series of D-A complexes.
The chosen series of donor and acceptor molecules
were used to form the homologous series of molecular
D-A complexes, whose members differ in the energy
parameter A, — |, varied by varying I in the series of
donors or A, in the series of acceptors (with constant d
and ). Thefollowing homologous series (listed in order
of increasing rp) were investigated (see Tables 2, 3):

series 2—porphyrins (donors)

ALEKSANDROVA

Along with the above polymers, the following com-
pounds have been studied: (i) polyimides (Table 1,
series of polymers 2.5) sensitized by the acceptors
2,4,7-trinitro-9-fluorenone (the electron affinity Ag =
19 eV [99)]); 2,4,7-trinitro-9-dicyanomethylenefluo-
rene (Ag = 2.2 eV [95]); chloranil (Ag = 2.5-2.6 eV
[95]); bromanil (A; = 2.6-2.8 eV [95]); fullerenes
(amixture of Cgpand Cop, Ag=2.65€eV [113]; Cgp, A =
2.6 eV; Cy, Ag = 2.7 €V); and dyes (malachite green,
As = 1.7 eV; crystaline violet, Ag = 1.5 eV [99)]);
rhodamine; coumarin; and ethylenethiolate complexes
of metals [106] (the dye and fullerene concentrations
were ¢4 = 0.2-1.0 mol % and ¢; = 0.7 mol %, respec-
tively); and (ii) organometalic complexes of
biquinolyl- and bipyridine-containing polyimides with
the general formula[114-116]

1OQ0Q)
OCLOO

CHs3

SEMICONDUCTORS Vol. 38 No. 10 2004
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Table 2. Quantum yields of pair formation (ng) and photogeneration of free charge carriers () and dipole moments . in the
series of molecular D—A complexes, depending on the parameter Ay — I

Series ; (Aa—Ip)—
no. Homologous series Ip, €V Ap, €V (And o) €V n No He, D
2 porphyrins + quinines - - 0-0.35 0.24-0.85 0.3-1.0 3.1-11.2
3 | PVC (serieslll) + acceptor 7.6 1.6-25 0-0.9 0.003-0.35 | 0.05-0.65| 0.7-84
(seriesVII)
4 | TNDCMF (seriesVII) + donor | 7.42-8.25 21 0-0.83 0.30-0.005| 0.55-0.02| 7.7-0.3
(series|ll)
5 | TNF (seriesVII) + donor 7.29-71.77 19 0-0.38 0.03-0.32 | 0.15040| 0.7-5.6
(series V)
7 | PVC (serieslll) + TIL3R; - - 0-0.60 0.15-0.42 | 0.60-0.96| 9.1-14.6
(acceptor) (series X1)
9 | azo pigments (series XII) - 11.8-14.3
Rp(AzoR,), with:
Ra=H, Ry 8.1-8.25 - 0-0.15 0.7-0.8
Rp = fluorene, Ry 825 |-0.15-0.72 0-0.87 0.44-0.86
11 | perylenes Ry—Pr—Ra - —-0.05-0.17 0-0.22 0.04-0.32 - 0.7-5.5
13 | squalenes SqRARA - —-0.20-0.13 0-0.33 0.08-0.35 - 156.9
14 | azides (series) + Cgy - 2.6 -0.47-0 0.10-0.18 - ~20
2.5 | polyimideswith Ry, - 1119 0-0.8 <0.01-0.65 | 0.02-0.9 2.5-19.6
Rp 6.7-8.9 0-22
2.5 | polyimides + acceptor + dyes ~6.7 1.6-2.7 0-11 0.05-0.95 ~1.0 15-26
13 |pPVC - -0.35-0.18| -0.17-0 0.07-0.25 | 0.12-05 0511
15 | PVC (serieslil) + HCB 7.6 7.43-8.09 0-0.66 0.35-0.24 | 0.65-0.59| 14.8-135
(series XVII)
18 | Se+ donor (seriesll) 6.88-7.85 2.2 0-0.97 0.65-0.01* - -

Note: Roman numerals correspond to the series of donors and acceptors defined in Subsections 2.2.2.3 and 2.2.2.4, respectively. Series of
complexes denoted by numbersin the first column are formed of these donors and acceptors. See Table 1 for series 1.3 and 2.5. The
following denotations are used: PV C—polyvinylcarbazole, TNDCMF—2,4,7-trinitro-9-dicyanomethylenefluorene, TNF—2,4,7-
trinitro-9-fluorenone, and HCB—heteryltricyanobutadiene.

*

Injection efficiency.

with quinones (acceptors)

O

o

where R=-H, -CHO, -CH,C¢Hs;
series 3-5—carbazolyl-containing polymers and

their analogs with fluorene derivatives:

Table 3. Initial charge-transfer distances r, and degrees of
charge transfer in the excited state, 8, for homologous series
of complex molecules

series 3—polyvinylcarbazoles (donor of seriesI I,
see Subsection 2.2.2.3) with fluorene acceptors
(series V11, see Subsection 2.2.2.4);

series 4—2,4,7-trinitro-9-dicyanomethylenefluorene
(series VII) with vinyl aromatic donor polymers
(serieslll);

series 5—2,4,7-trinitro-9-fluorenone (series VII)

with poly-9-substituted carbazoles (series [ V);
series 6—polyvinylcarbazoles with dyes (series I X);

SEMICONDUCTORS  Vol. 38
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Homo-
logous| rgy, NM o, NM Omax Omin
series
1 0.25-0.30{0.31+£0.03{0.95+0.05| 02+0.1
2-4 |0.30-0.35|033+£0.03{095+0.05| 0.2+0.1
0.35-0.03|035+003| 0.7+£0.1 |0.10+0.05
6 0406 [0.38+0.04|/095+0.05| 0.7+0.1
7 04-05 [042+0.04 - -
8 0.3-05 [043+£0.04 — —
9 0.4-0.6 |0.47+0.05 - -
10 0.6 0.57+0.06|085+0.05| 06+0.1
13 — 0.32+0.03| 08+01 | 0.2+£01

Note: rb is estimated from the structural formulas of the mole-

cules and rg is determined from the quantum yield n.
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series 7—polyvinylcarbazoles with ternary com-
plexes of dyes (seriesVIII and XI);

series  8—subsdtituted  polyphenylenevinylenes
(series 2.3, see Table 1);

series 9—azo pigments (series X11);

series 10—polyimides (series 2.5, see Table 1);

series 11—perylenes (series X1V);

series 12—polyimides with fullerenes;

series 13—sqgualenes (series XV);

series 14—azides (series X111);

series 15—polyvinylcarbazoles with heteryltricy-
anobutadienes (series XVI1);

series 16—azides with fullerenes;

series 17—triphenylamine-containing polyimides
with dyes.

Series of complexesforming at the interface (series 18
and 19) include complexes forming by aromatic mol-
ecules (series |) (either containing or not containing
an N atom) dispersed in the neutral matrix of thetrans-
port layer and Se molecules of the injection layer
(Se belongs to acceptors—elements with an unfilled
p shell (series XVIII), series 18 and 19).

2.2.3. Molecular crystals. For comparison, the data
for the two series of molecular crystals are given:
(i) phthalocyanines (series 1) with the general formula

[117-119]
N—& N
N
: —
N
N—¢ N

with different metals (Me)—Ti, Zn, V, Co, and Cu
(Ay= ~04, ~0.6, ~0.7, ~0.9, and ~1.5 eV, respec-
tively)—and without ametal (H,) and (ii) polyacenes—
compounds with the general formula[17]

X

3. RESULTS AND DISCUSSION
3.1. Polymers and Molecular Crystals

3.1.1. Spectral and structural regularities of pho-
toeffect. For the polymers of the vinyl series (series 1.1
and 2.1; al polymers are amorphous except polyethyl-
ene, which isin a crystalline state), it was ascertained
[1] that the photoconductivity spectra of conjugated

n

where n = 2-5.

ALEKSANDROVA

polymers are approximately the same in the UV spec-
tral region (Fig. 5a). The position of the long-wave-
length photosensitivity edge depends on the structure of
a polymer and shifts to longer wavelengths with
increasing Ttconjugation in the main chain and decreas-
ing ionization potential |, of the donor fragment or
increasing electron affinity of the acceptor fragment,
which serve as aradical R (in the lateral chain) in the
following sequence [1]: phenyl ring, chlorine, cyano
group, hydrogen, carbazolyl ring (Fig. 5a, curves 1-3,
7, 8). Obvioudly, in the case of the second and third of
the above radicals, due to their acceptor properties, the
electron transport is dominant; for the other radicals,
the hole transport is dominant. Apparently, the higher
photoconductivity and photosensitivity S of polyethyl-
ene (Fig. 5, curve 4), as compared with polystyrene
(curve 1) (which has alower potential |), isrelated to
the crystalline state of polyethylene. Investigation of
the nature of the spectra S(A\) revealed that, in the short-
wavelength range (A = 120-135 nm), where the valence
electrons of the molecule are responsible for absorp-
tion, the quantum yield is constant; with an increase in
wavelength, it sharply decreases.

For polymers with double bonds —C=C- (polyacet-
ylene and its phenyl-substituted analogs), the shape of
the spectrum S, ;(A) (Fig. 5a, curves 4-6) is somewhat
different from the spectrum of vinyl polymers. the
slope of the dependence S7%w) in the vicinity of the
absorption edge decreases. The likely reason is that, in
therange A = 135-180 nm, n decreases with increasing
number of double bonds and, in the range 180-220 nm,
n increases due to the photoactive absorption [1]. The
photosensitivity of conjugated polymers depends on
their supramolecular structure, the molecular mass My,
and the type of solvent. Aromatic solvents (toluene),
which can interact with monomeric units and require
much effort to remove them from a film (as compared
to other solvents), reduce . Taking into account the
above considerations, the properties of polymers with
the values of M,, of the same order of magnitude were
compared for samples obtained under the most similar
conditions of deposition: neutral solvents (not interact-
ing with a polymer), measurement of n in the same
spectral range, and the same measurement temperature
T =300 K. The results of the analysis of the photosen-
sitive characteristics of polymers—the energies EX

and EZ, determined from the values of the intrinsic
absorption edge and photosensitivity from the corre-
sponding spectra a(A) and §, ;(A); the quantum yields
of photogeneration (for some polymers, photoconduc-
tivity iy [123, 124]); and the mohilities of charge carri-
ers—are listed in Table 1. It can be seen from Table 1
that, with an increase in the 1t conjugation in the main

chain, the energies EX* and EX decrease, while the
values of n and p increase. It iswell known [1] that the
energy EX for conjugated polymers decreases with
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Table 4. Photosensitive characteristics (optical and adiabatic band gaps Eg
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% and EX' and photosensitivities S ;) and photo-

generation parameters (quantum yields of bound-pair formation ng and photogeneration of free charge carriersn and thermal -

ization lengths r; near the intrinsic photoconductivity edge) of molecular crystals of polyacenes j@i‘ and related
compounds [17] "

Crystal AEY eV AEY ev S (Ix s n r, M No
Naphthalene 4.95 4.7 4.2x10° <10 45 3x10°3
(n=2)

Anthracene 4.35 4.1 ~1.0x 10 104-1073[1] 60 ~1073
(n=3)

Tetracene 3.45 313 32x10° ~10°8 75 ~1072
(n=4)

Pentacene 2.82 2.47 1.7x1072 0.05 85 0
(n=5)

Rubrene 3.0 - - - - 0.3[17]
Tetrathiotetracene 2.2 - - - -

Tetrasel enotetracene 17 - - - -

Terphenyl 2.3 - - 0.03 -

increasing number of 1t electrons: it decreases the
most significantly (from 7.8 to ~3.5 eV) for polyines
(series 1.1, see Table 1) and polyenes (series 1.2) and
(from 6.0 to 2.1 eV) for polyacenes (series 1.3); for

m- and n-phenylenes, EX" decreases to a lesser extent

(from~6.0t0 3.8 eV) [1].

A similar dependence is observed for molecular
crystals of polyacenes. It was shown for them [17] that

the energy EZ* (corresponding to the optical absorp-

tion edge) decreases in the series naphthalene—
anthracene-tetracene—pentacene from 4.8 to 2.5 eV
(Table 4) and the quantum yield increases from 10~ to
5 x 1072, respectively.

Fairly large values of n for conjugated polymers
containing no nitrogen (at a level of 10%-10-°) were
obtained for polymerswith a high degree of Ttconjuga-
tion in the main chain (polydiphenylbutadyine and its
block copolymer with phenylacetylene derivatives), as
well asinteracting aromatic chromophoresin the lateral
chain (polyvinylanthracene); in the latter case, the
guantum yield is of the same order of magnitude as n
of its crystalline analog—anthracene crystals [1, 17].
For polymers with different types of conjugation, intro-
duction of nitrogen (replacement of anthracene by carba-
zole and naphthalene by indole) and —-CN, —Cl, and -
groups leads to an increase in S and expansion of the
sensitivity range to longer wavelengths (Fig. 5a,
curves 2, 3, 8). For nitrogen-containing polyschiff
bases, the maximum value of n is obtained for com-
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pounds prepared on the basis of p-phenylenediamine
and benzyl with an excess of diamine: n = 10 [1].

In going from polyphenylenes of different structures
(series 1.3) to polyphenylenevinylenes (series 1.4) and
polythiophenes (whose structure is similar to that of
polyphenylenevinylenes) (series 2.4), enhancement of
photosensitive properties is observed: photocurrent,
quantum yield of photogeneration (Fig. 5b, curve 10),
and carrier mobility increase. Introduction of various
oxygen-containing lateral groups into polyphenylenev-
inylenes (series 2.4) leadsto an increaseinn by afactor
of 5 [120, 121], whereas an introduction of a phenyl
group resultsin anincreasein n by no more than afac-
tor of 2 (series 1.4). Polyphenylenevinylenes are char-
acterized by relatively high (for polymers) mobilities of
charge carriers (holes) in the range 103-10° cm?/(V 9)
[80, 122]. A value of about 10~ cm?/(V s) is character-
istic of the new class of photosensitive polymers—
polyamidines (Fig. 5, curve 11), which contain amidine
groups in the main chain. These groups can provide
efficient two-center bonding with formation of cyclic
and linear ensembl es, which leads to the formation of a
guasi-conjugated system and, therefore, the occurrence
of photoconduction. For polyamidines, the photocon-
ductive properties (N = (1.5-8.5) x 102 [16]) aredueto
the possibility of forming such supramolecular struc-
tures (Fig. 6). Apparently, linear structures (Fig. 6a) are
responsible for the carrier transport, and cyclic struc-
tures (Fig. 6b) are responsible for the weak (up to 3%
per 1 um) absorption in the vicinity of 620 and 960 nm
and for the ability to form complexes with acceptor
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CHj3

Fig. 6. (@) Linear and (b) cyclic supramolecular structures
of polyamidines, which are responsible for the photocon-
ductivity.

molecules of similar structure and the carrier photoge-
neration [16].

For polysilylenes and polygermylenes (Table 1,
series 2.1), the mobility is determined by the nature of
lateral substituents: for aromatic groups, p = 10°-3 x
103 cm?/(V s) and, for aliphatic groups, i = 2 x 10°—
1.5 x 10 cm?/(V s). In this case, the mobility activa-
tion energy increases by about a factor of 2 when ali-
phatic groups are replaced by aromatic ones [86]. For
polytetraphenylbenzidine, the activation energy AE
rangesfrom 0.14 t0 0.25 eV and depends on the electric
field strength €. When low-molecular impurities
(which facilitate either hole or electron transport) are
introduced, AE increasesto 0.6 €V and also depends on
thefield € [86]:

AE = A=K(Cq £1)6 ",

wherek(cg, £4,) isafunction of the concentration ¢y and
the oxidation potential €,,, of the introduced transport
molecules and A is a constant.

Analysisof the dataon theintrinsic photoconductiv-
ity of polymers shows the following.

(i) Asthe polyconjugation regions develop, the ion-
ization potential |5 decreases simultaneously with the
increase in the electron affinity A,, which leads to the
decrease in the band gap width:

AEg = lg—A, —2P, (10)

ALEKSANDROVA

where P isthe energy of polarization of the medium by
acharge carrier [1, 17] and | 5 and A, aretheionization
potential and the electron affinity of molecules in the
gas phase, respectively. The widths of the optica

energy gap (EQ" = AEg) and the adiabatic energy gap

are related asfollows: Ej = EF' —E,, where E, = OE
(Fig. 3b) isthe polaron-formation energy.

(i) The decrease in the energy E? is accompanied
by theincreasein the quantum yield of photogeneration
and carrier mobility.

3.1.2. Mechanism of carrier photogeneration.
The mechanism of carrier photogeneration in polymer
semiconductors near the intrinsic absorption edge can
be described by a model proposed for molecular crys-
tals, which are characterized, as polymers, by weak
intermolecular interaction. It was shown for these crys-
tals [17] that, near the threshold, the spectral depen-
dence of the quantum yield has the form

N(hw, T,€) DACE, T)(Aw—ED)", n = 2/5, (11)

where A(¢€, T) isafunction of temperature T and €lec-
tric field strength €. The difference between the values

of EX' and EX, determined by the energy spacings
between the levels of conductivity of excited relaxed
CP states and unrelaxed CT states, isin the range 0.1—
0.25 eV and is equal to the energy of formation of a
molecular polaron, E,, which isinvolved in the carrier
photogeneration through the CP states (Fig. 3c). In
molecular media, this process is multistep and is
described by the so-called autoionization model of
intrinsic photogeneration [17]. According to this
model, the formation of CP states (which generate free
carriers through field-assisted thermal dissociation)
occurs in several successive stages (Fig. 3c): (i) photo-
generation of a neutral exciton state (formation of CT
states) (stage 1); (ii) autoionization of the exciton state,
as aresult of which a positive ion and a quasi-free hot
electron arise (stage I1); and (iii) thermalization of the
hot electron due to inelastic scattering by lattice vibra
tions, which leads to the formation of athermalized CP
state (stage 111). In the final stage, the thermal dissocia-
tion (stage 1V) of this state under the action of the Cou-
lomb and external fields (according to the Onsager the-
ory [46]) leads to the formation of charge carriers. The
latter become free at a distance of about the Coulomb
radius rc = 15-20 nm [1], which is determined by the
equality of the Coulomb and thermal energies.

Introduction of an efficient acceptor—fullerene—
into a polymer givesrise to anew long-wavelength band
at fiw < E° in the absorption spectra of the polymer. In
addition (at a fullerene concentration of 5—7 mol %),
photoconductivity of the polymer increases by afactor
of 3-500, depending on the polymer structure [113,
125-127]. Photogeneration in such media occurs as a
result of photoinduced electron transfer between the
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photoconductive polymer (by the an exciton migrating
in its chain) and Cg, with subsequent formation of a
polaron, which can either dissociate into free carriers
(photogeneration) or relax (luminescence) [126]. Mea-
surement of the absorption kinetics of polyvinylcarba-

zole—Cg, films showed that a CT state (Cz*—Cgj)* is
formed within 10%-10* s[127].

If conjugated segments in a polymer have different
D—-A properties, at a sufficiently high degree of conjuga
tion, favorable conditionsfor the formation of D—A com-
plexes arise. In this case, the values of I and A, in
expression (10) characterize the ionization potential of
the donor fragment (I = Ip) and the electron affinity of
the acceptor fragment, respectively. Such polymers
include polyimides and related compounds (series 2.5),
aswell as polymer D—A complexesformed by aromatic
fragments of polymers with acceptors or metals. When
D-A complexes are formed in a polymer, the energy of
D-A interaction Ep, =5 x 1021 €V [17] significantly
exceeds the energy of intermolecular interaction
(which is lower than 102 eV [17]). Therefore, absorp-
tion of light and subsequent photophysical processes
(carrier photogeneration, luminescence) are controlled
by the properties of the molecules and thin-film poly-
mers can be regarded as solid solutions of molecular
complexes.

3.2. Polymer D-A Systems—Polyimides

The specific feature of the structure of polyimidesis
that their monomeric units are intramolecular CTCs.
Therefore, they form an intermediate (with respect to
the properties) class between the above-considered
polymers and molecular D-A complexes. Aromatic
polyimides are widely used in the electronics industry
as film-forming, chemically resistant, and radiation-
resistant materials with high thermal, optical, and
dielectric properties [87]. Introduction of aromatic
chromophore groups into the polyimide structure made
it possible to obtain new (photosensitive and nonlinear
optical) properties with conservation of high thermal
stability. Polyimides can be used as photoconductive
polymers due to the specific features of their molecular
and supramolecular structure: the monomeric unit of a
polyimideisaD-A complex formed by adonor arylene
diamine residue, Ry, and an acceptor diimide fragment
of this unit, Ry. However, the photosensitivity of poly-
imides depends aso on the formation of interchain
complexes [89]. The photosensitive properties of poly-
imides are shown in Fig. 4 as functions of the energies
A, and | of the acceptor and donor fragments, respec-
tively. It can be seen from Fig. 4 that n increases with
decreasing I for polyimides with the same acceptor
fragment (curve A) and the dope of the dependence
remains constant when the acceptor fragment (energy A»)
isvaried (seeinset, curves D—F). The value of the slope
isd(logn )/d(A, — 1) = 1.94 (for the dependence of n,
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onthedifference A, —Ip, theslopeis 1.03). Anincrease
in A, by varying —X—in the acceptor fragment R, (with
a constant donor fragment) leads to an increase in n
(insetinFig. 4, curvesD-F) inthe seriesof Ry I-1- 11—
IV-V-VI (see Subsection 2.2.2.3). Thevalue of n,aso
increases with an increase in A, (series IH1(1)-111(8),
[1(6)-1(14)) and a decrease in I, (series VI(6)-VI(8),
V1(16)); i.e., the dependences of N and Ny on (Ay —Ip)
have the same character as those for other classes of
molecular D-A complexes [3, 12]. It can be seen that,
for the donor fragments formed by substituted benzim-
idazoles (6a—6¢, see Subsection 2.2.1), with a constant
acceptor fragment (R, is DPO), both Sand n increase
in the series —-H, —CH3, —C4Hs with an increase in the
donor properties of the substituents [92]; when Ry is
phenyl-substituted benzimidazole (6c), the photosensi-
tive properties increase with increasing acceptor prop-
ertiesin the series —-0O—, -CO—, —-SO,, -(CF3)— (accep-
torsfrom series|1-V1; seeinset to Fig. 4, curve4). The
maximum value of n was obtained for the acceptor
resorcin fragment. Obviously, the reason for thisfact is
in structural factors [92] and the increase in the length
of the monomeric unit and related increase in r,. The
decrease in the quantum yield of luminescence (which
competes with photogeneration (Fig. 4, curvelll)) aso
correlateswith theincreasein n with decreasing I 5. The
mobility of charge carriers in polyimides with the
strongest donor properties (R are triphenylamine or
diphenylanthracene) is 2 x 10°-3 x 102 cm?/(V 9)
[128, 129].

Polyimides with donor fragments containing phenyl
or methyl groups (—CgHs, —CH53) from series 11(12a),
[1(12b), and 1(12a)-V (12a) have high photosensitivity
in the visible spectral range [93], aswell as their triph-
enylamine-containing analogs [89, 90]. Note that the

replacement of the —é— atom by the —S:i— atom (tran-

sition from series 12 tlo series 13) leads to the decrease
in §; (by an order of magnitude) and | (by more than
afactor of 4). The presence of aband at 660 nm (which
is characteristic of ionized triphenylamine (TPA*) [96])
in the luminescence spectra of triphenylamine-contain-
ing polyimides and high values of §,; for polyimides
containing phenyl rings in the donor fragment (the ion-
ization potentials of these rings in the neutra state
exceed those for ionized rings by more than 0.1 €V)
also confirm the formation of interchain D—A com-
plexes in polyimides and their significant contribution
to the carrier photogeneration.

Polyquinazol ones, whose structureis similar to that
of polyimides, also have high values of Sand ) in the
visible spectral range [94]. Note that the values of n =
0.1 are 2-3 orders of magnitude higher than those for
the monomer molecules of crystals having the same
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number of nitrogen atoms in the aromatic system
(thymine and adenine) [130] (Fig. 5b, curvesl, I1):

@]
I

~C—CHj

LY

adenine (AE; = 455 eV and EX' =3.9eV).

Another class of polymerswith astructuresimilar to
that of polyimides (but, in contrast to them, insoluble)
is polymellitimides, polybenzimidazoles, and polyben-
zoxazoles. For polymellitimides, which differ from
polyimides in the acceptor group with alarger value of
A, = 1.9 eV [92], the energies E°" and the energies of
activation of dark conductivity are lower [5]. The pho-
toconductivity is p-typein polymellitimides and n-type
in polybenzoxazoles [5]. The aromatic heterocyclic
polymers under study form a series in the following
order of ascending conductivity: polybenzoxazoles,
poly-(N-phenyl)-benzimidazoles, and polymellitim-
ides. For polybenzoxazoles, a correlation is observed
between the conjugation efficiency and the energy
parameters. the widths of the energy gaps and the ener-
gies of excited states increase with a decrease in the
degree of conjugation [5]. The correlation between the
conductivity-activation energy, the degree of conjuga-
tion, and other energy parameters suggests the exist-
ence of intermolecular complexes, which is confirmed
by both the appearance of new absorption bands due to
the introduction of donor or acceptor molecules
[31, 32] and the ESR data [5]. In going from polyim-
idesto polyamideimides, which have asimilar structure
(with the same donor fragments), n and S decrease by
amost an order of magnitude. The exception is polya-
mideimides with R = —CgH,(COOH). Obvioudly, this
fact is related to the formation of the D—A complex
NH*—COOH- with a high dipole moment i, and ahigh
efficiency of formation of bound pairsng O e

3.3. Molecular D—A Complexes
3.3.1. Structural regularities of photoeffect.

3.3.1.1. Regularities of changes in the quantum
yield upon varying the energy parameters of the com-
plex structure. The dependences of the quantum yields
of photogeneration n and formation of bound pairs n,

ALEKSANDROVA

on the parameter Ay — Iy (which characterizes the
energy structure of molecular complexes) for theinves-
tigated homologous series of molecules of D-A com-
plexesare shownin Fig. 7 and listed in Table 2 (thereg-
ularities of changesin n for different structures were
considered in more detail in [11, 12]). The depen-
dences 6-20in Fig. 7 are given for the molecul es of the
following complexes: polyvinylcarbazoleswith dyes (6),
carbazolyl-containing polymers with ternary complexes
of dyes (7), substituted polyphenylenevinylenes (8), azo
pigments (9), polyimides with varied donor and accep-
tor fragments (10), perylenes (11), polyimides with dif-
ferent donor fragments with a fullerene (12),
squalenes (13), azides (14), complexes of poly-9-sub-
stituted carbazol eswith heteryltricyanobutadienes (15),
azides with the fullerene C,, (16), polyimides with a
triphenylamine donor fragment and different acceptor
dyes (17), complexes of polyimides with different
donor fragments and acceptor elementswith an unfilled
p shell (19), and complexes of aromatic nitrogen-contain-
ing donor molecules with acceptor elements of Group VI
of the periodic table with an unfilled p shell (20).

Tables 2 and 3 contain the ranges of values of the
degree of charge transfer 9, the distance of the initial
electron transfer in a complex r,, and the dipole
moment |, = ory determined from these values for the
molecules of the complexes in the excited state. The
valuesof A, and |, aretaken for isolated molecules and
their difference A, — I is taken with respect to the dif-
ference for the first member of each series (Ax — 1p)min-
The energy of photons corresponds to the maximum of
the absorption band; the value of n corresponds to the
field strength € = 8 x 10° V/cm; and n, at thermaliza-
tion lengths r, < 3 nm (characteristic of most series of
complexes), as well as d and [, is independent of the
field strength [3, 11, 12]. It can be seen from Fig. 7 and
Tables 2 and 3 that, for each series, the value of n and
the parameters of photoprocesses 6, |, and ng unam-
biguously depend on the parameter A, — Iy of the
energy structure of the molecules of a complex. An
increase in Ay — I in the range of about 1 €V leads to
an increase in ) up to three orders of magnitude.

Let us consider the structural regularities of changes
inn withincreasing r,in acomplex (Fig. 7 and Table 3).
The smallest values of r (according to the estimates of
[9, 12]) correspond to phthalocyanine crystals and
complexes of porphyrins with quinones dispersed in a
matrix (curves 1, 2). The value of n increases with an
increasein (Ax —Ip) — (As — I p)min regardiess of therea-
son for the increase in this difference (due to either a
decrease in the ionization potential 1 in the series of
donor fragments with the same acceptor (symbolsain
Fig. 7) or an increase in the electron affinity A, in the
series of acceptors with the same donor, i.e., I, = const
(symbolsbinFig. 7)) [9, 117-119].
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Fig. 7. Dependences of the (1-17) quantum y| eld of photogeneration nj and (18-20) injection efficiency n;; (dashed lines) on
the energy parameter X = (Ap —Ip) — (Aa —Ip)min & T =300 K for the series of the complexes (the numbers of the curves cor-
respond to the numbers of seriesin Subsection 2.2.5.5. and Table 2) of (1, 2) porphyrins with (a) quinones and (b) phthal ocyanines,
(3-5) poly-9-subtituted carbazoles (c is acceptor—2,4, 7-trinitro-9-fluorenone) and vinyl aromatic polymers (d is acceptor—2,4,7-trini-

tro-9-dicyanomethylenefluorene) with acceptors of the fluorene series (e is donor—polyvinylcarbazole). The compounds charac-
terized by dependences 620 are clarified in the text in Subsection 3.3.1.1. The series differ in theinitial electron-transfer distance
inacomplex (rq), which increases with increasing number in aseries. (Ax —Ip)min iSthe difference in the energy parameters of the
structurefor the first member of each series. The energy of photons 7w corresponds to the maximum absorption and € isthe limiting
field strength for a given complex. The datafor curves 37, 10, 12, and 14-19 were obtained by us; the datafor curves 2, 8-10, and
20 were obtained by usand compared with the datain theliterature; and the datafor curves 1, 11, and 13 aretaken from the literature.

1. Polymer CTCs.

la. D—A complexes of carbazolyl-containing poly-
mers and their aromatic analogs with fluorene deriva-
tives.

The dependences of n and n);,; on the energy param-
eter A, — I for the complexes of carbazolyl-containing
polymers and their aromatic analogs (series 2—4) are
shown in Fig. 7 (curves 3-5) and listed in Table 2
(series 2-4). Asfor series 2, the quantum yields ) and
No increase with an increase in the parameter (Ay —1p) —
(As = Ip)min (which can be increased by either increas-
ing A, at | = const (pointscin Fig. 7) or decreasing |5
at A, = const (pointsdin Fig. 7).

1b. Complexes of carbazolyl-containing polymers
with dyes and complexes of dyes.

The dependences of n on the parameter A, — I var-
ied by changing either the electron affinities of the
ligand and atom A in the dye molecule (A; and Aj,
respectively) or the ionization potential of its donor

SEMICONDUCTORS Vol. 38 No. 10 2004

fragment, | 2 , for the complexes of polyvinylcarbazole
with dyes [105] and ternary complexes of dyes [107]
are shown in Fig. 7 (curves 6 and 7). The data of [118,
119] indicate that n and n, increase with theincreasein
Ay, which, according to (9), isdueto either theincrease

in AL inthe series of ligands, or theincreasein A; of
the A atom (in going from O to S and Se) of the dye

molecule R(A), or the decreasein | 2 of the donor frag-

ment of the dye molecule. The sope of the dependences
increases in going from the dye molecule (curve 5) to
more complex molecules of ternary dye complexes
(curve 6).

2. Intramolecular complexesin a polymer matrix.

The quantum yields of photoprocesses in intramo-
lecular complexesin polymer matrices have been stud-
ied for the series of azo pigments, perylenes, squalenes,
and azides (Fig. 7, curves9, 11, 13, 14). Thevalueof n,
as for series 2-6, increases with increasing parameter
(As —Ip) = (As = I p)min regardless of the origin of this
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Fig. 8. Dependences of (1-3) the quantum yield of photoge-
neration n and (1', 2') the quantum yield of formation of
bound pairs ng on the spatial structural parameters of the
molecules of D-A complexes: (a) theinitial electron-trans-
fer distancerg and (b) the distance dg between the fragments
through which bound charge carriers migrate. For the
homologous series of molecules: (1) complexes of polyvi-
nylcarbazole with acceptor molecules having similar Aa;
(2, 2') palymer 2,4,7-trinitro-9-fluorenone complexes; and
(3) complexes of porphyrins and quinones[9] with different
numbers of —CH,— groups [3].

increase: dueto either theincreasein A, (with the same
donor fragment and I, = const) or the decrease in I
(with the same acceptor and A, = const).

3. Complexes of aromatic polymers with intramo-
lecular CTCs.

The behavior of the gquantum yields in the com-
plexes formed by aromatic polymers with intramol ecu-
lar CTCsis considered using as an example complexes
of carbazolyl-containing polymers (polyvinylcarba-
zoles and polyepoxypropylcarbazoles) with heteryltri-
cyanobutadienes [97], tricyanovinylaryls [112], or flu-
orene derivatives, which areintramolecular CTCs (Ris
pipyridine) [102].

For molecular complexes in which one of the com-
ponents is an intramolecular complex absorbing a pho-
ton, the structural regularities of the quantum yields
have been studied as functions of the parameter (A, —

I5) = Ip (the intramolecular CTC is an acceptor) and

the parameter A, — (AS —1p) (theintramolecular CTC

isadonor). Examples of the complexes of thefirst type
are the complexes of carbazolyl-containing polymers
(polyvinylcarbazoles and polyepoxypropylcarbazol es)
with heteryltricyanobutadienes. For these complexes,
the dependences of n and n, on the difference (A, —

I5) — 1, varied by varying I of the heterocycle with
constant A, and I (Fig. 7, curve 15) indicate their
increase with the increase in the energy parameter

caused by the decrease in IR. However, the slope of
these dependences is lower than that for other series

ALEKSANDROVA

(curves 1-14). n and n, increase until the ionization
potential of the donor fragment of the acceptor mole-

cule If decreases to the ionization potential of the

donor molecule | [97]. For complexes formed by donor
molecules that are intramolecular CTCs, for example,
azides with fullerenes as acceptors (series 16), the
dependence of n on A, changes and becomesreverseto
the dependence observed for azide molecul es dispersed
in aneutral matrix (series 14). Since

N(Ax A, 1p) O exp(As—Ap —1p),

n decreases with increasing electron affinity of the

acceptor fragment of the donor molecule A’S until the
latter becomes as high as A, of the acceptor molecule.

4. Polymer intramolecular complexes of polyimides
sensitized by dyes and fullerenes.

For polyimides sensitized by acceptors (Fig. 7,
curve 12), n increases with increasing electron affinity
As (the symbol G is used in order not to confuse this
parameter with A,—the electron affinity of the acceptor
fragment of apolyimide) of the acceptor molecule with
aslope dn/d(Ag —Ip) that islower than that for polyim-
ides (curve 10) by afactor of 7.5; i.e., the same depen-
dence is observed as for the series of carbazolyl-con-
taining polymers with heteryltricyanobutadienes, in
which both components are intramolecular CTCs
(curve 15).

3.3.1.2. Behavior of the change in the quantum
yield upon varying the spatial-structure parameters.

1. Dependences of n on the initial charge-transfer
distancer,,.

For the series of complexes, the value of r is esti-
mated from the structural formulas of the molecules
with regard to the spatial position of their fragments
[12]. For complexes of carbazolyl-containing polymers
with heteryltricyanobutadienes, it is estimated from the
radiusr, (ro <re) of the exciplex formed by the excited
acceptor molecule (heteryltricyanobutadiene) and the
carbazolyl fragment of a polymer [18]. The radius of
the exciplex ro, = 0.6 nm [97], which isequal to the dis-
tance between coplanar planes of aromatic fragments (het-
erocycle Ry and carbazolyl fragment). For the complexes
formed by carbazolyl-containing polymers and ternary
dye complexes, r, is also estimated from the value of r,,
which is defined as the distance between the exciplex-
forming fragments of the molecule of the dye complex
and the carbazolyl fragment of the polymer. The radius of
the exciplex for the molecules of the class under consider-
ationisrg = 0.8 nm; thus, ry < 0.8 nm [11].

To study the dependences of n and ny on ry, a
sequence of complexes was chosen that does not corre-
spond to the accepted definition of a homologous
series. This sequence includes complexes on the basis
of polyvinylcarbazoles (I, = const) with acceptors hav-
ing the same values of A, chosen from the series of flu-
orenes, heteryltricyanobutadienes, and dyes. As can be
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seen from Fig. 8a(curves 1 and 1), the values of | and
No increasewith increasing ry, which isindicative of the
dominant effect of the parameter ry on n and n,,.

2. Dependences of n on the distance between aro-
matic fragments of a polymer donor molecule.

The dependences of n and n, on the distance d
between aromatic fragments of a polymer donor mole-
cule, through which migration occurs, were determined
for the complexes formed by 2,4,7-trinitro-9-fluo-
renones and 2,4,7-trinitro-9-dicyanomethylenefluo-
renes with poly-9-substituted carbazoles (donors of
series 5) with varied d (Fig. 8b). It can be seen from
Fig. 8bthat n and nyincreasewithincreasing d until the
latter attains some value d = d,, after which ny remains
constant (curve 2") and n begins to decrease with a fur-
ther increase in d (curve 2). A similar dependence is
observed for the complexes of porphyrins with quino-
nes [9], for which n also increases with increasing d to
acertain value and drops at d > d, (curve 3).

Thus, for the homologous series of the complexes
studied, the dependences of | and n, on the parameter

X = (Aa—=1p) = (As=1p)min
are linear in the coordinates
Inn = f(expX)

(Fig. 7), and it is known that the slope of the depen-
dences

Inn, = f(expX)
islower by afactor of 2 [11, 12] (not shown in Fig. 7).
The dependences are described by the functions [12]
N(Ax—1p) = exp{ k" [L-exp(X/KT)]}, (12

No(Ax —1p) = exp{—k[1—exp(X/KT)]}, (13)

where k® and ki are the slopes of the curves

Inn = f(eX/kT) and n, = f(eX/kT)’
j isthe number of a homologous series, and p in acon-
stant; note that ki) = nkf)” , where n = 2. The values of

ki) and k{ correlate with r,. It can be seen from Fig. 7
and Table 3 that the slope is the highest for the series
with the smallest ry and the lowest for the series with
the largest r,, while the dependence of kf)j) onr,is
described by the function [3, 12]

é”gp% O expt-
If the value of ry is known for one series at least, for-
mula (14) can be used to determine r, for any series of

complexes under study. The values of r, calculated by
formula (14) (calculation error is 10%) are compared in

(14
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Table 3 with the values of r, estimated from the struc-

tural formulas of the molecules taking into account the
gpatial position of coplanar fragments but disregarding
the angles between them (estimation error is 50%).
It can be seen from Table 3 that the cal culated val ues of

ro arein the range of values of ry estimated from the

structura formulas; however, the error in their determi-
nation is reduced from 50 to 10%. For the polymer
series of polyimides, the value of r estimated from for-
mula (14) isry = 0.45-0.52 nm; i.e, it is intermediate
between the values of r, for D—A complexes of poly-
vinylcarbazoles with fluorene derivatives (weak
D -A complexes) and polyvinylcarbazol es with intramo-
lecular CTCs.

The established structural regularities of changesin
the quantum yields are described by the dependence of
n on the structural parameters of the complex mole-
cules (A —Ip, ro, d) ascertained in [11, 12] on the basis
of the migration model of photogeneration [3]. This
dependence has the form

IN[N(As =15, ro, d)]

UG

- _ _n
A—-2Byexp 3

15
a-etyl

wherer =ry+ nd and nisthe number of transport events
through donor molecules that is required to obtain the
value of the thermalization lengthrr,.

Atn > 0.4, expression (15) transforms into
n(AAl I D rO! d)

- 16
s

T O

where C, n, and p, are the constants obtained in [3].

Let us consider the physical meaning of the param-
eter A, — Ip and the nature of the dependences of the
guantum yields on this parameter. The difference A, — I
is the energy that must be spent to detach an electron
from an isolated donor molecule and transport it to
infinity with subsequent transport from infinity to an
isolated acceptor molecule. Actually, the charge pho-
totransfer occurs directly between interacting donor
and acceptor molecules, and the transfer energy is
reduced due to Coulomb and exchange (resonance)
interactions between the donor and acceptor molecules
and the polarization of the environment by these mole-
cules[3, 17] by A = E¢ + E, + 2P, where E; and E,
are the energies of the Coulomb and exchange (reso-
nance [1]) interactions, respectively, and P is the polar-
ization energy. Thisenergy isconstant in series. Indeed,
the Coulomb interaction, which is controlled by the
electron density distribution and the sizes of the mole-
cules, isamost constant in the series of molecules hav-
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Fig. 9. Spectra of the quantum yield n (solid lines) and absorption a (dashed lines) of (a) polyvinylcarbazole sensitized by (1, 1) flu-
orene derivative (2,4, 7-trinitro-9-dicyanomethylenefluorene), (2, 2') heteryltricyanobutadiene, and (3, 3') ternary dye complex and
(b) triphenylamine-containing polyimide sensitized by (3, 4) malachite green; (5, 5' and 6, 6') IR dyes with absorption maxima at
830 and 950 nm, respectively; (7) 2,4,7-trinitro-9-dicyanomethylenefluorene; and (8) fullerene. Curves 1 and 2 (b) refer to nonsen-
sitized polyimides containing (1) one and (2) two triphenylamine groups [89, 90]. The concentrations of the sensitizers (2,4,7-trin-
itro-9-dicyanomethylenefluorene, dyes, and fullerene) are 3, 1, and less than 0.7 mol %, respectively.

ing asimilar structure, and the polarization energy for
aromatic organic molecules is also constant (~1.5 eV
[17, 18]). Therefore, the difference I, — Ay — A in the
homol ogous series has the meaning of electron-transfer
energy in amolecule of acomplex and A is the energy
W, of DA interaction in this molecule. These quanti-
ties are determined from the energy parameters of iso-
lated donor and acceptor molecules.

3.3.2. Spectral behavior of thechangeinn in dif-
ferent structures of molecular complexes. The shape
of the spectra of the quantum yield n(Aw) depends on
the type of sensitization (Fig. 9). For structural chemi-
cal sensitization, it has been ascertained experimentally
that the spectrum n(#.w) depends on the complex struc-
ture [3] and, generally, does not correlate with the

absorption spectrum. Several characteristic regions can
be distinguished in the dependences n(Aw) (Fig. 9a):
(i) n decreases with decreasing Aw;

(ii) n increases with decreasing 2w (at low fw—
below a certain value 7.uy(An), curve 1); and

(iii) n isindependent of Aw in the absorption band
of the acceptor molecule (curve 2).

The experimentally established spectral behavior of
the change in then for different structures of molecular
complexes[7], aswell asthe structural behavior, can be
explained on the basis of the migration mechanism of
photogeneration proposed in [3]. This mechanism
accountsfor the shape and nature of the spectral depen-
dences of ) in the cases of both structural chemical and
spectral types of sensitization, in particular, for aro-
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matic polymers with low I, which are used to prepare
recording media.

3.3.2.1. Structural chemical sensitization of poly-
mers by acceptors. According to the model, the spec-
trum n(Aw) for different structures (types of D—A inter-
action) can be found on the basis of the known spectra
r{fw) and ny(hw). It was shown that the shape of the
spectrum r(%w) is controlled by the relaxation rate of
the photoexitation energy AE/dt and can be described as

r(fiw) O In"(Aw),

where m= 0 at a high vibrational relaxation rate k, (as
compared to the pair-formation rate K-p;

m =05 a ky<kep and AE/dtOr;
m =1 a ky <k, AE/dt = const.

The shape of the spectrum n(%w) depends on the
electric field strength ‘€ and can be described as [ 3]

n(hw) = const a ky > Kep,

17)
when r (Aw) = congt;

N(#w) O exp(—fw) for € <8x 10> V/em

and n(Aw) OAw® for € >8x 10° V/icm

The dependences obtained coincide with those
found experimentally (Fig. 9), except for the low-
energy region, where, at iw lower than 7wy, anincrease
in n with decreasing #iw is observed, which is not char-
acterigtic of Onsager photogeneration (Fig. 9a, curve 1).
It has been shown that this spectral shape is due to the
migration of bound carriers without losing energy on
electron—phonon interactions [3]. Migration of this
type is possible when the carrier energy is comparable
with the energy of phonons hv(A,), which depends on
the energy parameters of the molecules. Then [3],

1
1-Clhw—EY (v =0)]’

where C is a coefficient.

The anti-Onsager shape of the spectra (18) istypical
of structural chemical sensitization (Fig. 9a, curve 1) of
carbazolyl-containing polymers by fluorene derivatives
[3]. In the case of the structural chemical sensitization
of polyvinylcarbazole polymers by acceptors forming
complexes with several charge-transfer bands, r, and n
can be independent of #w in each band; however, the
step shape of the spectral dependences n(hw) coin-
cides, within experimental error, with the above-
described ones. Hence, it does not seem to be possible
to draw any conclusions on the validity of a particular
shape of the dependence. With an increase in the accep-
tor (or donor) properties of one of the substituents R, in
the structural formulas of fluorene derivatives, the latter
transform from acceptors (forming weak CTCs with

n(fiw) O

(18)

SEMICONDUCTORS Vol. 38 No. 10 2004

1145

carbazolyl-containing polymers) into intramolecular
CTCs and, absorbing a photon, form exciplexes with
carbazolyl fragments. This process manifests itself in
the change in the shape of the absorption and quantum
yield spectra[102]: n becomes constant in the absorp-
tion band of the acceptor molecule instead of decreas-
ing with decreasing 2w, whichistypical of photogener-
ation caused by the photoexcitation of a D—A complex
[3]. At the same time, n decreases in the long-wave-
length wing of the spectrum, which is characteristic of
exciplexes.

3.3.2.2. Sensitization of polymers by dyes and
intramolecular CTCs. Theindependence of n of Awin
the absorption band of an acceptor molecule (Fig. 9a,
curve 2) is characteristic of the exciplex mechanism of
photogeneration, which occurs in the case of the sensi-
tization of polymers by intramolecular complexes, in
particular, heteryltricyanobutadiene-containing ones
[97], which form in the excited state an exciplex with
the carbazolyl fragment of the polymer. The radius of
the exciplex isrg, = 0.6 nm [97], which is equal to the
distance between coplanar planes of aromatic frag-
ments (heterocycle Ry and carbazolyl fragment). The
occurrence (in the excited state) of a gradient of the
electron affinity [3] between these aromatic fragments

0A, _15—1,

ZApA_D

or I ox

due to the difference in the values of 1 and I facili-

tates the separation of bound charge carriers in the CP
State.

3.3.2.3. Polyimides and their organometallic com-
plexes. In the case of spectral sensitization of polyim-
ides, the photosensitivity spectrum Sfw) coincides
with the absorption spectrum a(%w) and the value of n
becomes maximal in the absorption maximum. Let us
consider the spectra using as an example the spectra
sensitization of the most photosensitive polymer—
triphenylamine-containing polyimide—by dyes (Fig. 9b)
[88—-91]. Sensitization of the polyimides containing one
triphenylamine group by xanthene (rhodamine 6G) and
triphenylmethane dyes (the most efficient is malachite
green) (Fig. 9b, curves 3, 4) resultsin the value of n in
the range of dye sensitization being approximately
equal ton intherange of intrinsic sensitivity: n = 0.08—
0.15 [90]. The effects of decreasing n beyond the
absorption band (at the photon energies Aiw either
higher or lower than the energy corresponding to the
maximum absorption at 7y(A ) and the decreasein
the radius r; a fiw > Ay, are described by the expres-
sions derived in [3]. The values of n, n,, and r, deter-
mined for polyimides with one triphenylamine group
sensitized by different dyes are as follows:

n = 010+0.03, n, = 0.26+0.08,
and r, = (3.2£0.3) nm
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for sensitization by rhodamine 6G [the peak of n(A), as
well asthe peak of a(A), isat A, = 530 nm; the shape
of the spectrum is similar to that shown in Fig. 9b
(curves 3, 4)];

n =012+004, n, = 036%0.12,
and r, = (2.8£0.3) nm

for sensitization by malachite green (A, = 650 nm);
and

n =008+0.03, n,=03%0.1,
and r, = (3.0£0.3) nm

for sensitization by a dye based on a pyrylium salt
(Amax = 630 nm). For polyimides with two tripheny-
lamine groups, the values of | and ), increase, in com-
parison with the polyimides containing one tripheny-
lamine group, by a factor of 2—-3 (Fig. 9b, curve 2 with
respect to 1) and r, increases up to 1.5 times [90, 91].

The introduction of a dye for the visible spectral
range, which changes the absorption region and the
spectral sensitivity of polyimides, in particular, mala
chite green (Fig. 9b, curves 3 and 4 with respect to 1
and 2), regardless of its concentration Cy,, does not
change the value of ng but resultsinanincreaseinr, by
0.5-1.0 nm and, therefore, an increase in n by ~20%
(curves 3, 4) in comparison with the corresponding
nonsensitized polyimides (curves 1, 2) [90].

Analysis of the effect of adye structure on the value
of photosensitivity S and the quantum yield n [90]
showed that the maximum values of Sand nj in the case
of sensitization of triphenylamine-containing polyim-
ides are obtained for dyes of the triphenylmethane
class, whose spatial structure is similar to that of the
triphenylamine molecule. The data for carbazolyl-con-
taining polymers, given for comparison, show asimilar
situation: the most efficient sensitizer for these poly-
mers is the xanthene dye—rhodamine 6G—whose
structure is similar to that of carbazole.

Triphenylamine-containing polyimides can also be
efficiently sensitized in the IR spectral region. The fol-
lowing complexes were used as IR sensitizers: ternary
complexes of dyes, which efficiently sensitize carba-
zolyl-containing polymers (in particular, polyvinylcar-
bazole [107]), and ethylenethiolate complexes of tran-
sition metals[106] (used for thefirst time as sensitizers
of aromatic polymers). When aromatic polymers, in
particular, triphenylamine-containing polyimides, are
sensitized by ethylenethiolate complexes of transition
metals [106], the maxima of the absorption and photo-
sensitivity bands shift to longer wavelengthswhen Ni is
replaced by Pt or Pd or when one (or several) substitu-
ent R with stronger donor properties is introduced into
the chain region. For R =—-CgH5 and -CgH,N(CH5),, in
comparison with R = —H and —CHj, the maxima shift
from 1.51 and 1.44 eV to 1.26 and 1.03 eV, respectively
(the maxima of the corresponding absorption bands of
the dyesthemselvesareat 1.59, 1.48, 1.3, and 1.17 eV).

ALEKSANDROVA

The data on the IR sensitization of triphenylamine-
containing polyimidesare shownin Fig. 9b (curves5, 6).
For al dyes, in the spectra with A, = 780, 830, 950,
and 1060 nm (for both polyimides, and polyvinylcarba
zoles, and polyepoxypropylcarbazoles), a red shift by
0.10-0.15 eV with respect to the maximum of absorp-
tion of the dye itself is observed. The value of S, for
dyes in the IR-sensitization range is ~10° cm?J, n =
0.01 [106], and the shape of the spectrum corresponds
to that described in [3]. For polyimides with one triph-
enylamine group, in the case of sensitization by dyes
with Ao = 830 and 950 nm, the photogeneration
parameters aren = 0.02, ny = 0.05, and r, = 2.0 nm and
n =0.01, ng=0.02, and r, = 1.8 nm, respectively [91].
The value of §,; at wavelength A = 1060 nm is ~5 x
10% cm?/J, which is an order of magnitude larger than S
in the case of sensitization by the most efficient sensi-
tizer in the fluorene series[101]. In the case of dye sen-
sitization of polyimides with two triphenylamine
groups in the IR spectral region (Fig. 9b, curves 5, 6),
the values of n and n, decrease to 0.001-0.003 at acon-
stant r,.

The efficiency of IR sensitization (in the range 780—
1200 nm), defined as the ratio of the photosensitivities
in the dye-absorption maximum and in the range of
intrinsic photosensitivity, is 1-3 for the long-wave-
length band (650-840 nm) and 0.05-0.1 for the short-
wavelength region.

For organometallic complexes of biquinolyl-con-
taining polyimides [114-116], the value of photosensi-
tivity S, is 3 x 10* cm?/J (in the range 400-750 nm for
the Cu*>-biquinolyl complex and in a longer wave-
length region for the Cd*>-biquinolyl complex)
(Fig. 10). Thermal cyclization of a polymer (heating to
250°C) leads to a sharp decreasein §,; (by two orders
of magnitude). The energies fiwy, of the maxima of the
absorption bands due to the charge transfer in a com-
plex and the quantum yield n depend on the ionization
potential of the metal atom I the value of %wy,
decreases with increasing Iy, while n, in contrast,
increases from 0.004 to 0.07 with increasing I, in the
series Th, Ru, Cu, Cd, Pt (seeinset in Fig. 10, curves 1
and 2). This shape of the dependence of n on I, the
correlation of the dependence of the carrier mobility on
Ive (curve 3) with n(lye), and the strong dependence of
n on the structure of the monomeric unit of apolyimide
(which changes, in particular, due to the polymer
cyclization) indicate a complex character of interaction
of metal atoms with biquinolyl fragments and suggest
that the photosensitivity is, apparently, due not only to
the charge transfer in the complex but also to the signif-
icant effect of other functional groups of polyimideson
the complex.

The experimentally established structural and spec-
tral behavior of the photoeffect in molecular D—A com-
plexes can be described within the previously proposed
model considering the migration mechanism of
Onsager photogeneration [ 3], which takes into account
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Fig. 10. Photosensitivity spectra of aromatic polyimides
containing organometallic complexes of different metalsin

thelateral chain: (1) Th*3, (2) Ru™3, (3) Cu'?, (4) Cd*2, and
(5) Pt*2 [114-116] with (1, 2) bipyridy! and (3-5) biquinolyl
aromatic fragments. The dependences of the (1) energy of
maximum absorption of acomplex g, (2) quantum yield

n, and (3) mobility u as functions of theionization potential
of ametal |, are shown in the inset.

the above-considered features of molecular media con-
taining CTCs.

3.4. Migration Mechanism of Onsager Carrier
Photogeneration in Molecular Complexes

According to the model based on the migration
mechanism [3], the carrier photogeneration, as in
molecular crystals [17], occurs in two stages. |11 and
Il (Fig. 11). In the first (structure-sensitive) stage 11,
due to the absorption of a photon (Fig. 11, transition 1,
stagel), an electron istransferred in the molecul e of the
complex at adistancerp, = rowith its subsequent trans-
port as a result of “relay-race” migration of a hole
through aromatic fragments of a polymer at distance r,
(transition 2), during which thermalized Coulomb elec-
tron—hole pairs are formed (stage I1). The subsequent
decomposition of the bound pairs in the externa elec-
tric field (transition 3) occurs according to the model of
field-assisted thermal Onsager dissociation (stage I11)
[46]. The pairs are formed by the electrons localized at
the acceptor molecules and the holes localized at the
donor molecules. The values of ry and r, are in the
ranges 0.3-0.5 and 2.5-3.5 nm, respectively [1, 3, 18].

The transport over a distance r, occurs due to the
energy of an absorbed photon, which leadsto agradient
in the electron affinity dA./dr along the transport path
of the bound carrier [3]; the value of this gradient is
determined by the energy of D-A interaction Wp,
(Fig. 11). Sincer, significantly exceeds (for most mol-
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Fig. 11. Schematic diagram of the migration mechanism of
the Onsager carrier photogeneration in molecular CTCs.
The photogeneration stages are as follows: (1) charge trans-
fer in a D—A complex, (I1) thermalization, and (I11) field-
assisted thermal dissociation. Numbers of aromatic frag-
ments (through which the migration occurs) n = (r —rg)/d
areindicated on ther axis.

ecules) the size of molecular complexes (0.2-0.5 nm
[3, 18]), the possibility of transport is controlled by the
value of d. For molecules of donor (or acceptor) poly-
mers (for example, carbazolyl-containing polymers
with fluorene derivatives), the transport is possible due
to the presence of aromatic (in this case, carbazolyl)
fragments, located at a distance d from each other. For
monomeric complexes, for example, porphyrins with
quinones, an increase in the number of —CH,— frag-
ments leads to the lengthening of the chain along which
acarrier istransported. In the case of monomeric com-
ponents of molecular complexes (sgualenes, azo pig-
ments, and so on), the presence of transport molecules
is necessary to transport charge carriers over the dis-
tancer,. Since, at distancesr, < 3.5 nm, the electric field
has almost no effect on the separation of bound carriers
[3], the value of n isfield-independent.

In the second (Onsager) stage of photogeneration,
which was considered above in detail, the distance in
the bound pairsincreasesfromr, to the Coulomb radius
rc = 20 nm [1], at which the charge carriers become
free. The probability of separation of carriers, espe-
cidly in the initial stage, depends on the structura
parameters of the complex molecules and the energy of
D—A interaction.

The energy of D-A interaction Wy, is determined,
according to [28], from the photoemission and lumines-
cence spectra by the energy of theith electronic transi-

tion EU) :
EQ = ED =10 —A, -P-—aWU),

where AWSL isthe change in the energy of D-A inter-
action at atransition from the ground state with energy
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Fig. 12. Luminescence spectra of D—A complexes and exci-
plexesof polyvinylcarbazole (with fluorene derivatives) and
their components (a, b) and triphenylamine-containing
polyimide (c). (a, b) Spectrameasured at T =77 K with time
resolution t, = 107° s for (1) PMMA, (2) polyvinylcarba-
zole, (3) PMMA-1,2 4-trifluoro-3-pipyridine-7-nitro-9-
dicyanomethylenefluorene, (4) 1,2,4-trifluoro-7-nitro-9-
dicyanomethylenefluorene, (4) PMMA-1,2,4-trifluoro-7-
nitro-9-dicyanomethylenefluorene, (5) 1,2,4-trifluoro-3-
pipyridine-7-nitro-9-dicyanomethylenefluorene, (6) polyvi-
nylcarbazole-2,4,7-trinitro-9-dicyanomethylenefluorene
complex, and (7) polyvinylcarbazole-1,2,4-trifluoro-3-
pipyridine-7-nitro-9-dicyanomethylenefluorene  exciplex.
(8, 8) Absorption spectra of 1,2,4-trifluoro-3-pipyridine-7-
nitro-9-dicyanomethylenefluorene and polyvinyl carbazole—
1,2,4-trifluoro-3-pipyridine-7-nitro-9-dicyanomethylene-
fluorene exciplex at T =300 K [96]. (c) Spectra(T =300K,
t, = 1's) of (1) anonsensitized polyimide, (2, 3) polyim-
ides sensitized by (2) malachite green and (3) fullerene
and malachite green, and (4) a polyimide without a triph-
enylamine group.

EY to the excited state with energy EY . Since, for the
complexes under study, the degree of charge transfer

d<d,and E)) < EY, AW, = W) —the energy of
D-A interaction in the excited state:

Wo = 15— As—P—Ega,
where I, and A, are determined from the photoemis-
sion spectra and E(D'L is determined from the lumines-
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cence spectra by the maxima of the bands that arise in
the spectra of complexes and are absent in the spectra
of their components (indicated by arrowsin Fig. 12a).

Typical luminescence spectra of molecules of D-A

complexes, from which the energies E(E',L can be deter-

mined, are shown in Fig. 12. The spectra can be sepa-
rated into two groups, depending on the character of
their changein going from the spectraof componentsto
the spectra of complexes. The first group includes
acceptorsthat do not contain pipyridine and the second
group includes pipyridine-containing acceptors (1,2,4-
trifluoro-7-nitro-9-dicyanomethylenefluorenes and
1,2,4-trifluoro-3-pipyridine-7-nitro-9-dicyanomethyle-
nefluorenes, respectively). For thefirst group (Fig. 124),
new bands (curve 6) (in comparison with the spectra of
acceptor and donor molecules (curves 2, 4)) arisein the
visible spectral range in the luminescence spectra of
moleculesin amatrix containing donor molecules with
Ip = 7.4-7.6 eV. These bands are absent in the lumines-
cence spectra (curve 4') of molecules in a matrix con-
taining PPMA molecules with I, = 10.2 €V (curve 1).
For the second group of acceptors (Fig. 12b), a weak
long-wavelength band (curve 7) arises in the lumines-
cence spectra of the molecules in a matrix containing
donor molecules with Iy = 7.4-7.6 eV. This band is
absent in the spectra of donor (Fig. 12a, curve 2) and
acceptor (Fig. 12b, curves 3, 5) molecules and in the
luminescence spectra of the matrix containing mole-
culeswith I = 10.2 eV (curve 5'). The position of the
maximum of the new long-wavelength luminescence
band depends on the electron affinity A, of the acceptor
molecule [102]. This circumstance indicates the forma-
tion of an exciplex by the acceptor molecule and the
carbazolyl fragment of the donor molecule. The forma-
tion of an exciplex is confirmed by the shape of the
absorption spectra (curves 8 and 8) and the behavior of
the quantum yield of photogeneration n [102].

The energies of electronic transitions E([',l\ deter-
mined from the maxima of the new bands correspond to
the charge transfer between carbazolyl donor fragments
and the acceptor molecule, and the energy of D-A inter-

action WSL upon photoexcitation of molecular CTCsis

equal to 0.6—-1.2 eV and depends on the dipole moment
of their molecules in an excited state L1, on the degree
of charge transfer 8, and on the value of A, (for donor
molecules, on the difference A, — ). The dependence

of W(D'L on uie isshown in Fig. 13 (curve 1). At small
values of y, (1-2 D), W(D'L increases linearly with
increasing |, and tends to a constant value at large
(2-13 D). The genera form of the dependence is
described by the formula[102]

WEA(He) = WA + WORT1 — exp(—He/ o), (19)
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where WOV =W, = 0.1 eV, W22 = 0.85 eV, and i, =
0.9 D. Expression (19) can be written as an expansion
in powers of uJ/Uo:

W(i) NE Wmin
N ba(He) 2 DA 3 (20)
+Wpa [0 (He/Ho) —B(He/Ho)” + Y(He/Ho)™ + .1,

where a, 3, and y are constants. Since the energy of
D-A interaction includes the difference in the energies
of Coulomb and resonance interactions [17], which
arise during the charge transfer, the second term in for-

mula (20) corresponds to the Coulomb energy E. [ ui

(Fig. 13, curve 2) and the other terms correspond to the
resonance energy E,. It can be seen from Fig. 13 that
E¢ increases in the entire range of variation in ., and
attains ~6 €V at Y, = 13 D. The dependence of E,
(obtained as the difference Wy, — E¢) on . is aso
showninFig. 13 (curve 3). It can be seen that E,(1e) iS
linear up to Y, = 4 D and, at larger dipole moments, a
deviation from linearity is observed. Along with the
structural parameters, the energy of D—A interaction
also depends on the photon energy #w and it can be
written at small values of A, — I (i.e., small  and )
in the form [102]

and, at large values of A, — I (large 6 and ), the fac-
tors are separated and dependence (21) turns into the
dependence [102]

Wpa(Aas 15, W) = Ki(Ax = 1p) + K, (22)

which was obtained previoudly [35]. In (21) and (22),
C,, ky, and k, are coefficients. Expressions (21) (for
ion—radical salts (dyes)) and (22) (for weak CTCs con-
sidered here) can be used to obtain (based on the migra-
tion mechanism [3]) the dependences of the quantum
yield n on the structural parameters (expression (15)
and its particular cases (11), (13), and (16)), aswell as
the spectran (fw) of D—A complexes (17), including the
spectrum at small 4w (18) and in the case of the exci-
plex mechanism of photogeneration, which occurs
upon sensitization of carbazolyl-containing polymers
by dyes and intramolecular CTCs.

In polyimides sensitized by dyes, photogeneration
occurs also through the exciplex state formed by a dye
mol ecul e absorbing a photon and an aromatic fragment
of the polyimide. The absorption of light by adye mol-
ecule is accompanied by the localization of a negative
charge at its anionic part (ClO,) and a positive charge
at the cationic part (triphenylmethane derivative). Due
to the difference in the ionization potentials of the dye
cation and triphenylamine, dye cations can form exci-
plexes with triphenylamine fragments (with the lumi-
nescence maximum at A > 660 nm) (Fig. 12c, curve 1).
Electric-field induced dissociation of these exciplexes
is responsible for the carrier photogeneration [89].
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Fig. 13. Dependences of the (1) energy of the D—A interac-
tion in the excited state Wp, and the energies of (2) Cou-
lomb and (3) resonance interactions (components of Wp,)
on the dipole moment of the complex moleculein an excited
state using the complex of polyvinylcarbazole with fluorene
derivatives (seriesVIl) as an example [102].

Indeed, when the malachite green dyeisintroduced, the
maximum at 660 nm disappears and two maximaat 590
and 690 nm arise (Fig. 12c, curve 2). The formation of
an exciplex is confirmed by the increase in the value of
r, caused by the introduction of the dye (from 2.0 to
3.0-3.5nm) or theincreasein the size of the donor frag-
ment (to 2.7—3.0 nm due to the introduction of the sec-
ond triphenylamine fragment into a triphenylamine-
containing polyimide with |5 = 6.7 €V). The proposed
mechanism of photogeneration is also confirmed by the
experimental data on the carrier mobility in nonsensi-
tized and sensitized polyimides [129]. When the dye is
introduced, the hole conductivity with maobility y, =
10 cm?/(V s) [129] changes to mixed conductivity
with electron mobility p, = 10 cm?(V s) and hole
mobility p, = 4 x 10 cm?/(V s) [129], which indicates
that the fraction of triphenylamine fragments through
which the hole transport occurs form complexes with

dye cations and the other anions ClO, providethe elec-

tron transport. The introduction of a stronger accep-
tor—fullerene—impedes the formation of an exciplex,
its luminescence vanishes (Fig. 12c, curve 3), and
charge carriers provide a high quantum yield n [3].

It has been ascertained [113] that, in the case of sen-
sitization of polyimides by fullerenes, the efficient sen-
sitization of aromatic donor molecules by fullerenesis
caused by the formation of complexes, each consisting
of a donor molecule and an acceptor fullerene mole-
cule. The complex formation is confirmed by the
appearance of a new band in the absorption spectra
(at 1405 nm [113] and 760 nm [127] for the complexes
formed by afullerene with atriphenylamine-containing
polyimide and polyvinylcarbazole, respectively). This
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band is absent in the spectra of the complex-forming
components. Additional evidence of the complex for-
mation is the possibility of conformational transforma-
tions of the triphenylamine molecule from the neutral
tetrahedral to theionized planar conformation[96]. The
intermediate conformation is coplanar with the planes
of the Cq, molecule. This circumstance, taking into
account the sizes of both molecules, suggests that
charge transfer is possible between these two confor-
mations. The conclusion about the efficiency of sensiti-
zation by fullerenesis based on the fact that their intro-
duction, even with low concentrations (less than 1 mol-
ecule per 1500 monomeric units of a polymer), into a
medium containing aromatic molecules makesit possi-
ble to increase the photosensitivity of the medium by
0.5-2.0 orders of magnitude and extend the range of its
spectral sensitivity to longer wavelengths by 0.2—
0.5 eV, depending on theionization potential of the aro-
matic molecule of the complex and the structure of the
fullerene molecule [109]. In going from the Cg, to Cyq
molecul e, the efficiency of the fullerene sensitization of
aromatic polymers increases by a factor of 2.5 and the
maximum in the spectrum n(Aw) shiftsto longer wave-
lengths by ~0.15 eV [109].

The experimental fact that the introduction of a
fullerene leads to the formation of complexes with d =
10,r;=0.65nm,ny=10andr,=rpandn =1.0[113]
suggests that carriers become free after their transport
to fullerene molecules, on the surface of which charges
are delocalized. One of the possible reasons for this
phenomenon is the occurrence of an image charge for
such a surface, which reduces the binding energy in a
Coulomb pair. The above mechanism differs from the
mechanism of dye sensitization, according to which the
sensitization is due to the increase in the number of
absorbing centers with constant n and n,,.

The above-considered features of the mechanism of
photogeneration in molecular media, in particular,
polymers sensitized by acceptors and dyes, are due to
the process of photocarrier separation, which occurs
through the CP state of bound pairs of these carriers
[1,7, 130] and is characteristic of only such media.
These pairs are considered to be noninteracting. Upon
their interaction, which occurs under certain condi-
tions, another phenomenon is observed (which is typi-
cal of only molecular media)—concentration photoge-
neration.

3.5. Concentration Photogeneration

The concentration photogeneration, which mani-
festsitself intheincreaseinn by up to 10 or moretimes
in comparison with the case of low photoexcitation
densities[131], when ) isindependent of the density of
absorbing centers [1], is observed under conditions
where the radii of Coulomb pairs formed as a result of
absorption of photons become comparablewith thedis-
tances between the pairs (i.e., between the absorbing
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centers). These conditions are satisfied at high photoex-
citation densities and low temperatures.

3.5.1. Photogeneration at high photoexcitation
densities. For short photoexcitation times (108 s), the
guantum yield n increases with decreasing excitation
timet,in molecular CTCs (in particular, in the typical
polyvinylcarbazole-2,4,7-trinitro-9-fluorenone polymer
complex [1]). This effect was confirmed in [131],
where it was shown that it is due to the increase in the
photoexcitation density F and occurs in substances in
which the primary event of photoexcitation consistsin
the formation of an electron-hole pair bound by the
Coulomb interaction. Due to the neutrality of these
pairs, the probability of interpair recombination is low,
and the dipole—dipol e interaction between bound pairs,
which increases with decreasing distance d between
them, reduces the Coulomb interaction energy [132]
and, accordingly, increases the quantum yield n. Thus,
the so-called phenomenon of concentration photoge-
neration occurs. At an average distance d smaller than
the Coulomb radius r at which carriers become free,
the increase in N may exceed 300% [1]. However, this
effect occurs also in solid solutions, where d > r¢, in
particular, in electrophotographic and photothermoplas-
tic media [131-133], and is absent in thin films of inor-
ganic semiconductors, in particular, Seand CdSe [1].

The experimental dependences of n on F are shown
in Fig. 14a. It can be seen that, with an increase in F,
n first remains the same, and, when F attains some
value F,,, N increases for some complexes. The value
of F., dependsonn at F < F;,. Thus, we have thefol-
lowing relations:

n(F) = const a F<F,,
I"](F) = f(F) at I:>Fmin-

Atn(F <F,) = 0.03 (curves 4, 5), thelarger the value
of n, the higher F;, and the lower the rate of increase
inn—dn/dF; at n(F > F,,,) = 0.1, n isindependent of
F up to 3 x 10%* cm3 s (curves 1-3).

The dependences revealed can be explained taking
into account the dipole—dipole interaction of bound
pairs upon photogeneration (Fig. 14c). If the energy of
dipole—dipole interaction

W, g[d(F, t, r(t))] Ort)/d>(F, t)

exceeds the Coulomb energy (W4 > E[r(t)]), the
guantum yield n should increase, and, if thisincreaseis
dueto the increase in F, concentration photogeneration
occurs. The conditions for the concentration photoge-
neration are as follows:

dmax(Fminv to) = Ifmax(to) = Ifo(sloc)a
t=t,ar=rg.

(23)

(24)

These conditions were considered in detail in [131],
where the dependence of n on the distance between
pairs d (i.e., the density F) was calculated and it was
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shown that n(d) O exp[k(r)/d?]. Taking into account (24),
we obtain the dependence in the form

n(F) O exp[k(r)/F]%°, (25)

where r, is the thermalization length and k is a coeffi-
cient dependent on r.. It can be seen from (25) that an
increase in F should lead to an increase in n, which
depends on r,. However, a check of the validity of con-
dition (24), which is necessary for the occurrence of
concentration photogeneration, showed that it is not
satisfied (i.e., the energy of dipole-dipole interaction
does not exceed the Coulomb energy) under the
assumption that all CTC molecules are at the same dis-
tance d from each other. Thus, the effect of theincrease
in n with increasing F at high densities cannot be
explained by the above-considered mechanism of con-
centration photogeneration. To explain the observed
effect, the dispersion of CTC molecules over the dis-
tance d between them was taken into account [131].
Obviously, in this case, condition (24) should be satis-
fied only for some fraction of molecules located at
small d from each other.

In the case of dispersion of molecules over the dis-
tance d between them, the molecules having different
radii r and located at different distances d from each
other have different values of n,[d(F), r]. The tota
guantum yield is[1]

n[d(F),rT = % mi[d(F), rTA[d(F), 1], (26)

where A[d(F), r] is the fraction of excited CTC mole-
cules with aradius r located at a distance d from each
other. The dependencen(F) for this case—the so-called
dispersion concentration photogeneration [131]—is
calculated under the assumption that the distance
between molecules is not the same, the distribution of
unexcited molecules over d is Gaussian [48], and con-
ditions (24) are satisfied. Since the absorption has a
molecular character for the CTC molecules under con-
sideration [1, 134], it ensures the independence of the
absorption coefficient from the shape of the distribution
of excited molecules; i.e., the latter remains Gaussian,
as the initia distribution of unexcited molecules. The
function A[d(F), r] [131] found under these assump-
tions was substituted into Eq. (26), and, taking into
account the temperature dependence of the Coulomb
radiusrc in the form [1]

2
e

4Tieg kT’

the dependence of n on F and T was determined (this
dependence is caused by the dipole—dipole interaction
and leadsto theincreaseinn at F > F;,):

Nao(F, T) = N(F < Frin) exp[ B(r, ¢, 6)F*°/KT].(28)

Here, B(r,, ¢, 0) is a function of the thermalization
length r,, the concentration of complex molecules c,

re(T) = (27)
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Fig. 14. Dependences of the quantum yield of photogener-
ation (&) n(F) and (b) n(T) at high photoexcitation densities F
and low temperatures T for complexes of polyvinylcarba-
zole with (1) adye, (2) heteryltricyanobutadiene, (3) 2,4,7-
trinitro-9-dicyanomethylenefluorene, (4) 2,4,7-trinitro-9-
fluorenone, and (5) dinitrofluorenone. (1'-3") Results of cal-
culation according to the Onsager model disregarding the
concentration photogeneration. (c) Schematic diagram of
the concentration photogeneration with the Coulomb bar-
rier reduced (a — &) due to the dipole—dipole interac-
tion; transitions 1-4 arethe same asin Fig. 11.
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and their dispersion ¢ over intermolecular distances. It
can be seen from (28) that the increase in n in the case
of concentration photogeneration caused by the
decrease in the energy of the dipole—dipole interaction
between Coulomb pairs should also be observed at low
temperatures, which would lead to aslower decreasein
n with decreasing T in comparison with the decrease
predicted by the Onsager model.

3.5.2. Photogeneration at low temperatures. At
low temperatures, the phenomenon of concentration
photogeneration [77] manifestsitself in the decreasein
the thermal-activation energy W, of the quantum yield n
with decreasing temperature bel ow the threshold value,
as aresult of which n exceeds the expected value by a
factor of 100 or more [131]. The experimental temper-
ature dependences n(T) (Fig. 14b, curves 1-3) differ
from the expected ones (curves 1'-3") and consist of two
portions: a high-temperature portion (T > T,), where
n(T) O exp[-W,,/KT], and a low-temperature portion
(T <T,), wheren(T) O exp[-W,,/KT] with the activation
energy W, < W;.

The temperature dependences of n were explained
on the basis of the model of concentration photogener-
ation [131], which occurs when condition (24) is satis-
fied. In this case, the energy of the dipole—dipole inter-
action becomes comparable with the Coulomb energy
and the thermal energy KT. The condition KT = W,_4(r, d)
can be used to find the temperature T, 4 a which the
concentration photogeneration may begin:

Toq = €r4meg,d’k. (29

For the low-temperature region (T < T,), where the
effect of the dipole—dipoleinteraction is significant, the
following dependenceis valid:

Naa(T <T2) = Nuneor(T > T1) eXp[B(c, 0)/KT], (30)
where
r]theor(T > Tl) = eXp[_Wa/kT]

is the temperature dependence of the theoretically pre-
dicted quantum yield (disregarding the dipole—dipole
interaction). It can be seen that a decrease in W, by a
factor of 5-10 leads to an increase in n by a factor of
100 or more.

The effect of low-temperature concentration photo-
generation has the same characteristic features as the
effect occurring at high photoexcitation densities: the
guantum yield increases with respect to the theoreti-
cally predicted one, calculated disregarding the dipole—
dipole interaction, and the concentration photogenera-
tion manifests itself only in the case of dispersion of
pairs over the distance between them. Some differences
between the high- and low-temperature effects are due
to the difference in the conditions of their occurrence.
At high densities F, the distance between pairs d(F)
tendsto theradii of pairsr and, at some value of F, con-
dition (24) is satisfied. At low T, the radii of pairs
increase with decreasing T and tend to d; thus, condi-
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tion (24) is aso satisfied. Obviously, condition (24) for
the occurrence of concentration photogeneration is not
satisfied for molecular media with low concentrations
of CTCs, in particular, for polyimides (d > 30 nm)
[88]. For these media, theincreaseinn at low T [134],
which is characteristic of concentration photogenera-
tion [131], is not observed.

3.6. Molecular Complexes Formed at the Interface
between the Photogeneration and Transport Layers
in a Heterostructure That Are Responsible
for High Injection Efficiency n;y

It was shown previoudly [135] that, for heterostruc-
tures in which either donor molecules of the transport
layer or acceptor molecules of the photogeneration
layer arevaried, the high efficiency of injection through
the heterostructure interface (high transparency of the
barrier overcome by the charge carriers injected from
the photogeneration layer) is due to the formation of
complexes at the interface under its illumination from
the sensitivity region of the photogeneration injection
layer. These complexes are formed by aromatic nitro-
gen-containing donor molecules of the transport layer
and acceptor molecules containing elements with an
unfilled p shell of the photogeneration layer (Se, SeTe,
CdSe). Thedecisiverole of nitrogeninthe complex for-
mation has been proven. The proof is based on (i) the
results of investigations in which molecules blocking
the nitrogen activity wereintroduced into a heterostruc-
ture (in this case, the value of n;,, equal to 0.6 before
this procedure, decreased to values much smaller than
10?) and then molecules restoring the nitrogen activity
were introduced (after that, n;,; was restored to the ini-
tial value) and (i) the comparison of the injection effi-
ciency Ny for donor molecules having the same spatial
structure but either containing or not containing anitro-
gen atom (Fig. 15a). For nitrogen-containing mole-
cules, n; can be as high as 1.0, while, for molecules
without anitrogen atom, n;,; < 107 (Fig. 15a, curve 2).
For nitrogen-containing aromatic molecules (Fig. 15a,
curve 1),

Nin U exp{1-exp[C—(Ip - A1}, (31)

where Cisaconstant [135]. At n;; < 0.4, expression (31)
transforms into the expression obtained previously [1],
according to which the injection efficiency increases
linearly with increasing Ay — Ip (Fig. 7, curve 18).
Hence, to increasen,y;, it is necessary to either increase
A, (for example, by introducing Te moleculesinto a Se
layer, sincethevalue of A, for Te exceedsthat for Se by
~0.2 eV) or use molecules with I; < 7.0 eV as donors
[135].

The formation of complexes in heterostructures
containing two phases, one of which consists of a
p-type element—amorphous Se—and the other is
formed by aromatic moleculesin a neutral matrix, with
ahighly transparent barrier at the interface is confirmed
by the method of kinetic luminescence spectroscopy,
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which isindependent of the photoel ectric spectroscopy
[96]. Photoexcitation of the heterostructure interface
changes the luminescence spectraat t, = 10° s (Fig. 15,
curves 1-3): the luminescence band of CdSe at A =
720 nm (curve 2) and new strong luminescence bands
at A =460, 510, 570, 630, and 750 nm (indicated by
arrows in Fig. 15b, curve 1) arise. These bands are
absent in the spectra of CdSe and polyvinylcarbazole
(curves 2 and 3). Obviously, they are due to photostim-
ulated interaction since they arise only under illumina-
tion of the interface of the CdSe—polyvinylcarbazole
heterostructure and can be assigned [96] to thelumines-
cence of the D—A complex formed by a carbazolyl frag-
ment of polyvinylcarbazole with a S or Se atom at the
interface. The positions of the luminescence peaks cor-
respond to the electronic transitions in the complex
between the three highest occupied levels of carbazole
and the lowest unoccupied level of S or Se (acceptor)
with the minimum vibrational energy [78].

The mechanism of formation of complexes by aro-
matic nitrogen-containing molecules and atoms of ele-
ments with an unoccupied p orbital was proposed in
[96]. Due to the presence of a nitrogen atom (the case
of polyvinylcarbazole), which readily supplies its
unshared pair of n electrons to form the D—A complex,
the aromatic molecule serves as an n-type donor, while
the p-type element with an unoccupied orbital servesas
a v acceptor. The unshared pair of n electrons of the
nitrogen atom istransferred upon photoexcitation to the
free orbita of the v acceptor [96]:

Se(p?) + N° 0 Se2d 4 N2,

where d is the degree of charge transfer. As aresult of
the phototransfer, the electron affinity of the nitrogen
atom increases and the Tt el ectron density istransferred
toit from the aromatic ring. An intramolecular complex
of the nrttype with the charge transfer between the aro-
matic ring (Ttdonor) and the charged nitrogen atom N*2
isformed in the carbazole molecule:

+d'
N+25+2\©/ — > N23-8) 4 ZU )
AN

Dueto the electron-density transfer to N*2, the el ectron
affinity of the aromatic ring increases, which givesrise
to the relay-race motion of charge through aromatic
fragments according to the migration mechanism [3].
This motion leads to the efficient transport of photocar-
riers generated by light from the CdSe layer over the
transport layer composed of aromatic molecules. As a
result, a multicomponent D-A complex formed by Se®
(or S) and the intramolecular complex of the nitro-
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Fig. 15. (a) Dependences of the injection efficiency n;,; on the ionization potential I of the aromatic donor molecules containing (1)
and not containing (2) a nitrogen atom, introduced into the transport layer [135]. (b, ¢) Luminescence spectra (T =77 K, t, =
1078 5) of the complexes arising at the interfaces of heterostructures formed of CdSe with (b) polymer polyvinylcarbazole or

(c) monomer triphenylamine molecules and their components: (1) CdSe—polyvinylcarbazole heterostructure, (2) CdSe, and
(3) polyvinylcarbazole (b) and triphenylamine (c). Dotted lines are the spectra of (4) a CdSe-vinylanthracene heterostructure and

(5) vinylanthracene without a nitrogen atom [96].
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gen-containing aromatic compound arises at the inter-
face [96]:

+2%

5
S 20| \+26-9) +>©/ |

i.e.,, acomplex of the nv—nrttype.

The decisive role of the nitrogen atom of donor aro-
matic moleculesin the formation of complexes of these
molecules with elements with an unoccupied p shell at
the interface has been proven by (i) comparing the
luminescence spectra measured from the interface
between the phase contai ning el ements with an unoccu-
pied p shell and the phase contai ning monomeric donor
aromatic molecules either with or without nitrogen
atoms (Fig. 15c, curves 1 and 4, respectively) and
(ii) controlling the complex formation (ensuring its pres-
ence or absence) by introducing molecules of o-chlo-
robenzoic acid, which isaquencher of nitrogen activity,
and indole molecules, which restore this activity by
forming complexes with acid molecules. It was shown
that the new luminescence bands arise in the spectra of
heterostructures with a high injection efficiency (the
heterostructures formed by Se with triphenylamine and
N-vinylcarbazole are characterized by an injection effi-
ciency as high as 70%, while the efficiency of hetero-
structures with vinylanthracene is at least 100 times
lower) and disappear (aswell asthe injection of photo-
generated carriers through the interface) due to the
introduction of the acid, but arise again after the intro-
duction of indole.

3.7. Requirements for the Sructure of Molecular
Complexes with High Values of n

Based on the proposed mechanism of photogenera-
tion, we can formulate the requirements for the struc-
tures of molecules of complexes with high quantum
yields of photoprocesses. To attain high quantum yields
of the primary photoprocesses (3, 1), the donor mole-
cule must have a low ionization potential (lower than
7.4 eV) and the acceptor molecule must have a high
electron affinity (higher than 1.0 eV). To obtain a high
guantum yield of photogeneration n, aong with the
above requirements, the following conditions should be
satisfied: either

(i) the donor molecule with the ionization potential
of aromatic fragmentsin the noted range (or the acceptor
molecule with the electron affinity in the noted range)
should be polymeric and have no lessthan five fragments
periodicaly located at distances from 0.7 to 1.5 nm
between neighboring fragments and the acceptor
(donor) molecule should be an intramolecular complex
composed of acceptor and donor fragments (differing
in the electron affinities by no lessthan 1.0 eV), or

(ii) the donor and acceptor molecules forming a
molecular complex should form a polymer with a
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monomeric unit limited in size to the thermalization
length (1.5-3.5 nm).

In the case of the spectral dye sensitization, one
more requirement should be satisfied: the spatial struc-
tures of the donor fragment of the molecule and the dye
cation should be similar. The structural regularities
established for more than 15 series of molecular com-
plexes and the requirements based on them for the
structures with high quantum yields makeit possible to
predict the ultimate quantum yields of the photopro-
cesses and deliberately choose and synthesize photo-
sensitive components of molecular complexes.

Thus, the presence of (i) rather extended conjugated
segments and (ii) aromatic fragmentswith low |5 inthe
polymer chain leads, as is known, along with the
increase in n, to the red shift of the absorption edge of
the spectrum. This circumstance makes it possible to
extend the region of intrinsic photosensitivity of poly-
mers not only to the UV range but also to the visible
wavelength range (Fig. 16a). The choice of monomers
and their aromatic fragments for synthesis of photosen-
sitive polymers was performed in these directions. The
search for structures sensitive in both the UV and visible
ranges turned out to be the most promising [136-139].
The photosensitive polymers obtained to date have the
region of intrinsic absorption extended to 2.0-2.5 eV
(in contrast to Eg = 4-7 eV, aswas initialy [1]), which
made it possible to develop recording mediafor thevis-
ible spectral range. The use of the principles of sensiti-
zation of polymers by dyes and formation of D—A com-
plexes by dyes ensured control of the magnitude and
spectrum of photosensitivity.

Along with the extension of existing and devel op-
ment of new classes of photosensitive polymers, the
knowledge of the mechanisms of carrier photogenera-
tion and antecedent primary photophysical processes
makes it possible to choose promising molecular struc-
tures for nonlinear optical media on the basis of the
ascertained structural regularities of the photoeffect
[140-142], i.e., opensnew possibilities of polymer sys-
tems. For media in which absorption of light is also
accompanied by electron transfer within a molecule
and the formation of high dipole moments L in the
molecule and hyperpolarizability y = f(p) [140], it was
shown that not only Eg and A, depend on the conju-
gation length of the monomeric unit (Fig. 16a) and the
number of double bonds n,

_ A+B
)\max(n) - A+n-

where A and B are constants, but also the value of y
depends on these quantities (Fig. 16b),

yOn®, yvaO LP
where 3 = 3-5[140].
For polyimides and polyamideimides with azo dyes

Rintroduced into the lateral chain (series (18a)—(18c)),
at the degree of substitution of —H by —R (degree of
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number of thiophene rings for oligothiophenes and their
derivatives [140, 141].

esterification) n= 20, 30, 40, 60, and 80%, the values of
S.1 and X®@ = f(u,) increase with increasing number of
dye fragments n [141]; however, the quantum yield
n(n) = §(N)/a(n) is independent of n. At n =20 and
80%, the values of §,; and X@ correlate with the ener-
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Fig. 17. Dependences of (1) X@/x?, (2) n/no, and (3) iy
on (a) the change in the energy parameter A(A5 — Ip) and

the constant o for polyamideimides and polyimides with
azo dyes of different structure and (b) o for polyamidines
with nonlinear optical chromophores.

gies of the absorption maxima of dyesfiwy = f(Ax —Ip)
[143, 144] and, therefore, with the energies A, and I,
which control the positions of these bands (Fig. 173).
Such correlations are absent in the case of polya
midines into which nonlinear optical chromophores
from series XX with different substituents R having
constants o from—0.83t0 0.79 areintroduced. For these
systems, x@ is proportional to o (Fig. 17b, curve 1),
increasing by up to six times with an increase in the
constant o in the noted interval [145]. The quantum
yield n, which is controlled by the supramolecular
structure [16] (destroyed by introducing chromophore
molecules[145]), in contrast, decreases with increasing o
(Fig. 17b, curve 2).

Concerning the practical application of photosensi-
tive polymers, we should note that the photosensitivity
in the visible spectral range of commercially produced
(up to 1988) organic photothermoplastic materials was
106 cm?/J, which is only an order of magnitude lower
than the sensitivity of the most sensitive inorganic
materials based on amorphous Si. Some laboratory
samples based on polyimide compositions sensitized
by dyes made it possible to obtain a photosensitivity
comparable to that of Si.
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4. CONCLUSIONS

The structural regularities of the change in the quan-
tum yield of the photoeffect found for polymer semi-
conductors and their molecular complexes showed, first
of al, that the classes of photosensitive materials
known to date are distinguished by the character of
(i) ionic and covalent interaction (interaction energy
E > 1 eV [17]) in dye and polymer molecules,
(i) donor—acceptor interaction (E = 0.05-1 €V) upon
formation of molecular complexes from polymers with
low-molecular impurities, and (iii) hydrogen interac-
tion (E = 0.04-0.2 eV) upon formation of supramolec-
ular structures.

The regularities ascertained made it possible to for-
mulate the requirements for the structure of molecules
of complexes with high quantum yields of photopro-
cesses. donor fragments or molecules must have low
ionization potentials (lower than 7.4 €V) and acceptors
fragments must have high electron affinities (higher
than 1.0 eV). To obtain a high quantum yield of photo-
generation, along with the above requirements, the fol-
lowing conditions should be satisfied: either (i) the
donor molecule with the ionization potentials of aro-
matic fragments in the noted range (or the acceptor
molecule with the electron affinity in the noted range)
should be polymeric and have no less than five frag-
ments periodically located at adistance of 0.7to 1.5 nm
between neighboring ones, or (ii) the donor and accep-
tor molecules forming a complex should have the abil-
ity of forming apolymer with amonomeric unit limited
in size to the thermalization length (1.5-3.5 nm).

These requirements make it possible to predict the
ultimate quantum yields of photoprocesses and deliber-
ately choose and synthesize photosensitive components
of molecular complexes.

The ultimate values of the quantum yields of photo-
processes in molecular complexes and the photosensi-
tivity of recording media on their basis are estimated.
It isshown that, at n = 1 and the transmittance T = 50—
70%, the ultimate el ectrophotographic sensitivity of the
molecular mediais about 108 cm?/J.
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Abstract—Rutherford backscattering and nuclear reactions are used to study the concentration profiles of ele-
mentsin oxidized samples of lead selenide (PbSe). An interpretation of experimental datain the context of the
theory of diffusion over the grain boundaries is suggested. © 2004 MAIK “ Nauka/Interperiodica” .

Polycrystalline layers of lead chalcogenides are
widely used as optical-radiation detectors in designing
| R-absorption gas analyzers. The use of devices of this
type is most promising to solve problems related to the
measurement of gas concentrationsat variousindustrial
enterprises. This circumstance is associated with the
possibility of using the above photodetectors in the
design of small-size, inexpensive, and |ow-power
IR-absorption gas analyzers that operate in the wave-
length range 2-5 um, which includes the resonance-
absorption lines of the main gases released by a fuel
and power facility (hydrocarbons and carbon oxides).

Polycrystalline layers are subjected to sensitizing
annealing in the course of fabrication of photoresistors
based on PbSe. Asaresult, potential barriersareformed
at the grain boundaries that separate efficiently the
charge carriers and, thus, allow these photoresistors to
operate at room temperature.

Analyzing mechanisms of oxidation in polycrystal-
line PbSe layers with athickness of 0.5-1 umisavery
difficult problem since oxygen can diffuse over grain
boundaries and into agrain and can also be involved in
chemical reactions that result in the formation of vari-
ous compounds. The relation between the components
of the oxidation process listed above depends on tem-
perature, since these components have different activa-
tion energies (as the temperature increases, the rate of
diffusion into the grain bulk increases). In addition, the
diffusion front can be nonuniform over the depth.

The complexity of the problem requires the use of a
method that makes it possible to determine the oxygen
concentration in a matrix containing elements with a
large atomic number (lead). In order to study the inter-
action of PbSe film with both atmospheric air and a
substrate that contains oxygen, we have to obtain data
on the distribution of the relevant elements over the
depth of a submicrometer film with a step of tens of
nanometers.

The sample under study was formed on a glass sub-
strate using vacuum thermal evaporative deposition; a
PbSe charge was used as the source. The film thickness
was~0.5 um. In order to perform oxygen diffusion into
the layer bulk, we annealed the sample in atmospheric
air at atemperature of 673 K.

The composition of the PbSe film and concentration
profiles of oxygen in this film were studied using non-
destructive nuclear-physics methods of elemental anal-
ysis: the spectrometry of the Rutherford backscattering
(RBS) and nuclear reactions (NRs) with deuterons
[1, 2]. Combining the RBS and NR methods in the same
experiment makes it possible to determine the ratio
between the concentrations of the heavy and light ele-
mentsin the oxidized PbSe samplesto a high accuracy.

In order to determine the concentrations of oxygen
and carbon, we can use the following reactions with
deuterons:

PO+d = O+ p+Qg, )
YO+d = “N+a+0Q;g, )
“C+d = “C+p+Qg 3)

These nuclear reactions are exothermic (reaction
energy Qg > 0); therefore, the energies of protons and
o particlesformed in the reactions are higher than those
of deuterons scattered from the sample. Since the
nuclear reactions of deuterons with heavy nuclel con-
tained in the film and the substrate are prohibited by the
Coulomb barrier at low energies, the peaks of second-
ary particles generated in nuclear reactions are
observed against an almost zero background. This cir-
cumstance makes it possible to determine the concen-
trations of the aforementioned elements with a high
sensitivity and a high accuracy.

1063-7826/04/3810-1160$26.00 © 2004 MAIK “Nauka/ Interperiodica’



DETERMINATION OF THE OXYGEN DIFFUSION PROFILE

The possibility of determining the concentration
profiles of elements in the film using RBS and NR
methods is based on the fact that incident ions are
slowed down as they penetrate a material. Both the
scattered deuterons and the ions generated in nuclear
reactions and formed within the film under study at var-
ious depths have different energies as they leave the
sample because these particles slow down when they
traverse the sample. Incident deuterons also | ose energy
in the sample. Consequently, the larger the depth where
the interaction event (scattering or nuclear reaction)
occurs, the smaller the energy of the particle escaping
from the target. The particles escaping from the surface
of the sample have the highest energy, which is con-
trolled by the process kinematics. For a film with a
thickness no larger than 1 um, the energy of a detected
particle E(xX) and the depth x at which this particle is
generated are related by the expression [1, 2]

E(x) = E(0) -9gx, (4)

wheregisthetotal energy losses (per unit length) of the
incident and emitted particles and E(0) is the energy of
particles escaping from the surface of the sample. The
values of quantities in this formula are determined by
the interaction in the course of scattering or nuclear
reaction, the elemental composition of the sample, the
geometrical characteristics of the experiment, and the
stopping power of the target material for deuterons,
protons, and a particles[1, 2].

Thus, the energy of a detected particle provides
information about the depth of the layer where scatter-
ing or a nuclear reaction occur, while the number of
these particles provides data on the content of the rele-
vant element in thislayer.

The structure of the film PbSe + O was determined
using an analytical facility for studying materials by
nuclear microanalysis based on the electrostatic accel-
erator at the St. Petersburg Institute of Nuclear Physics
(Russian Academy of Sciences) [3]. The sample under
study was installed in a vacuum chamber and wasiirra-
diated with deuterons with energy E; = 0.9 MeV. The
deuteron-beam current at the sample was no higher
than 100 nA, and the beam diameter was 0.3 cm. Sec-
ondary particles were detected using a planar Si detec-
tor with energy resolution AE = 10 keV for E, =
2.7 MeV. The detector was installed at angle ¢ = 135°
with respect to the beam direction.

In Fig. 1 we show the experimental energy spectrum
of the particles. An intense peak of deuterons scattered
by the lead and selenium atoms and a continuous spec-
trum related to the particles scattered by the glass sub-
strate are observed at energieslower than 0.9 MeV. The
portion of the spectrum related directly to the PbSefilm
is shown in more detail in Fig. 2a. Arrows indicate the
high-energy edges of the spectrum that correspond to
deuterons scattered by the surface selenium and lead
atoms.
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Fig. 1. Energy spectrum of the particles formed as aresult of
irradiation of a PbSe film on a glass substrate with deuterons
with energy Ey = 0.9 MeV. Peaks related to the reactions (1)
105 (d, p)*'0, (2) 05(d, PN, and (3) *2Cy(d, p)°C are
indicated.

The portion of the spectrum at energies higher than
0.9 MeV isrelated to the products of nuclear reactions
of deuterons with oxygen and carbon. Broad peaks at
energies from 1 to ~2.4 MeV are due to protons and o
particles that are generated in reactions of deuterons
with oxygen contained in the glass substrate. We failed
to identify the protons that result from the reaction with
oxygen contained in the film (the corresponding peak at
an energy of ~1.6 MeV is indicated by an arrow in
Fig. 1) against the background of these broad peaks.
Therefore, we used reaction (2) with the generation of
o particlesin order to determine the concentration pro-
file and oxygen content.

The a-particle peak at an energy of 2.7 MeV is
related to oxygen contained in the PbSe film. This por-
tion of the spectrum is shown in Fig. 2b in more detail.
Taking into account that the cross section of the nuclear
reaction 1°0(d, a)*N in the deuteron energy range
under consideration is nearly constant [2], the steep
high-energy falloff and the gently sloping low-energy
tail indicate that the oxygen concentration decreases
from the surface of the film to its bulk. This peak does
not join the broad peak in the low-energy region. Con-
sequently, we may state that only the surface region of
the PbSe film (rather than the entire film) is oxidized.

An appreciable concentration of oxygen in the sur-
face layer of the film under study is also indicated by
the absence of pronounced flat portions related to lead
and selenium in the spectrum and by a gradual transi-
tion from lead to selenium in the spectrum of scattered
deuteronsin Fig. 2a.

Protons with energy E, = 3.0 MeV (Fig. 1) were
formed in the nuclear reaction of deuteronswith carbon
contained in thefilm. The presence of carbon in thefilm
may be caused by contamination of the sample with the
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Fig. 2. (8) Fragment of an experimental spectrum related to
the scattering of deuterons at the PbSe film (circles: (1) Pb,
(2) Se) and the calculated simulation spectra: (dotted line)
scattering by lead, (dashed line) scattering by selenium, and
(solid line) the sum of these contributions. (b) Spectrum of
a particles (products of the 80¢(d, p)*N reaction with oxy-
gen contained in the PbSe:O film).

products of decomposition of oil (in the vacuum
pumps) in the course of the experiment.

Concentration profiles of elements in the film were
calculated using the DVBS software package (Dubna),
which isintended to be used to analyze spectra of elas-
tically scattered ions [4]. The sample is divided into
thin layers with a thickness of ~50 nm. The element
concentration is then specified in each layer; finally, a
simulated spectrum is formed and is compared with
experimental data. In fitting the spectra, we varied only
the total content of selenium and lead with respect to
the oxygen concentration that was obtained from the
data on the nuclear reaction (Fig. 2b). The atomic frac-
tions of lead and selenium were assumed to be equal
over the entire thickness of the film. The cross section
of scattering of 0.9-MeV deuterons by the lead and
selenium atoms is equal to og = 14.7 x 10%* cm? and
05 =2.53 x 10~2* cn?, respectively. The cross section of the
nuclear reaction *%0(d, a)**N isor = 5.0 x 10?7 cn? [2].
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Fig. 4. Results of an X-ray analysis of an oxidized PbSe
film: (1) PbSeO5 and (2) PbSe.

In Fig. 2awe show the simulation spectra calcul ated
in this way: contributions of scattering by lead (dotted
line) and selenium (dashed line) and the sum of these
partial spectra (solid line). It can be seen that there is
satisfactory agreement between the simulation spec-
trum and experimental data (circles). It is till prema-
ture to state that oxygen is present in the deeper layers
of the PbSe film because of the high oxygen concentra-
tion in the substrate and the insufficient thickness of the
film itself.

In Fig. 3 we show the concentration profiles of ele-
ments in the film. The PbSe film with a thickness of
~0.52 um was oxidized to a depth of ~0.25 um. The
greatest degree of oxidation occurs at the surface where
the elemental composition corresponding to PbSeO; is
observed. These data are consistent with the results of
the X-ray phase analysis (Fig. 4) [5].

Thediffusion profile of oxygen obtained (Fig. 3) can
beinterpreted in the following way. A gradual decrease
SEMICONDUCTORS  Vol. 38
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in the oxygen concentration with depth in the film can
be accounted for by the prevalent diffusion of oxygen
over the grain boundaries according to the Harrison
model [6]. It is important that the continuous oxide is
present only in the surface layer; the oxide is concen-
trated at the grain boundaries as the distance from the
surface increases. The largest depth of penetration of
oxygen atoms into the film can be determined from
extrapolation of the concentration profile and is equal
to ~300 nm in the case under consideration.

Thus, the nuclear physics methods used makeit pos-
sible to study special features of diffusion for various
durations and temperatures of annealing and determine
the relation between the coefficients of diffusion over
the grain boundaries and in the film bulk.
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Abstract—The effect of pressure on electrical properties of Ga-doped n-Pb, _,Ge, Te aloys (x = 0.06, 0.08) is
studied. The pressure dependence of the activation energy of a deep Gaimpurity center is obtained. It is shown
that the position of the Galevel with respect to the bottom of the conduction band is virtually unchanged under
pressure. Anomalies are found in the temperature and pressure dependences of the resistivity; these anomalies
are apparently associated with structural phase transitions from the cubic to the rhombohedral and orthorhom-
bic phases, respectively. The results obtained are used to construct a diagram of the modification of the energy
spectrum of charge carriers in the cubic phase of the aloys investigated under pressure. © 2004 MAIK

“ Nauka/Interperiodica” .

It isknown that doping PbTe and PbTe-based aloys
with Ga leads to the formation of deep Eg,; and Eg,
donor levels in the energy spectrum of charge carriers.
In PbTe, the Eg, leve liesin the band gap 6570 meV
below the bottom of the conduction band [1], and the
level Eg, liesin the region of allowed statesin the con-
duction band 45 meV above the band’s bottom [2, 3].
The character of variation in the position of these levels
with composition of PbTe-based alloys is currently
known with sufficient accuracy only for the Eg, level
and only for Pb,_,GeTe dloys. In these aloys, the
impurity level shifts in paralel with the top of the

valence band as the Ge content increases. Eg, — Lg =
(45 —1980x) meV [2, 3].

There are even fewer data on the shift of Ga impu-
rity levels under pressure, and their interpretation is
ambiguous and contradictory [4, 5]. On the one hand, it
has been found that the activation energy of the Egy
impurity level in the n-PbTe:Ga crystals decreases,
which indicates that the level shiftsin parallel with the
top of the valence band under pressure. On the other
hand, the free-hole density under a pressure of P >
15 kbar increases rapidly, which indicates that the
impurity level moves from the band gap into the
valence band. Therefore, the main purpose of this study
was to gain insight into the galvanomagnetic effectsin
Pb, _,Ge,Te:Ga aloys under conditions of hydrostatic
compression in order to determine the character of the

shift of the Eg,impurity level relativeto the edges of the
allowed bands and to construct a diagram of the modi-
fication of the energy spectrum of charge carriersin Ga-
doped alloys under pressure.

Single-crystalline n-Pb, _,Ge Te:Ga samples (x =
0.06, 0.08) with Ga concentration Cg, = 1.5-2 mol %
were synthesized by sublimation from the vapor phase.
The Ge content in the samples was monitored by X-ray
diffractometry, and the impurity content was deter-
mined from the Ga content in the charge making all ow-
ance for the impurity distribution over the length of the
ingot [6]. We measured the temperature dependences of
the resistivity and the Hall coefficient in the tempera-
turerange4.2< T <300 K and magneticfildsB<0.1T
under ahydrostatic pressure of P < 7 kbar (x=0.06) and
the pressure dependence of the resistivity up to 90 kbar
at T=300K (x=0.08). Hydrostatic pressures as high
as 7 kbar were attained in a chamber made of thermally
treated beryllium bronze. As a pressure-transferring
medium, a kerosene—oil—-pentane mixture was used.
Hydrostatic pressures as high as 90 kbar were attained
in a chamber of the type that has a plane anvil with a
hole. The sample was placed in a Teflon capsule filled
with an ethanol—methanol mixture.

We found that, in the entire temperature range
investigated, the temperature dependences of the
resistivity p(T) (Fig. 1) and the Hall coefficient Ry(T)
for Pb, _,Ge Te:Gaaloys are typical of a semiconduc-
tor. The clearly pronounced activation portion in the
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Fig. 1. Temperature dependence of the resistivity of the
Pbg.g4aGeg geTe:Ga alloy under hydrostatic compression.
P=(1)0, (2) 3.3, and (3) 6.2 kbar. The pressure dependence
of the peak temperature is shown in the inset.

high-temperature region indicates the presence of a
deep impurity level in the band gap. The slope of the
activation portion remains virtually unchanged as the
pressure increases.

Anomalous peaks were observed in the temperature
dependence of theresistivity intherange T = 50-80 K.
Previously, similar peaks were observed in the
temperature dependence of the resistivity of doped
Pb, _,GeTe aloys under atmospheric pressure [7]. It
was shown by X-ray diffraction analysis that a struc-
tural phase transition from the cubic phase to the rhom-
bohedral phase occurs at the same temperature [8].
Therefore, it was assumed later that the position of the
characteristic peak T, in the p(T) dependence for
doped alloys also corresponds to the temperature of the
structural phase transition Ty, [9, 10]. A considerable
(as large as 70 K) shift in the peak position for Ga-
doped crystalswas attributed to a decrease in the phase-
transition temperature as a result of doping, which was
found experimentaly, for example, in Pb;_,GeTe
alloys with nonisoel ectronic impurities [10].

The pressure dependence of the temperature of the
anomalous peak T, isshown in theinset to Fig. 1. It
turned out that the peak temperature T, decreases vir-
tually linearly as the pressure increases. This phenom-
enon is qualitatively consistent with the behavior of the
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Fig. 2. Pressure dependence of the resistivity of the
Pb, _,GeTe:Ga aloy (x = 0.06) at T = 4.2 K. The same
dependence for the sample with x = 0.08 at 300 K is shown
in the inset.

phase transition temperature under pressurein undoped
aloys. The rate of variation in the peak temperature
with pressure was dT,,,,/dP = —4 K/kbar, whereas the
pressure coefficient of variation in the phase transition
temperature dT,,/dP, which was experimentally deter-
mined for undoped Pb, _,Ge, Te alloys (x = 0.01-0.05),
varied in the range from -5 to —12 K/kbar [11, 12].
Therefore, the anomalous peak in the temperature
dependences of the resistivity for undoped aloys can
indeed be attributed to the structural phase transition to
the rhombohedral phase.

Under pressure, the resistivity at liquid-helium tem-
perature decreases, passes through a minimum at P =
3 kbar, and then increases (Fig. 2). Such a behavior of
the resistivity cannot be accounted for by the recon-
struction of the electronic structure under pressure
since the activation energy of the impurity level of Ga
is virtually unchanged in the pressure range investi-
gated, whereas the zero-gap state in the Pb, _,Ge, Te
aloy (x = 0.06), according to our estimates, can be
attained at a pressure of P = 40 kbar only.

The pressure dependence of the resistivity at room
temperature, which is shown in the inset to Fig. 2, is
more complicated, with alocal peak at P = 20 kbar and
abroad valley at P = 70 kbar. The valley in the pressure
dependence of the resistivity at P = 70 kbar apparently
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dences of (1) theresistivity and (2) the Hall coefficient.

corresponds to the point of inversion of the energy
bands in the Pb, _,Ge, Te aloy (x = 0.08) under pres-
sure. Such abehavior of the resistivity with an increase
in pressureistypica of the alloys based on lead chalco-
genides with anormal spectrum [13, 14] and isusually
attributed to a decrease in the effective mass and, con-
sequently, to an increase in the mobility of charge car-
riers with the transition through the zero-gap state
under pressure.

The anomalous peak in the pressure dependence of
the resistivity at P = 20 kbar has not been previously
observed. It is known that a similar peak in the p(P)
dependence for PbTe, which islocated at P = 60 kbar,
is assaciated with the phase transition from the cubic
lattice of the NaCl type to the orthorhombic lattice of
the GeS type [15, 16]. Therefore, we may assume that
the peak in the p(P) dependence at T = 300 K and the
sharpincreaseinresistivity at T= 4.2 K under pressure,
which were found by us, are also associated with the
structural phase transition from the cubic lattice to the
orthorhombic lattice. In this case, we can reasonably
explain the shift of the critical pressure of the phase
transition to lower pressures as the alloy composition
varies and the temperature decreases from room tem-
perature to liquid-helium temperature. This shift corre-
sponds qualitatively to the known experimental dataon
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the pressure-induced phase transition in Pb,_,Sn,Se
aloys[17].

We determined the activation energy of the deep gal-
lium level AEg, and constructed its pressure depen-
dence (Fig. 3) from the slope of the activation portion
in dependences p(L/T) and R, (1/T). At atmospheric
pressure, the activation energy isAEs, = 86 meV, which
is consistent with the data[2, 3] within the experimen-
tal accuracy. As the pressure increases, the activation
energy of the impurity level is virtually unchanged
(straight line in Fig. 3). Therefore, we may conclude
that, as the pressure increases, the position of the Ga
impurity level relative to the bottom of the conduction
band does not change.

Based on the experimental data obtained, we can
suggest a diagram of the reconstruction of the energy
spectrum of the Pb, _,Ge,Te:Ga alloy under pressure
(Fig. 4). As the pressure increases, the band gap
decreases, whereas the position of the impurity level
relative to the bottom of the conduction band remains
unchanged. Therefore, at certain critical pressures, the
Ga level that stabilizes the Fermi level E- should
sequentially intersect the midgap and the top of the
valence band, thus inducing n—p conversion of the con-
ductivity type and an insulator—metal transition under
pressure, respectively. In this case, the activation
energy of the Galevel should remain constant up to the
point of the n—p conversion. As the pressure further
increases, the electrons are thermally activated from the
valence band to the Galevel, and the activation energy
of the impurity level decreasesto zero according to the
linear law with the rate d(AEg,)/dP = dE/dP =
7.4 meV/kbar [18].

Such a behavior of electrica parameters and the
activation energy of the Eg, galium-impurity level
SEMICONDUCTORS  Vol. 38
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under pressure was apparently observed previously for
n-PbTe:Gasingle crystals[4, 5]. Inthat case, adecrease
in the activation energy of the level caused the conver-
sion of the conductivity type and an sharp increase in
the concentration of free holes. Therefore, we may
assume that the deep Eg,; level also shifts in parale
with the bottom of the conduction band under pressure.
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Abstract—Dependences of conductivity and the Hall factor on magnetic field in CdyHg; _xTe (mercury cad-
mium telluride, MCT) have been studied at 77 K. Films of n-type conduction with X = 0.21-0.23 were grown
on (013) GaAs substrates by MBE. As the magnetic field increases from 0 to 1 T, conductivity and the Hall
factor decrease by a factor of 3-5. These dependences are well described in terms of a two-layer model with
high and low mobility of electronsin the layers. The analysis of data obtained with layer-by-layer etching has
shown that an MCT film can be described as a two-layer structure. In this case, a thin layer with high density
and low mobility of electronsislocated near the interface with a CdTe buffer. A high density and low mobility
of electrons can be attributed to the high defectiveness of this layer. Studies by transmission electron micros-
copy have demonstrated the presence of anetwork of dislocationsin MCT film near the interface with the buffer

layer. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

To derive IR photodetectors based on CdyHg, _xTe
(mercury cadmium telluride, MCT)—both photovol-
taic and photoconductive—information on the density
and mobility of carriersand their distribution acrossthe
thickness of a structure is required. To characterize the
properties of carriers, al the producers of MCT use
measurements of conductivity o and the Hall factor R,;.
However, estimates based on conventional measure-
ments with a given magnetic field can lead to incorrect
conclusions, because several types of carriers can coex-
ist in MCT. It is generally recognized that much more
information can be obtained from studies of conductiv-
ity and the Hall factor dependences on magnetic field
and by analyzing hybrid conduction [1-4]. In this case,
the density and mobility of different types of carriersin
a sample can be determined.

In this study, we investigate o and R, dependences
on magnetic field in MBE-grown MCT films with the
aim of determining the parameters of carriers (their
density and mobility) and their distribution across the
thickness of the film.

2. EXPERIMENTAL RESULTS AND DISCUSSION

We studied MCT films (X = 0.21-0.23) 8-14 um
thick grown by MBE on (013) GaAs substrates [5] with
a CdTe buffer layer of about 6 um in thickness. All the
MCT films were grown in similar conditions. They
contained a working layer of homogeneous composi-
tion and graded-composition layers at the interfaces
with the buffer layer and near the free surface, where X

increased to X = 0.5 toward the interfaces (Fig. 1).
The thickness of the graded-composition layer was
1-1.5 um at the interface with the buffer and 0.4-0.8 um
near the free surface.

As-grown films had n-type conduction, and with
weak magnetic fields (below 0.05 T) the effective car-
rier density 1/|gR,|, where q is the elementary charge)
was (2-5) x 10 cm3, and the effective mobility (U, =
|oRy[) was 4 x 10*-1.3 x 10° cn?/(V s) at 77 K. Asthe
magnetic field increases to 1 T, conductivity and the
Hall factor decrease significantly (severafold). We

X
0.50

0.45

0.40

0.35

0.301-

0.25F

0'20 1 1 1 1 ham 1 1
0 2 4 6 8 10 12 14

d, ym

Fig. 1. Distribution of composition (X) across the thickness
of the MCT film, measured with an automated ellipsometer
during film growth. The thickness is counted from the inter-
face with the CdTe buffer layer.
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measured conductivity and the Hall factor in the mag-
netic field range 0—1 T, including studies with layer-by-
layer etching of MCT films.

Figure 2 shows typical experimental and simulated
dependences of the Hall factor and conductivity on the
magnetic field.

The calculation of these dependences was done
under the assumption that several types of carriers exist
inafilm[4]:

2 2
[zo;x(s)} + [zo;y(s)}
o(B) = — e ,

S 0u(B)
1

ZGX—y(B)

2

i i
o5 +|To5 o)

where 0,,(B) and o,,(B) are components of the con-

ductivity tensor in the magnetic field, which have the
form

)

Ru(B) = £ . @

i anik
0(B) = , 3
(B) L+ B (©)
2
i qnipi B
0,,(B) = ———. 4
y(B) 1+ 128 (4)

Theindex i indicates different types of carriers.

Graded band-gap layers were located on the inter-
faces of MCT films; therefore, we carried out the initial
calculations considering these layers. Since X in
graded-gap layers is larger than in the working layer,
the electron mobility in these layersis lower. The cal-
culation taking into account the electron mobility
dependence on MCT composition in graded-gap layers
has shown that, in the case of equal densities in the
working and graded-gap layers, the dependences of
conductivity and the Hall factor will be considerably
weaker (Fig. 2, curves 1", 2") than those observed in the
experiment. The assumption of equal carrier densities
in the working and graded-gap layers is based on the
fact that, when X increases from 0.2 to 0.4 in MCT
films grown in similar conditions, the electron density
decreases only dlightly. Therefore, the observed depen-
dences on magnetic field cannot be accounted for only
by the presence of graded-gap layers.

The best correlation between the calculated and
experimental dependences can be obtained if we
assume that electrons with low mobility exist in an
MCT film. In this case, the experimental dependences
can be described quite well if we consider two types of
electrons (Fig. 2, curves 1', 2). Thefitting of calculated
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1
0 02 04 06 08 1.0
B, T

Fig. 2. Dependences of the Hall factor and conductivity on
magnetic field. The thickness of the MCT filmd = 13.4 um,
X=0.215.(1, 1', 1") o(B) and (2, 2', 2") Ry(B). (1, 2) Exper-
iment and (1', 2') calculation taking into account two types
of electrons; (1", 2") calculation taking into account only
the graded-gap layers.

curves to experimental data was done with fitting
parameters n; and |; o asto obtain the best coincidence
for both o(B) and R,(B) dependences simultaneously.
For the curves shown in Fig. 1, the best-fit parameters
were [, = 130000 cm?(V s), n; = 1.3 x 10% cm3, y, =
9000 cm?/(V s), and n, = 3.0 x 10 cm3,

For different films, calculated n, and p, for high-
mobility electrons are (1-3) x 10** cm3 and (100000—
160000) cm?/(V s), respectively; for low-mobility elec-
trons, (2-5) x 10** cm™ and 2000-12000 cn?/(V s).
To investigate the distribution of electrons across the
thickness of MCT film, experiments with layer-by-
layer etching of the film in a 1% solution of Br in HBr
were performed. The time of each etching was the
same, and the thickness of a single removed layer was
assumed to be equal to the total thickness of the
removed part divided by the number of etchings. The
conductivity, Hall factor, mobility, and carrier density
in the removed layersin amagnetic field of 0.5 T were
determined by the differential method, using the rela-
tions of the two-layer Petritz model [6]:

1 = [Rylo,
1
N = —=,
a| Ryl
where
_ c)-n+1dn+1_0-ndn
B dn+1_dn , (5)
0-§+1|RHn+1|dn+1_O-ﬁlRHn|dn
Ry = (dys1—dy). (6)

(Gn + 1dn +17 0-ndn)z

In Egs. (5) and (6), indices n and n + 1 denote the nth
and (n + 1)th etchings, and d, and d, ., ; are the film
thicknesses after the nth and (n + 1)th etchings, respec-
tively.
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Fig. 3. Electron density and mobility in layers removed by
etching; r is the distance from the heterointerface to the
middle of the removed layer. The thickness of the MCT film
d=13.4 um, X =0.215. Points (calcul ated): (1) density and
(2) mobility; solid lines, the respective smoothed distribu-
tions across the film thickness.

U, cm?/(V s) N, cm™3
10°¢ 410
4100
il |
10°¢ 1 1 1 1 1 1 1 1014
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Fig. 4. Mobility (1) and electron density (N) in the remain-
ing layer vs. itsthickness (t). Thethicknessof MCT filmd =
13.4 pm, X = 0.215. (1, 1) density and (2, 2') mobility.
(1, 2) Experiment and (1', 2) calculation in terms of the
two-layer model.

H,10% cm?/(V s) R, KQ
1 e2

14+ ; 13.0

1(2) 25
g 2.0
6 1.5
4 1.0
2 0.5
0 ! 1~ 0

| | | |
0.25 0.30 0.35 0.40 0.45 0.50 0.55
Starting composition, X
Fig. 5. (1) Mobility of slow electrons () and (2) shunting
resistance (R) for a square photosensitive element as func-

tions of the initial composition of the graded-gap layer on
the interface with the CdTe buffer layer.

Figure 3 shows the mobility and electron density in
theremoved layers. As can be seen, the electron density
inthe removed layersis nearly constant, and the mobil-

BAKHTIN et al.

ity dightly decreases as one approaches the heteroint-
erface. Note that, in different samples, the mobility in
the removed layers can exceed the initia effective
mobility by afactor of 1.5-3. It can be seen from Fig. 3
that, as the remaining part of the film becomes thinner,
the mobility in this part sharply decreases, and the den-
sity increases. These dependences can be attributed to
the inhomogeneity of thelayer, so we considered atwo-
layer model. In this model, the film comprisesthe basic
layer, which contains electrons of high mobility and
low density, and athin (~0.5 pum) layer near the hetero-
interface, which contains electrons of high density and
low mohility. Calculations of the density and mobility
intheremaining part of thefilm, which were carried out
in terms of the two-layer model, demonstrate a very
good qualitative and quantitative agreement with the
experimental data (Fig. 4). The obtained best-fit values
of mobility and density for two types of electrons

d,=129um, n;=1.8x10%cm=3,

K, = 130000 cm?/(V s); d, = 0.5 um,

n,=9.0x 10 cm=3, p,=9000cm?%(V 9)

also agree well with the values obtained in fitting the
dependences on magnetic field for the initial sample.
The high density of electrons with low mobility in this
layer may be related to the high defectiveness of this
layer. Transmission electron microscopy has shown a
network of mismatch dislocations at a distance of about
0.1 um from the interface with the buffer layer. Accord-
ing to [6, 7], ahigh density of dislocationsin MCT can
induce an increase in the eectron density and a
decrease in mobility.

Since the layer with high electron density near the
heterointerface is a shunting layer in fabricating the
photoresistors, it is necessary to minimize its contribu-
tionto thetotal conductance of afilm. Inthefilmsunder
study, this contribution can reach a value of 0.05-0.5.
We have studied MCT filmswith variousinitial compo-
sitions of the graded-gap layer at the interface with the
CdTe buffer layer. The mobility and density of low-
mobility electrons and the shunting resistance R for a
square photosensitive element were determined from
the analysis of dependences on magnetic field. Figure 5
shows the dependences of mobility and shunting resis-
tance ontheinitial composition of the graded-gap layer.
It can be seen that, as X increases, the mobility of the
low-mobility electrons decreases, and R steadily
increases because of the decrease in mobility. Twofold
scatter is observed in the density of low-mobility elec-
trons, its value in terms of the surface concentration is
(7-15) x 10" cm™, and no dependence on the initial
composition is observed.

Therefore, the contribution of low-mobility elec-
trons to total conductance of an MCT film can be
reduced by the formation of a graded-gap layer with
highinitial X on the interface with the buffer.
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3. CONCLUSIONS

In MBE-grown n-type MCT films, conductivity and
the Hall factor decrease severalfold asthe magnetic field
increases. The dependences on magnetic field are well
described in terms of the conduction model with two
types of carriers: electrons with high and low mobility.

The analysis of data obtained by means of layer-by-
layer etching has shown that in an MCT film, near the
interface with the buffer layer, a thin layer exists with a
high density of low-mobility eectrons, which can be
attributed to the high defectiveness of thislayer. Thislayer
can significantly reduce the effective mobility and raisethe
effective carrier dengity in MCT films; it may adso have a
shunting effect on photoresistors. The contribution of low-
mobility eectronsto thetotal conductance of an MCT film
can be reduced by the formation of a graded-band-gap
layer with high initial X on the interface with the buffer.

ACKNOWLEDGMENTS

The authors are grateful to I.1. 1zhnin for valuable
discussionsand to A .K. Gutakovskii for TEM studies of
interface layersin MCT films.

SEMICONDUCTORS Vol. 38 No. 10 2004

1171

REFERENCES

1. M. B. Reing, K. R. Maschhoff, S. P. Tobin, et al., Semi-
cond. Sci. Technal. 8, 788 (1993).

2. J. R. Meyer, C. A. Hoffman, F. J. Bartali, et al., Semi-
cond. Sci. Technol. 8, 805 (1993).

3. E. Finkman and Y. Nemirovsky, J. Appl. Phys. 53, 1052

(1982).

4. L.F. LouandW. H. Frye, J. Appl. Phys. 56, 2253 (1984).
5. Yu. G. Sidorov, S. A. Dvoretskii, V. S. Varavin, et al., Fiz.

Tekh. Poluprovodn. (St. Petersburg) 35, 1092 (2001)
[Semiconductors 35, 1045 (2001)].

6. R. L. Petritz, Phys. Rev. 110, 1254 (1958).

7. S. G. Gasan-zade, S. V. Staryi, M. V. Strikha, and
G. A. Shepel’skii, Fiz. Tekh. Poluprovodn. (St. Peters-
burg) 37, 8 (2003) [ Semiconductors 37, 6 (2003)].

Trandated by D. Mashovets



Semiconductors, Vol. 38, No. 10, 2004, pp. 1172-1175. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 38, No. 10, 2004, pp. 1207-1210.
Original Russian Text Copyright © 2004 by Bakhtin, Dvoretskiz, Varavin, Korobkin, Mikhailov, Sabinina, Sidorov.

ELECTRONIC AND OPTICAL PROPERTIES

OF SEMICONDUCTORS

Effect of Low-Temperature Annealing on Electrical Properties

of n-HgCdTe

P. A. Bakhtin, S. A. Dvoretskii, V. S. Varavin*, A. P. Korobkin,
N. N. Mikhailov, |. V. Sabinina, and Yu. G. Sidorov
Institute of Semiconductor Physics, Sberian Division, Russian Academy of Sciences, Novosibirsk, 630090 Russia
*e-mail: varavin@isp.nsc.ru
Submitted January 8, 2004; accepted for publication March 4, 2004

Abstract—The effect of low-temperature isothermal annealing on electrical properties of Cd,Hg, _, Te (mer-
cury cadmium telluride, MCT) filmsisinvestigated. Films of n-type conduction with x = 0.21-0.23 were grown
on GaAs substrates by MBE. Annealings of 1-1000 h duration were carried out at 90-230°C. The changesin
conductivity, the Hall factor, and the lifetime of minority carriers after annealing are explained by the formation
of mercury vacancies and egress of Hg atoms from the sample. The effect of various surface coatings on the
rate of variation of MCT film electrical properties was investigated. An anodic oxide appeared to be the most
efficient coating to stabilize the parameters of n-type films. The analysis of the magnetic-field dependences of
the Hall factor and conductivity has shown that the observed modification of parameters upon annealing can be
described in terms of a two-layer model with two types of electrons—high and low mobility. © 2004 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The solid solution Cd,Hg; _,Te (mercury cadmium
telluride, MCT), whose band gap can be varied in a
wide range by compasition modification, isthe leading
material in the production of IR photodetectors for the
3-5 and 8-12 um wavel ength ranges. The development
of fabrication technology for narrow-gap semiconduc-
tors and the elaboration of awhole range of photoresis-
tor and photodiode designs has led to the creation of
high quality devices. Therefore, dong with further
improvement of the device parameters, the problems of
current interest are reproducibility and stability. It is
well known that the electrical parameters of MCT, pri-
marily, the density of carriers and the conduction type,
are modified under various thermal treatments. These
modifications are related to the evaporation of mercury
from the surface of the sample, which causestheforma-
tion of vacancies that diffuse into the sample bulk. In
addition, oxidation processes strongly affect the el ectri-
cal properties of the surface layers of a semiconductor,
which leads to a deterioration in the parameters of fin-
ished devices. Intensive efforts have therefore been
applied to develop insulator coatings to protect the sur-
face of narrow-gap semiconductors. To protect devices
based on MCT, ZnS[1], CdTe[2], and anodic oxide[3]
are widely used.

The goal of this study was to investigate the varia-
tion of electrical parameters of n-type MBE-grown
MCT (MBE MCT) filmswith the time and temperature
of annealing and to clarify the effect of protective coat-
ings on the rate of variation of these parameters under
low-temperature annealing.

2. RESULTS AND DISCUSSION

We studied MCT filmsgrown on GaAs substrates by
MBE [4]. First, a CdTe buffer layer 57 um thick was
grown on a substrate, followed by an MCT film com-
prising a working layer 8-10 um thick with x = 0.21—
0.23 and a thin (0.15-1.5 pm) graded-composition
layer, with x increasing to 0.5 at the surface of the film.
As-grown films had n-type conduction. Several sam-
ples were covered with protective layers of anodic
oxide (0.025-0.1 umthick), CdTe (0.1-0.3 um), and an
insulator (0.3 um). Theinsulator was amultilayer coat-
ing including layers of ZnS and CdTe deposited by vac-
uum evaporation. The anodic oxide was deposited
using the el ectrochemical technique from a KOH-based
electrolyte. Thin CdTe layers were grown in a single
process at the final stage of MCT growth.

Annealings at temperatures T, = 120-230°C were
performed in a He atmosphere, and the annealing at
90°C was done either in He or in air, which did not
affect the results. Conductivity o and the Hall factor R
were measured by the van der Pauw method at 77 K in
the magnetic field range 0-1 T in samples about 1 x
lcm?insize.

Figures 1-4 show typical variations of the film
parameterswith the annealing timefor T,,, = 90°C. The
effective carrier density (1/|gR4[), where q is the ele-
mentary charge, and mobility (|oR,|) were determined
for themagnetic field B=0.05 T. Samples 1-3 were cut
from an epitaxial structure no. 1; sample 4, from struc-
ture no. 2.

It can be seen that, as the annealing time increases,
conductivity and effective mobility decrease signifi-

1063-7826/04/3810-1172$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. Conductivity vs. annealing time for samples:
(2) with anodic oxide, (2) without acoating, (3) with an insu-
lator, and (4) with CdTe. Samples 1-3 were cut from epitaxial
structure no. 1; sample 4, from structure no. 2. Ty, = 90°C.
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Fig. 3. Hall mobility (JoRy|) vs. annealing time. Curve des-
ignationsasin Fig. 1.

cantly in al the samples, except the sample with the
anodic oxide coating. The strongest decrease in con-
ductivity is observed in the uncoated sample; the
decrease in samples with the insulator and CdTe is
weaker. Furthermore, the effective density dightly
decreases in samples without a coating and with an
insulator (Fig. 2). The weakest variation of parameters
is observed with samples coated with an anodic oxide.

To establish thereason for the variations observed in
the parameters, we analyzed the dependences of con-
ductivity and the Hall factor on magnetic field, taking
several types of carriersinto consideration, asin [5-7].
It was found that, in n-type MBE-MCT films, the
dependences on magnetic field can be explained by the
presence of two types of electrons—high and low
mobility (~10° and ~10* cm?/(V s), respectively) [8].

SEMICONDUCTORS  Vol. 38

No. 10 2004

1173

-3

lgRyl™", cm
1015

1014

1 1 1
800 1000 1200
Annealing time, h

1 1 1
0 200 400 600

Fig. 2. Carrier density (1/|gRy]) vs. annealing time. Curve
designations asin Fig. 1.
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Fig. 4. Lifetime of minority carriers vs. annealing time.
Curve designations asin Fig. 1.

Analysis of data obtained under layer-by-layer etching
has shown that the low-mobility electrons are localized
inathin (0.1-0.2 um) layer in MCT near the heteroint-
erface. The dependences on magnetic field, recorded
before and after the annealing of samples, were ana-
lyzed in terms of this model, and the parameters of the
two types of eectrons, which are typical of samples
without protection layers, arelisted in thetable. Thefit-
ting of the model parameters to experimental data was
performed so as to obtain the best fit for both depen-
dences, o(B) and R,(B), simultaneously.

As can be seen from the table, the annealing does
not change the mobility of high-mobility electrons,
whereas their density decreases severafold. The
parameters of low-mobility electrons change only
dlightly during annealing in the conditions used. As a
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Table
cl?fa&aeng?rtg]ss Beforeannealing | After annealing
n, cm 2.2 x 10% 7.0x 108
N, cm3 4.2 x 101 3.0x 10
g, cm?Vtst 120000 120000
U, cm2V-1gl 8000 6000

Note: nq and n, are the densities of electrons with high (p4) and
low (pp) mobility; Ty, = 90°C.

result, the effective mobility and conductivity of sam-
ples decrease as the annealing time increases.

The decrease in density of high-mobility electrons
in the working layer of MCT film during annealing is
related to the formation of vacancies, which compen-
sate part of the donorsin the film. It iswell known that
Hg vacancies are acceptors; they are generated at ele-
vated temperature due to the egress of Hg atoms from
the sample. According to published data, Hg vacancies
are also responsible for recombination centers, which
reduce the lifetime of minority carriers in p-MCT
obtained by the introduction of vacancies. The anneal-
ing in Hg vapor resultsin thefilling of vacancies.

We annealed sampl es at temperatures 200-230°C in
an inert atmosphere and in the presence of Hg vapor. It
was established that annealing in an inert atmosphere
for 24 h at atemperature of about 220°C converts sam-
ples to p-type conduction, with a hole density of about
(8-20) x 10> cmr3. Subseguent annealing in the same
mode, but in Hg vapor, again yields (in a reversible
way) n-type conduction. This behavior, as well as the
observed decrease in conductivity and lifetime of
minority carriers during 90°C annealing, are related to

Hole concentration, cm™>

1017 -
1016 L
1015 L
1014 L

1013 -

12 1 1 1
10 0 100 200 300

Annealing temperature, °C

Fig. 5. Calculated equilibrium hole density vs. annealing
temperature [9], extrapolated to low temperatures.
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the formation of Hg vacancies. Figure 5 shows the cal-
culated dependence of the equilibrium density of holes
(produced by Hg vacancies) on the annealing tempera-
ture, extrapolated to room temperature with the use of
data from [9]. The measured hole density in our sam-
ples without protective coating, annealed at 220°C,
agree well with the calculated data The variation
observed in the parameters presented in Figs. 1-3 and
in the table (annealing at 90°C) can be explained in
terms of atwo-layer model, assuming that the hole den-
sity related to Hg vacancies is about 1.5 x 10 cmr3,
Thisvalueis close to the calculated value (~10* cm3).
Similar values were also obtained in calculations [10].
Ascan be seenin Fig. 5, at room temperature the equi-
librium hole density related to the formation of vacan-
ciesislow (about 3 x 10** cm™3), which cannot induce
a significant modification of parameters of the MCT
films under study.

As stated above, an anodic oxide on the surface of
the sample stabilizes its electrical parameters under
low-temperature (90°C) annealing. Annealing at tem-
peratures in the range 140-160°C have demonstrated
that the time necessary for the onset of variation in the
parameters is proportional to the thickness of the
anodic oxide, whereas the rate of variation in the
parametersisindependent of thickness. We explain this
effect of the anodic oxide as follows: this oxide can
serve as amercury reservoir from which Hg atoms dif-
fuse into the sample bulk and fill vacancies formed dur-
ing the annealing, whereas thin layers of CdTe or an
insulator reduce the egress of Hg atoms from the sam-
ple only to a certain extent.

3. CONCLUSIONS

The modification of parameters of n-type MBE
MCT films under low-temperature annealing is related
to a decrease in the density of high-mobility electrons
in the basic layer of the film and to the presence of a
surface layer near the interface with the CdTe buffer
layer. The surface layer is characterized by ahigh den-
sity of low-mobility electrons, and these parameters
change insignificantly under low-temperature (90°C)
annealing. The decreasein the density of high-mobility
electronsin the basic layer of the film occurs due to the
compensation of donors by Hg vacancies, which are
formed during annealing because of the egress of Hg
atoms from the sample. At room temperature, this pro-
cess does not modify the electrical parameters of the
material.

An anodic oxide is the most efficient protective
coating to stabilize the electrical parameters of n-type
MCT films at elevated temperatures, as compared to
thin CdTe or insulator layers.
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Abstract—Protons with energy E = 100 keV were implanted with doses ranging from 2 x 10% to 4 x 10 cm
into 6H- and 4H-SiC n-type samples at room temperature. The samples were subjected to various types of
postimplantation heat treatment in the temperature range 550-1500°C. The parameters of the samples were
studied by measuring the capacitance—voltage and current—voltage characteristics and by analyzing the photo-
luminescence spectra. Blistering on the surface of the sampleis observed after annealing the samples at atem-
perature of 800°C only after implantation of protons with adose of <3 x 10 cm. A decrease in the resistivity
of the compensated layer setsin after annealing at a temperature of ~1200°C and is completed after annealing
at atemperature of ~1500°C. A drastic decrease in the photoluminescence intensity is observed after implanta-
tion for all types of samples. Recovery of the photoluminescence intensity setsin after annealing at temperatures
>800°C and is compl ete after annealing at atemperature of 1500°C. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It iswell known that the depth distribution of stop-
ping energy lossesfor protonsin amaterial is quite spe-
cific. Asaresult, radiation defects are produced by pro-
tons in a semiconductor predominantly at depths that
are closeto the protons’ projected range R;,. It isimpor-
tant that the radiation-defect generation rate directly at
the surface is almost an order of magnitude lower than
that at depths close to R, At the same time, radiation
defects are not produced at all at depths that far exceed
R, [1]. Thus, irradiation with protons can be used to
form layers that are highly localized at a certain depth
(buried layers) and have a high concentration of radia-
tion defects. As aresult, irradiation with high doses of
low-energy protonsiswidely used in the technology of
various semiconductors, for example, to form high-
resistivity buried layers (SOl technology) or to detach
thin films of material after annealing of irradiated sam-
ples (so-called Smart Cut technology) [1]. The use of
irradiation with protons in SiC technology may be of
particular interest in the context of a recent report that
it ispossible to form an amorphous SiC layer asaresult
of exposure to proton radiation [2]. As is well known,
the phenomenon of amorphization under the effect of
irradiation with protons is typically not observed for
other semiconductors[1].

The aim of this study wasto form buried SiC layers
with a high concentration of radiation defects and to
study the properties of these layers.

2. EXPERIMENTAL

We used 6H- and 4H-SiC wafers with n-type con-
ductivity as the samples. The concentration of uncom-
pensated donors Ny — N, was ~1.6 x 10 cm= in

6H-SIC and 3.8 x 10 cm in 4H-SiC. The samples
wereirradiated with protons using the accelerator of an
NG-200U neutron generator at room temperature. We
used protons with energy E = 100 keV and with doses
ranging from 2 x 10% to 4 x 10*” cm™. The vaue of
for 100-keV protonsis equal to ~0.65 pm in SIC [1].
The samples were subjected to postirradiation isochro-
nous annealing at temperatures in the range 500—
1500°C in an argon atmosphere. The parameters of the
sampl es before and after irradiation and after annealing
at various temperatures were determined from mea-
surements of the capacitance—voltage (C-V) and cur-
rent—voltage (1-V) characteristics, as well as from an
analysis of photoluminescence (PL) spectra. The C-V
characteristics were measured using amercury probein
a capacitance bridge with a parallel equivalent circuit
and with a sinusoidal-signal frequency of 10 kHz. The
PL spectrawere measured under excitation with pulsed
radiation from anitrogen laser (wavelength A = 337 nm,
light-spot diameter 400 um) at atemperature of 77 K.

3. RESULTS

A band peaked at a wavelength of A, = 465
470 nm was observed in the PL spectra of unirradiated
6H-SiC samples (Fig. 1). Thisband is caused by radia-
tive recombination at the AlI-N donor—acceptor pairs.
A PL band peaked at A, = 420 nm was also observed
inthe PL spectrum of unirradiated 4H-SiC crystals; this
band is related to radiative recombination involving the
Al acceptor center. In addition, aband peaked at A5 =
560 nm and related to the B impurity in SIC crystals[3]
was observed in the long-wavelength portion of the
4H-SiC PL spectrum. The PL almost disappeared in all
types of samples immediately after irradiation. Previ-

1063-7826/04/3810-1176$26.00 © 2004 MAIK “Nauka/ Interperiodica’



FORMATION AND STUDY OF BURIED SIC LAYERS WITH A HIGH CONTENT

ously [4-6], the quenching of PL related to the atoms of
the Al impurity was studied in SiC samplestreated in a
hydrogen plasma. This quenching was presumably [4—6]
caused by the ability of hydrogen atomsto passivate the
B and Al acceptor centers in SIC, i.e., the ability of
hydrogen to form electrically inactive complexes with
the Al and B atoms. These complexes do not exhibit a
high thermal stability and decompose at temperatures
>200°C; simultaneoudly, diffusion of hydrogen from
the semiconductor bulk is observed [6]. Koshka and
Mazzola[4] observed the complete recovery of theini-
tial PL intensity after annealing samples at tempera-
tures ~750°C. In our case, an appreciable recovery of
the PL intensity setsin at higher temperatures (~800°C)
(Figs. 1, 2), which is apparently related to the much
higher hydrogen concentration in our samples than in
the samples studied by Hulsen et al. [6]. It isworth not-
ing that this temperature (~800°C) is close to the tem-
perature for the onset of annealing of radiation defects
in SIC [7, 8]. The PL intensity in the samples under
study reverted to the initial (preirradiation) value after
annealing at 1500°C.

Studies of the surface of irradiated samples showed
that morphological parameters remained unchanged
after irradiation with protons in the entire range of
doses used. A variation in the surface morphology sets
in after annealing of irradiated samples. It isworth not-
ing that, in contrast to silicon [2], the annealing temper-
atures required are quite high (~880°C).

Blistering and detachment of flakes of the material
were observed for all the samplesirradiated with adose
<3 x 107 cm of protons and then annealed at temper-
atures =800°C [2]. Blistering of the surface was not
observed for the samples irradiated with a dose =3 x
10 cm? of protons and then annealed in the tempera-
ture range 800-1500°C (Fig. 3b). In our opinion, the
observed suppression of blistering is caused by amor-
phization of the implanted layer. Kozlov et al. [2] used
atomic-force microscopy to detect the presence of an
amorphous phasein silicon carbide irradiated with ow-
energy protons with a dose of 3 x 10" cm and com-
paratively low proton-beam currents (<5 pA cm™).
Apparently, this observation is indicative of specific
features of separation of primary radiation defects in
silicon carbide, which may lead to the accumulation of
a concentration of multivacancy complexes that is suf-
ficient for amorphization of the semiconductor. Amor-
phization suppresses the formation of flat two-dimen-
sional vacancy—hydrogen defects that are observed
only in the crystalline material and represent the main
factor in the development of microcracksin the plane of
buried defect-rich layers, which givesrise to blistering.

In Figs. 3aand 3b, we show optical micrographs of
surfaces of 4H-SIC samples annealed after irradiation
with different doses of protons. A similar pattern was
observed for 6H-SIC.

A shift of the C-V characteristics upward along the
vertical axis with the initial slope (the initial value of
Ny —N,) retained was observed after irradiation of the
surface-barrier structures under study. In addition, a
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Fig. 1. Photoluminescence (PL) spectraof a6H-SiC sample
(1) before irradiation and (2) after irradiation and subse-

quent annealing at 800°C. Radiation dose: 4 x 1017 cm2.
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Fig. 2. Photoluminescence (PL) spectraof a4H-SiC sample
(1) before irradiation and (2) after irradiation and subse-

quent annealing at 800°C. Radiation dose: 4 x 1017 cm2.

Fig. 3. Optical photographs of the surface of 4H-SiC sam-
ples after irradiation and subsequent annealing at 800°C.

Radiation doses: (a) 2 x 1017 and (b) 4 x 1017 cm™.

dependence of the measured capacitance C on the fre-
guency used in the measurements (f) was observed:
C increased asf decreased. The value of C coincided with
that for an unirradiated diode a frequencies~100Hz. This
feature of the C-V characteristic [9] indicates that the
ohmic resistance of the diode increases significantly as
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Fig. 4. Capacitance—voltage characteristics of the 6H-SiC
samples (1) before irradiation, (2) immediately after irradi-
ation, and (3) after irradiation and subsequent annealing at

1500°C; radiation dose: 4 x 1017 cm2. S denotes the sur-
face area of the sample.

aresult of irradiation. In addition, a nonlinear depen-
dence C*(U) was observed for 6H-SIC samples at
reverse-bias voltages >8 V (thickness of the space-
charge layer >0.1 um); this observation indicated that
the difference concentration Ny — N, decreased with
increasing depth. This effect is much less pronounced
for the 4H-SiC samples, which is evidently related to
thehigher initia (beforeirradiation) concentration Ny —N,
in the samples of this polytype (thickness of the space-
charge layer is ~0.06 um at the highest reverse-bias
voltages). Thus, according to the capacitance measure-
ments, irradiation led to the formation of a compensated
layer at depths >0.1 pm; at the sametime, the concentra-
tion at the surface of the sample did not change.

The capacitance-voltage characteristics of irradi-
ated structures coincided completely with those of unir-
radiated structures after postirradiation annealing at
1500°C (Figs. 4, 5).

4. CONCLUSIONS

We studied the effects of irradiation with low-
energy protons and subsequent annealing on the prop-
erties of SiC samples. It isshown that for SiC the appli-
cability of irradiation with protons to various techno-
logical processes depends on the proton dose. A dose of
~3 x 10 cm2 isthe critical dose for 100-keV protons.
Irradiation with doses <3 x 10" cm leads to the devel -
opment of blistering during annealing and can be used
in Smart Cut technology. This blistering phenomenon
isfound to be suppressed at doses >3 x 107 cm?, most
likely because of the developing amorphization of the
irradiated layer. The thickness of this layer can be var-
ied by varying the proton energy. Thus, irradiation with
protons with doses >3 x 10 cm™ may turn out to be
promising for the formation of SOI structures based on

BOGDANOVA et al.
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Fig. 5. Capacitance—voltage characteristics of the 4H-SiC
samples (1) before irradiation, (2) immediately after irradi-
ation, and (3) after irradiation and subsequent annealing at
1500°C. Radiation dose: 4 x 1017 cm™2. S denotes the sur-
face area of the sample.

SiC. Itisworth noting that the cross section for the defect
production usually decreases as the proton energy
increases; as a result, the concentration of defects in the
buried layer decreases. Therefore, we may expect that an
increase in the proton energy will lead to an increase in
the critical value of the radiation dose.
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Abstract—A model of adecreasein electrical conductivity of GaN and ZnO under the effect of irradiation with
fast ionsissuggested. Theformation of complexes composed of adoping-impurity atom and the simplest defect
formed by theion beam is considered as the main process that leads to a decrease in the free-carrier concentra-
tion and an increase in the resistivity. A comparison of the model-based results and experimental data on the
origination of isolation that were obtained for n-GaN and ZnO shows that the model can be used to describe
satisfactorily the processes that occur. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The great interest in wide-gap semiconductors is
stimulated by the potential possibilities for applying
them in, for example, optoelectronics and high-power
electronics [1, 2]. Since ion implantation is one of the
most convenient tools in the commercial production of
semiconductor devices, great efforts have been made to
study the interaction of accelerated ions with the crys-
tals of wide-gap semiconductors.

Theformation of insulating layersthat isolate active
devices on a wafer is one of technological uses of the
beams of accelerated ions. For example, it was experi-
mentally found that the structural defectsformed in the
course of ion bombardment of gallium nitride may
induce an increase in the sheet resistance of the samples
by more than ten orders of magnitude [1-6]. The high
sheet resistance isretained after annealing at fairly high
temperatures.

Such a drastic increase in sheet resistance may be
caused by severa factors. Thefirst factor isthe appear-
ance of deep levels in the band gap, which can effi-
ciently capture the free charge carriers. The second fac-
tor is the decrease in mobility; however, the effect of
mobility on resistivity should be less pronounced since
the range of variation in mobility is much less than ten
orders of magnitude. This inference is confirmed by
direct experiments. For example, Kucheyev et al. [5]
reported the results of Hall measurements of the mobil-
ity and concentration of free charge carriersand dataon
the sheet resistance of n-GaN in relation to the dose of
irradiation with 0.6-MeV H* ions. The data obtained
indicate that a decrease in the conductivity in GaN crys-
talsby approximately five orders of magnitude asaresult
of irradiation with fast ionsisaccompanied by adecrease
in the mobility by lessthan an order of magnitude.

It is difficult to construct a model that adequately
describesthe variation in the sheet resistance asaresult
of irradiation since data on the origin of defects that
introduce deep level sin the band gap are lacking. These
defects can be (i) isolated point defects (such as vacan-
cies, intergtitial atoms, antisite defects) and their clus-
ters; (ii) complexes composed of point defects and
impurities that were introduced unintentionally into the
crystal during itsgrowth; and (iii) complexes composed
of point radiation defects and doping impurities (shal-
low-level donorsfor n-type crystals and shallow accep-
torsfor p-type crystals).

The kinetics of the increase in the sheet resistance
with increasing doseisusually complicated and nonlin-
ear [1-11]. Until recently, only one model had been
suggested for gallium nitride [6]; thismodel isbased on
the assumption that GaN is polycrystalline. The varia-
tion in the conductivity wastreated in the context of the
approximation of electron transport in apolycrystal, the
intercrystallite-barrier height in which dependslinearly
on the number of defectsintroduced (the dependence of
this number on the radiation doseis also assumed to be
linear). However, the avail able experimental data[7, 8]
show that single-crystal GaN does not transform into a
polycrystal; rather, an increase in the resistivity is
related to a decrease in the concentration of charge car-
riers due to their capture by deep-level traps formed as
a result of irradiation. Consequently, the aforemen-
tioned model [6] is not adequate.

Another model of the formation of defects that
reduce the electrical conductivity in gallium nitride has
been suggested recently [9]. This model describes sat-
isfactorily the kinetics of the process under consider-
ation and is based on the assumption that the shallow
levels of doping impurities are transformed into deep
levels as a result of the formation of complexes com-
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posed of a defect and a doping-impurity atom. A com-
parison of the results of simulation [9] with experiment
was restricted mainly to the data obtained for irradia-
tion of GaN with protons. Below, we show that such a
comparatively simple model [9] may well be used to
describe the experimental data on the variation in the
sheet resistance of single-crystal GaN samplesasaresult
of irradiation with various high-energy light ions; this
model may also be applied with good results to ZnO.

2. MODEL

Various simplest point defects are produced when
an accelerated light ion movesin atwo-component sin-
gle crystal; these defects include vacanciesin both sub-
lattices, interstitial atoms of both components, and anti-
site defects. However, at present it is not clear which of
these defects or complexes introduce deep levels into
the band gap. It is assumed in the model under consid-
eration that only a single type of defect plays a signifi-
cant role in the formation of insulating layers. The ori-
gin of this particular defect is unknown and is not dis-
cussed owing to the lack of information. It is also
believed that defects of this type can effectively form
complexes with atoms of a doping impurity; asaresult,
shallow levels are transformed into deep levels. It is
also assumed that each of the complexes formed cap-
tures a charge carrier either from the valence band (for
a p-type semiconductor) or from the conduction band
(for an n-type semiconductor) and thus reduces the
charge-carrier concentration. Therefore, an irradiation-
induced increase in the sheet resistance is mainly
caused by adecrease in the concentration of charge car-
riers dueto their capture by the deep levels formed.

This approach seems to be quite realistic. Indeed,
the majority of the doping-impurity atoms are naturally
aways in a charged state at room temperature. If the
point defects under consideration (these defects are
assumed to be unstable) are charged as a result of cap-
turing the magjority charge carriers, the charge of these
defects turns out to be opposite to the charge of doping
impurities; as a result, an efficient interaction of the
defects and impurities should occur.

In the experiments whose results are to be compared
with the model, the el ectrical-conductivity degradation
was studied for epitaxial conducting films with afairly
uniform distribution of the doping impurity. The energy
of primary ions (~1 MeV) was such that generation of
the simplest defects was amost uniform over the entire
depth of these films [4, 10, 11]. These circumstances
make it possible to disregard the diffusion-related
redistribution of the concentration of the defects under
consideration. In addition, the large range of primary
ions makes it possible to disregard the chemical interac-
tion of implanted ions with the target atoms within the
conducting layer and disregard the effect of hopping con-
ductivity at adepth that is close to the range of theions.

TITOV et al.

Thus, we consider (i) the formation of the simplest
point defects of asingletype; (ii) the recombination of
these defects at unsaturable sinks with a characteristic
relaxation time T; and (iii) the interaction of the defects
with the doping impurity, which is characterized by the
rate constant o of quasi-chemical reaction. Since the
typical duration of irradiation of the sample (t > 10 s)
far exceeds the average lifetime of the defects under
consideration T, the concentration n of these defects
depends on time only dightly (the quasi-equilibrium
approximation); i.e., dn/dt = O at each instant of time.

Taking into account the above, we obtain the follow-
ing system of equations:

OF —n/t—ann(1-ny/n;) = 0

1

Eplnd/dtb = annF (1 -ny/ny). @
Here, g is the average density of generation of defects
produced by eachion, F istheion flux, nyisthe concen-
tration of the produced complexes composed of adefect
and a doping-impurity atom, n; is the doping-impurity
concentration (equal to the initial charge-carrier con-
centration in the sample), and @ = Ft isthe dose of ions.
In the first equation in (1), the first term describes the
point-defect generation, the second term describes the
recombination of these defects at unsaturable sinks, and
the third term describes the interaction of the defects
with the doping-impurity atoms. The second equation
in (1) describes the variation in the concentration of
complexes that form the deep-level traps.

A solution of system (1) with the evident boundary
condition ny= 0 at ® = 0 yieldsthe following nonlinear
equation that relates the concentration of complexes to
the radiation dose:

In(1—ny/n;) = atnyg(1—-gP/ny), ()]

which can be used to determine ny(®). The concentra-
tion of free charge carriers n, and the surface concentra-
tion N, of charge carriers are determined from the fol-
lowing expressions:

n(1-ng/m); Ng = (n.+ny)h. (3)

Here, his the thickness of the conducting layer and ny,
is the residual concentration of charge carriers at very
high radiation doses, when all the doping-impurity
atoms have aready formed complexes with defects.
The latter concentration is many orders of magnitude
lower than the initial charge-carrier concentration ny
and, consequently, makes an appreciable contribution
to the sheet resistance only at large doses. Finaly, the
sheet resistance R, can be found from the expression

R = [euNJ ™ = [eph(nc+ny)] ™, )
where e is the elementary charge and | is the effective
mobility of charge carriers.

Not only the dependence of the charge-carrier con-
centration on the radiation dose but also a decrease in

Ne = N—ny =
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Model parameters calculated for GaN in the approximations of varying and constant charge-carrier mobility and for ZnO in

the approximation of constant mobility

Target lon Energy, MeV at, cm® g, cm? gTRIM, cm™
GaN,h=15um, u=f(®)| H 0.6 4112 x 107 2164 2521
7L 3.0 4,288 x 1077 22334 38724
12¢ 6.6 4292 x 10°Y7 82595 130285
160 6.6 4.289 x 107 183830 313010
GaN, h=1.5pm, 1H 0.6 2793 x 10°7 3008 2521
u=570cm?V-tst 7L 3.0 3.144 x 107 30606 38724
12¢ 6.6 3.759 x 107 101020 130285
160 6.6 3.255 x 107 247520 313010
ZNnO, h=0.6 um, 7L 0.7 1.539 x 1018 16579 132276
u=80cm?Vvist 160 20 3131 x 10718 43046 734133
g 35 2.876 x 1018 107530 1886521

the charge-carrier mobility contributeto thevariationin
the sheet resistance. At this stage, the dependence of
mobility on the radiation dose is disregarded in the
model sincethis dependence represents a separate com-
plicated problem, the majority of starting data for
which are unknown. The reason for disregarding the
mobility effect was discussed above: variation in the
mobility plays arelatively minor role in the kinetics of
R,(®P). Notethat, in cal culating the kinetics of electrical
isolation in GaN, we took into account the dependence
H(P) estimated on the basis of the available experimen-
tal data (see below for more detail).

We now consider two particular cases: low and high
doses of radiation. At low doses, the concentration of
complexes composed of adefect and adoping-impurity
atom is also low; as aresult, we have ny/n; < 1. Substi-
tution of 1 —ny/n; = 1into thefirst equation of system (1)
makesit possibleto obtain an analytical solution for the
surface charge-carrier concentration as

n, = njexp[—oatgd/(1+atn;)].

()

In the case of high doses, we have ny/n; = 1; there-
fore, Eq. (2) can be rewritten asIn(1 —nyn) = —oatgd[1—
(ng/n)(n/g®)] = —atgdP + atn;, which yields the fol-
lowing expression for the charge-carrier concentration:

n. = ni(1—nyg/n) = njexp[atn] exp[-at gP]. (6)

It can be seen from formulas (5) and (6) that, in both
cases, the dose dependence of the charge-carrier con-
centration is linear if plotted on the semilogarithmic
scale. This circumstance is important since it makes it
possible to determine the parameters of Eq. (2) using
experimental data.

3. COMPARISON WITH EXPERIMENT FOR GaN

In order to compare the results of the simulation
with experiment, we used the datain [4] on irradiation
of an epitaxial n-GaN layer that was grown by
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MOCVD on a 0.5-um-thick undoped GaN buffer layer
formed on a sapphire substrate, had a wurtzite struc-
ture, andincluded a1.5-um-thick conducting layer. The
crystal was cut into equal rectangular resistors. Theini-
tial charge-carrier concentration in the samples was 3 x
10 cm3, and the sheet resistance was 218 Q/00. The
type and energy of ions used for bombardment are
listed in the table; the ion-current density was ~6.4 x
10 cm s, The sheet resistance was measured in situ
after each stage of irradiation.

The previous [9] comparative analysis of experi-
mental data[5] on thevariationinthe GaN conductivity
asaresult of irradiation with high-energy light ionsand
the results of calculations based on the model under
consideration showed good agreement between the the-
ory and experiment. At the same time, calculations of
the kinetics of the increase in the sheet resistance were
performed for irradiation with protons [5]; conse-
quently, itisalso interesting to simulate the dose depen-
dences of the sheet resistance for the other ions used by
Boudinov et al. [4].

3.1. Normalization Procedures for the Dose
Dependences of the Sheet Resistance

As aready mentioned above, it follows from the
model under consideration that, both for low and high
doses of radiation, the dependences of reciprocal sur-
face charge-carrier concentration n. plotted in semilog-
arithmic coordinates should be represented by portions
of straight lines [see expressions (5) and (6)]. In Fig. 1
we show one of these dependences that represents the
variation in the charge-carrier concentration in a GaN
sample as a result of irradiation with 0.6-MeV protons
[5] (the method for transforming the dependence R(®P)
into n(®P) isconsidered below). Two linear portionsare
distinct in the curve in Fig. 1; one portion corresponds
to low doses (® < 1 x 10* cm™) and the other portion
corresponds to higher doses (~2.0 x 10 < ® < 2,5 x
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Fig. 1. Experimental [5] (squares) and calculated (solid line)
dependences of reciprocal charge-carrier concentration in
GaN on the dose of irradiation with 0.6-MeV protons.

10% cm). If GaN isirradiated with other ions(Li, C, O),
the surface concentration of charge carriers varies with
the dosein the sameway; i.e., the corresponding depen-
dences exhibit the same two characteristic portions.
However, the curves are shifted to lower doses by one
to two orders of magnitude. Thus, the assumption that
the variation in the reciprocal surface concentration of
charge carriersislinear at low and high doses of irradi-
ation is confirmed by experimental data.

If the variation in the sheet resistance of the samples
is considered in the context of the above model, it fol-
lows from Eg. (2) and expressions (5) and (6) that the
concentration (ng) of the complexes composed of a
defect and a doping-impurity atom and, consequently,
the charge-carrier concentration (n.) are governed by
the product g®. The latter is equivalent to the total con-
centration of defects introduced by radiation into the
surface layer. The dose dependences of the sheet resis-
tance for identical samples irradiated with different
ions should then coincide if these dependences are plot-
ted as R(g®). In order to verify this assumption, we
must know the density of the defect generation by asin-
gleion (g). This density can be estimated on the basis
of the results of ballistic calculations; for example, the
standard TRIM software package can be used [12].
However, an accurate determination of thevalue of gis
made difficult by two factors. First, we do not know the
data on the threshold energy for atomic displacements
in different sublattices. Second, it is not known which
defects effectively form the complexes with impurities.
When calculating the value of g using the TRIM soft-
ware package (version SRIM-2003.17), we assumed
that the threshold displacement was equal to 25 eV for
both the gallium and nitrogen sublattices. In the right-
most column of the table, we list (for definiteness) the
number of vacanciesin the nitrogen sublattice of GaN.
We used these values in plotting the dependences

Fig. 2. Sheet resistance of identical GaN samplesirradiated
with various ions [4] in relation to the total number of
atomic displacements.

Ry(g®) shown in Fig. 2 (experimental values are taken
from [4] and are shown in Fig. 3).

Itisclearly seen that, in contrast to theinitial depen-
dences Ry(®) that are shifted with respect to each other
by about two orders of magnitude in doses (Fig. 3), the
curves for the lithium, carbon, and oxygen ions in
Fig. 2 coincide within the measurement accuracy,
whereas the curve for protons is shifted with respect to
the above curves by afactor of only ~1.5. Note that both
the agreement between curves and the value of the shift
remain unchanged if we identify g with the displace-
ment generation density in the gallium (rather than
nitrogen) sublattice. This shift can be caused by several
factors, for example, the roughness of approximations
of the model under consideration, the limitations of the

R,, Q/sq.
10"%g

- ¢ 0.6MeV 'H*
1010F 4 3.0 MeV "Li*

E " 6.6MeV ¢t
10°E 6.6 MeV 160"
109F
104F

2_! =Y

||i|(|)13| 1 |||i|(|)|14| 1 |||]i|(;15
Dose, cm™2

Fig. 3. Experimental [4] (squares, triangles, circles) and cal-
culated dependences of the sheet resistance of GaN on the
dose of irradiation with various ions taking into account
(dotted lines) and disregarding (solid lines) the variationsin
the charge-carrier mobility.
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TRIM software package for protons, the dependence of
the exit of the Frenkel pairs from the displacement cas-
cade on the cascade density, and so on. These factors
call for further analysis. However, if we disregard the
aforementioned deviation, we may state in general that
another assumption of the model is confirmed satisfac-
torily by experimental data.

3.2. Dependence of the Threshold Dose
for the Formation of the Insulating Layer onthe Initial
Charge-Carrier Concentration and the Number
of Atomic Displacements

An analysis of the variation in the sheet resistance
with increasing ion dose shows that there is athreshold
dose of radiation @y, i.e., the dose that givesrise to a
trapping-center concentration that is close to the initial
concentration of free charge carriers; as a result, the
curve R(®) levels off. The dependence of the threshold
dose on the initial charge-carrier concentration in GaN
doped with silicon is linear (®y, O ny) [4]. At the same
time, the threshold doseisfound to beinversely propor-
tional to the number of atomic displacements produced
by ions (@, 0 g™).

In the context of the model we suggested, the
charge-carrier concentration ny, corresponding to the
threshold radiation dose can be determined from for-
mula (6) as

Ny = Ni(1—ng(Pyp)/1y)
= niexp[atn] exp[-at gy,

(7)

which describes the threshold concentration for various
materials, the different initial charge-carrier concentra-
tions n;, and the different bombarding ions. It follows
from formula (7) that

@y = [oTn + In(n/ng)] (@t g) ™ 8

Taking into account the values of ot =4.29 x 101" cm?,
Ny = 6.55 x 10° cm3, and n, = 0.3-5.6 x 108 cm3,
which correspond to irradiation of GaN with carbon
ions [4], it is easy to verify that the deviation from lin-
earity amounts to less than 1%. Thus, both facts
observed experimentally are described satisfactorily by
expression (8), so that @, 0 ng™.

3.3. Variation in the Sheet Resistance
with Increasing Dose

It isvery interesting to use the model under consid-
eration to describe the dependence of the sheet resis-
tance on the radiation dose. We can derive this depen-
denceusing Eq. (2), from which followsthevariationin
the concentration of the defect—impurity complexes
ny(®P) asthe doseincreases, and expressions (3) and (4)
that relate the concentration of complexes to the
charge-carrier concentration and the sheet resistance.
However, we should preliminarily determine the rate
constants of quasi-chemical reactions (a, 1) and the
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average number of defects that are generated by asin-
gle ion per unit path length (g); these quantities are
parameters in EQ. (2). The rate constants appear in al
intermediate equations in terms of the product art;
therefore, the combination of these constants can be
considered as a single parameter. The average number
of defects g should be determined on the basis of exper-
imental data for the reasons outlined above.

Both parameters can be determined using any two of
the following relations: (i) according to formula (5), in
the limit of low doses, the dependence of the logarithm

of the reciprocal charge-carrier concentration In(ngl)

on the dose is linear and has a dope given by kg =
atg(1l + atny); (ii) similarly, in the limit of high doses,
expression (6) yields the slope of the linear portion of
the same curve as k, = atg; and (iii) the dose at which
the straight lines defined by expressions (5) and (6)
intersect isequal to @, = (1 + atn,)/atg.

In order to determine the dependence of the surface
charge-carrier concentration Ny(®) from the available
experimental dependence of the sheet resistance R(®P),
we should know the dose dependence of the charge-car-
rier mobility because, in accordance with expression (6),
we have N;'(®) = ep(P)R(D). Direct experimental
dataarelacking; therefore, we used the results of isoch-
ronous annealing of GaN irradiated with 0.6-MeV pro-
tons at a dose of 2 x 10** cm [5]. We used these data
to estimate the correlation of the mobility with the sheet
resistance, which made it possible to determine Ny(®)
and, consequently, the parametersin Eg. (2). Using the
estimate obtained for u(Ry) and expression (4), we can
also easily abtain the dependence of mability on the
concentration of complexes u(ny), which was used in
calculating the dependence R(®) on the basis of the
solutionsto Eq. (2). Undeniably, this estimate of mobil-
ity is rather crude since, for the same value of sheet
resistance, the concentration and the properties of scat-
tering centers (which control the value of the charge-
carrier mobility) in the sample after irradiation can dif-
fer from those after subsequent isochronous annealing.
At the same time, deviations of the mobility from the
true value should not significantly affect the shape of
the dependence R(®), since the variation in the sheet
resistance as aresult of irradiation turns out to be sev-
eral orders of magnitude larger than the effect of
mobility.

The main results of processing the experimental
data are listed in the table. The four upper rows list the
values of parameters calculated for the case of irradia-
tion of identical GaN samples taking into account the
variation in the mobility as the dose increases. The
remaining rows give the corresponding parameters for
the same ion—target combinations but for a constant
mobility equated numerically to the value of the
charge-carrier mobility ininitial samples. It can be seen
from the table that the parameter at is found to be
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nearly constant if the dose dependence of mobility is
taken into account. This behavior of at should be
expected since this parameter characterizes the effi-
ciency of interaction between the simplest defects and
the doping-impurity atoms and the disappearance of
these defects at unsaturable sinks. These sinks should
clearly bethe samein aseriesof experimentswith iden-
tical samples cut from the same wafer. If the dose
dependence of mobility isdisregarded, the spreadinthe
parameters increases somewhat. Note that the result
ot =7.405 x 10~ cm?® obtained by Titov and Kucheyev
[9] exceeds the value listed in the table for the case of
varying mobility by approximately afactor of 2; how-
ever, the value of at reported in [9] was obtained for
samples from another series. The average density of
defect generation by a single ion calculated using the
TRIM software package practically coincides with that
obtained from experimental curves of the reciprocal
surface concentration of charge carriers; this circum-
stance also counts in favor of the suggested model.

In Fig. 3 we show the experimental dependences
R(®) and the dependences calculated taking into
account and disregarding the dose dependence of
mobility (in the latter case, it was assumed that the
mobility wasinvariably equal to the value beforeirradi-
ation). It can be seen that, with the dependence p(®)
taken into account, better agreement with experimental
datais attained; the cal culated and experimental curves
nearly coincide for the lightest ions. An increase in the
ion mass leads to a deviation of the results of calcula
tions from experimental dataiin the region of the transi-
tion from low to high doses. The origin of thisdeviation
cals for further analysis. Apparently, the difference
between the theory and experiment is related to an
increase in the defect-generation density as the ion
mass increases. Indeed, Kucheyev et al. [5] noted that
an increase in the defect-generation density as a result
of an increase in the ion-flux density F (rather than g)
was accompanied by changes in the shape of the R(®P)
curve for relatively large values of F. This observation
indicates that nonlinear terms should be present in the
system of Egs. (2). In order to simplify the consider-
ation, these nonlinear processeswere disregarded in [9]
and in this study; the model is expected to be more real-
istic for comparatively light ions and low ion-current
densities.

In addition, it can be seen from Fig. 3 that allowing
for the dose dependence of mobility does not signifi-
cantly affect the shape of calculated dependences
R,(®). This circumstance means that we can expect the
dose dependences of the sheet resistance to be
described satisfactorily for materials for which data on
the variation in mobility are lacking.

Recently, an interesting publication [13] appeared
that dedt with Hall measurements of nominaly
undoped n-GaN films grown by MOCVD and irradi-
ated with comparatively low doses of 0.9-MeV elec-
trons at room temperature; in thiscase, thelevel of GaN
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damage was low compared to irradiation with ions
[4, 5]. It was found experimentally [13] that the con-
centration and mobility of electrons in the conduction
band decreased at low temperatures as a result of irra-
diation, whereas these parameters remained unchanged
at room temperature. In this case, the radiation defects
introduced were unstable at T > 200°C and were com-
pletely annealed out at T = 400°C. Based on these data,
it was concluded [13] that Si atomsintroduced uninten-
tionaly during the MOCVD process did not interact
with defects produced by incident electrons. Appar-
ently, this conclusion contradicts the suggested model
of ion-induced increase in the sheet resistance of n-GaN.

However, we should note that the experimental con-
ditions and the behavior of defects in the experiments
[4, 5] we simulate are very different from thosein [13].
Indeed, the electron concentration in the samples[4, 5]
was one to two orders of magnitude higher thanin [13];
accordingly, the positions of the Fermi level differed as
well. For measurements at room temperature in [4, 5],
where n-GaN was intentionally doped with silicon,
electrical conductivity decreased by no less than ten
orders of magnitude, the charge-carrier mobility
decreased by at least an order of magnitude, and the
defects responsible for the compensation of donors
were completely annealed out only at T > 600°C even
for comparatively low doses of radiation. If we assume
that the donor levels of Si atoms are compensated as a
result of the introduction of acceptor levels that corre-
spond to defects of unknown origin and are not related
inany way to the complexesinvolving Si atoms (aswas
assumed in [13]), the kinetics of isolation dueto irradi-
ation with ions should differ considerably from the
experimental data[4, 5]. In principle, this differencein
the results can be related to the fact that, even in high-
guality GaN films grown by MOCVD, there aways
exist atoms of impurities that are introduced uninten-
tionaly, such as H, C, and O, with concentrations that
exceed 10'° cm [1], which makes the interpretation of
the results more difficult. Thus, at present one cannot
state that the model considered here contradicts the
results reported in [13]. Further research is required to
gain insight into the special features of the behavior of
defectsin GaN at low levels of radiation damage.

4. COMPARISON WITH EXPERIMENT FOR ZnO

The dependence of the sheet resistance of zinc oxide
irradiated with Li, O, and Si ions on the radiation dose
has a shapethat isvery similar to that of gallium nitride
and exhibits pronounced linear portions on the semilog-
arithmic scale at low and high doses, with leveling off
at very high doses[10, 11]. The kinetics of the origina-
tion of isolating properties in unintentionally doped
n-ZnO epitaxial layers 0.6 um thick that are grown by
MBE on a sapphire substrate was described in [ 10, 11].
The sample was cut into identical resistorswith an area
of 3.5 x 3.5 mm?. The initial surface concentration of
charge carriers in the resistors was N, = 107 cm=, the
No. 10
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effective Hall mobility p =80 cm?V~ s, and the sheet
resistance R, = 1 kQ/0O0. Theidentical resistors obtained
wereirradiated with ions at room temperature. Thetype
and the energy of ions are listed in the table; the ion-
current density was (1.0-1.9) x 10" cm= s, Theion
energy was chosen so that the maximum of the atomic
displacements was located deep in the sapphire sub-
strate. The sheet resistance was measured in situ after
each step in dose. Since these conditions of irradiation
of ZnO are consistent with approximations of the
model, it isinteresting to use this model to describe the
degradation of electrical conductivity in another wide-
gap semiconductor. Despite the fact that the origin of a
donor impurity in ZnO has not yet been definitively
clarified, all the main model hypotheses concerning the
defects responsible for the introduction of deep levels
remain the same. Specifically, the origination of these
deep levels is caused by the attachment of a mobile
point defect generated by an incident ion to a doping
immobile defect (an extraneous atom or an intrinsic
crystal defect).

As mentioned above, it follows from the suggested
model that the charge-carrier concentration n. is con-
trolled by the total concentration of defects g pro-
duced in the conducting layer during irradiation. As a
result, the curves that represent an increase in the sheet
resistance of identical samplesirradiated with different
ionsand are plotted as R(g®) should coincide. In order
to verify this assumption, we used the TRIM software
package to calculate the defect-generation density g in
the zinc sublattice of ZnO irradiated with lithium, oxy-
gen, and silicon ions (see table). The threshold energies
for atomic displacements were assumed to be equal to
57 eV for both sublattices, in accordance with the data
reported previously [14, 15]. In Fig. 4, we show the cor-
responding set of rearranged experimental depen-
dences reported by Kucheyev et al. [10]. It can be seen
that these dependences coincide for lithium and oxy-
gen, whereas the curve for the heavier silicon ions is
dlightly shifted to higher doses.

Calculations of the ZnO sheet resistance is compli-
cated by the fact that data on the dependence of the
charge-carrier mobility on dose u(®) arelacking. At the
same time, it was substantiated above that a constant
value of mobility may be used as the first approxima-
tion (in our case, the charge-carrier mobility isassumed
to be equal to its value before irradiation). The experi-
mental dependences of charge-carrier concentration on

dose N;l (®P) obtained from the dependences R(®) and

plotted on the semilogarithmic scale aso exhibit two
characteristic (predicted by the model) linear portions
at low and high doses of ions.

In order to describe quantitatively the kinetics of
increase in the sheet resistance R, with dose ® in ZnO
using Eg. (2) and expressions (3) and (4), we should
determinethe parametersat and g. The obtained values
of these parameters are listed in the three lower rows of
the table. As can be seen, the values of at for al the
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Fig. 4. Sheet resistance of identical ZnO samplesirradiated
with different ions as a function of the total number of
atomic displacements.
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Fig. 5. Experimental (triangles, circles, and squares) and
calculated (solid lines) dependences of the sheet resistance
of ZnO on the dose of irradiation with different ions.

samples are amost the same, although the spread in
these values is somewhat larger than that for gallium
nitride. In principle, this behavior may be attributed to
the lower degree of development of the methods for
producing ZnO epitaxial layers compared to those for
GaN. At the sametime, the average densities of the defect
generation g calculated using the TRIM software package
exceed the experimental data by a factor of 8-18. This
effect may be related to the active interaction of the
simplest point defects with each other in zinc oxide,
even during the devel opment of a primary displacement
cascade. In this case, the effective number of simplest
defects that leave the cascade and are involved in a
guasi-chemical reaction with impurity atoms (as
obtained by processing the experimental data) would be
smaller than the total number of produced defects cal-
culated using the TRIM software.
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The results of calculating the variations in the sheet
resistance of ZnO as aresult of irradiation with Li, O,
and Si ions in the context of the suggested model are
shown in Fig. 5. As can be seen, there is good agree-
ment between the cal culated curves and the experimen-
tal data. Discrepancies between the theory and experi-
ment are again observed mainly in the regions of tran-
sition from low doses of ions (ny/n; < 1) to high doses
(ng/n; = 1) and transition to the stable state with low
conductivity in the region of high doses. Clearly, one of
the causes of these discrepanciesistheindependence of
the mobility of the radiation dose, as was assumed in
the calculations. However, in general we may state that
the model satisfactorily describes the kinetics of degra-
dation of electrical conductivity in ZnO. Apparently,
better agreement between theoretical and experimental
resultsfor both ZnO and GaN can be attained if the fol-
lowingisincluded in the calculation: (i) amorerealistic
dependence of the charge-carrier mobility on theradia-
tion dose, (ii) nonuniform generation of mobile point
defects over the depth in the sample, and (iii) nonlinear
effects related to the formation of additional types of
defect-containing complexes. Nonlinear effects related
to the ion-current density should also be taken into
account.

5. CONCLUSIONS

We considered a model of the variation in electrical
conductivity of wide-gap semiconductors as a result of
irradiation with fast light ions. The mechanism of
increase in the sheet resistance is mainly related to the
formation complexes that capture efficiently the charge
carriers. The formation of these complexesis caused by
the interaction of primary radiation defects with dop-
ing-impurity atoms. The analysis shows that the sug-
gested model satisfactorily describes the processes that
occur at low ion-current densities. In particular, the
model describes the dependences of the sheet resis-
tance on the ion dose and the number of atomic dis-
placements produced by ions. In addition, the model
accountsfor the form of the dependences of the thresh-
old dose for the formation of the insulating layer on the

TITOV et al.

initial charge-carrier concentration and the number of
atomic displacements.
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Abstract—Photoluminescence and deep-level transient spectroscopy are used to study the effect of irradiation
with fast neutrons and high-energy Kr (235 MeV) and Bi (710 MeV) ions on the optical and electrical properties
of high-resistivity high-purity n-type 4H-SiC epitaxial layers grown by chemical vapor deposition. Electrical
characteristics were studied using the barrier structures based on these epitaxial layers. Schottky barriers with
Al and Cr contacts and p*—n—n* diodes fabricated by Al ion implantation. According to the experimental data
obtained, neutrons and high-energy ions give rise to the same defect-rel ated centers. The results show that, even
for the extremely high ionization density (34 keV/nm) characteristic of Bi ions, the formation of the defect
structurein SIC single crystalsis governed by energy losses of particles dueto elastic collisions. © 2004 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The ability of devices based on SiC to operate under
extreme conditions (under high levels of radiation, at
temperatures higher than 600°C, and in chemicaly
active media) makes these devices useful in solving prob-
lems related to space research, keeping record and control
of nuclear materials and nuclear waste, and detecting
high-energy nuclear particles. Taking into account the pos-
sible wide range of applications of SiC-based devices,
there is a need to study in more detail the effect of var-
ious types of radiation on the processes of radiation-
defect productionin SiC. Such studieswill makeit pos-
sible to affect the processes of controlled production or
removal of various defect- and impurity-related centers
in SIC in order to improve or intentionaly vary the
electrical properties of this material, as well as gain
information about the radiation resistance of SIC. The
data obtained in studying the effect of irradiation with
o particles, neutrons, electrons, and protons on the
nature of defectsin SIC made it possible to clarify cer-
tain special features of defect production in this mate-
rial [1-4]. At the same time, study of the specia fea-
tures of defect production during irradiation of SIC
with heavy high-energy ions (under conditions of a
high level of ionization-related energy lossesand ahigh
rate of radiation-defect generation) has begun only
recently [5-8].

In this paper, we report the results of comparative
research into the effect of irradiation with fast neutrons
and with 245-MeV Kr and 710-MeV Bi ions on defect
productionin lightly doped 4H-SiC epitaxial layersthat
had n-type conductivity and were grown by chemical
vapor deposition (CVD).

2. EXPERIMENTAL

We studied diode structures fabricated on the basis
of 4H-SiC epitaxial layers that were grown by CVD
and had a concentration of uncompensated donors of
Ng — N, = (5-8) x 10'> cm3. The 26-um-thick epitaxial
layerswere grown on commercial n*-4H-SiC substrates
with Ng— N, =1 x 10%° cm3. The p*—n—n" structures of
the diode were formed using the implantation of
150-keV Al ionswith adose of 5 x 106 cm with sub-
sequent activation annealing for 15 sat 1700°CinanAr
atmosphere [9]. Ohmic contacts were formed using
thermal vacuum sputtering—deposition of Al and Cr/Al
onto the p*- and n*-type regions of the diode structures,
respectively. In addition, we studied Schottky barriers
with Al and Cr contact layers, which were also depos-
ited thermally onto the epitaxial layers. Diode mesa
structures with the Schottky barriersand p*™n junctions
with an areaof 1 x 10~ cm? and aheight of 30 um were
formed using ion—plasma etching. The diode structures
were subjected to various doses of irradiation with

1063-7826/04/3810-1187$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Table 1. Parameters of irradiation of the 4H-SiC samples

Particle Energy, MeV Dose, cm

1.2 x 10"
3.1x 10"
6.24 x 10™
1 x 1010
5x 1010
1.42 x 10°
1 x 1010
5x 1010

Neutrons 1

Kr 245

Bi 710

1-MeV neutrons and Kr and Bi ions with energies of
245 and 710 MeV, respectively. The irradiation param-
etersarelisted in Table 1.

(dE/dx);opn, keV/nm

35| “Bi710MeV
............................... » Kr245MeV | (a)

300 Ty,
25 . 5
20 I unnu
15 - uuunu
10 b H
5r "-._ S
~ e
| | | | Lok [+Hl |
0 5 10 15 20 25 30 35
Depth x, pm
dpa/particle
——Bi 710 MeV b
—e Kr 245 MeV ()

—15|
10 FE ----neutrons

10-16F F

o1
| | | | [ | |
0 5 10 15 20 25 30 35
Depth x, pm

Fig. 1. Calculated profiles of (a) energy losses by ionization
and (b) primary radiation defectsin 4H-SiC irradiated with
neutrons, 245-MeV Krions, and 710-MeV Bi ions. The dot-
ted vertical line indicates the boundary of the epitaxial

layer.
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The structure of defect-related centers was studied
by analyzing the photoluminescence (PL) spectra. The
PL was excited using radiation from a helium—cad-
mium gas-discharge laser with a power of 20 mW and
a wavelength of 325 nm, which was selected using a
UFS-1 filter. The spectra were recorded with the sam-
plesat temperature T = 80 K. The concentration profiles
of electrically active impuritiesin the CVD layers near
the Schottky barrier and the region of p*—n junctions
were determined from the capacitance-voltage (C-V)
characteristics measured at frequencies of 0.1, 1, and
10 kHz and at temperatures of 80 and 293 K. The pres-
ence and the number of deep-level centersin 4H-SIC
epitaxial layers were estimated using the data of capac-
itance spectroscopy (C-DLTS) at afrequency of 10kHz
in thetemperaturerange T = 80—400 K for the Schottky
barriers and T = 80-700 K for the p*—n—n"* structures.
The current—voltage (1-V) characteristics of the Schot-
tky barriers and p*—+n"* structures were measured at a
constant current at temperatures of 293-650 K.

3. RESULTS AND DISCUSSION

In Fig. 1 we show the profiles of ionization-related
energy losses (dE/dx);,, and the profiles of the number
of primary radiation defects in the dpa (displacement
per atom) units along the track of the Kr and Bi ionsin
SiC; these profiles were obtained using the TRIM 2000
software package. The threshold energies for the pro-
duction of displacementsin the silicon and carbon sub-
lattices were assumed to be equa to 35 and 20 eV,
respectively [10]. According to cal culations, the ranges
of Kr and Bi ions were equa to 21.2 and 28.8 um,
respectively. Taking into account that the thickness of
the epitaxial layer was equal to 26 um (the vertical dot-
tedlinein Fig. 1), we may state that the results obtained
in the case of irradiation with ions are representative of
the processes that occur in the epitaxial layers. In order
to estimate the number of defects produced by neu-
trons, we used data on the cross sections of defect pro-
duction asreported by Avramenko et al. [11]. InFig. 1b
we show the estimated number of defectsin SIC for the
used conditions of irradiation with neutrons (horizontal
dashed line).

In Fig. 2 we show the PL spectra measured for the
starting samples (curve 1) and the samples irradiated
with Bi and Kr ions (curves 2 and 3, respectively) with
doses no higher than 1 x 10'° cm. An intense band
peaked at hv = 3.169 eV was observed in the PL spectra
of starting (unirradiated) samples; this band is caused
by recombination of free excitons [12]. In addition, a
broad defect-related band peaked at hv = 2.35 eV was
observed in the spectra, which is typical of SIC and is
caused by the presence of deep levelsin the band gap
[13, 14]. Emission related to free excitons was no
longer observed after irradiation of the samples with
high-energy particles, although the PL spectrum still
included the defect-related band. Furthermore, irradia-
tion gaveriseto anew broad PL band peaked at ~2.6 eV
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(the so-called D, spectrum) [15]. The large breadth of
the D, spectrum indicates that various defects with dif-
ferent energy levels are produced by radiation. Similar
luminescence spectra were a so observed previoudy in
the case of irradiation of SiIC with neutrons, electrons,
and lightions[2, 16, 17]. Asan illustration, the cathod-
oluminescence spectrum for 6H-SiC crystals grown by
the Lely method and irradiated with neutrons at a dose
of 10 cm2isalso shownin Fig. 2 (curve 4).

According to the measurements of the C-V charac-
teristics, the space-charge capacitance was independent
of temperature and used a frequency within the afore-
mentioned range of these parameters for the starting
diode structures of both types (Schottky barriers and
p*— junctions). However, a decrease in the difference
concentration Ny — N, (to the point of complete com-
pensation of conductivity) was characteristic of al
types of radiation as the dose of particles increased.
Furthermore, the C-V characteristics measured at dif-
ferent temperatures and frequencies had the same fea-
tures for the samples irradiated with either neutrons or
ions. An increase in the temperature of the sample dur-
ing measurements led to an increase in the concentra-
tion Ny — N,, probably because of partial annealing of
the compensating centers produced as aresult of irradi-
ation. Anincreasein the measurement frequency within
the aforementioned range led to an insignificant
decreasein thevalue of Ny—N,. It ismost probable that
the centers produced during irradiation have no time to
recharge as the frequency increases. The values of lim-
iting doses for different types of radiation (the doses
leading to the attainment of voltage-independent values
of capacitance for the diode structures) were different
and decreased as the mass and energy of incident parti-
cles increased. It is noteworthy that the voltage-inde-
pendent values of capacitance corresponded to an insu-
lator layer with a thickness of 26-30 um, which was
comparable to the thickness of the high-resistivity epi-
taxia layer.

The DLTS measurements performed for the starting
CVD layers showed that there is a single type of deep
levels with an ionization energy of 0.63-0.68 eV in the
band gap. The corresponding centers are referred to as
Z, centersin 4H-SIiC (Fig. 3, curve 1) [1]. Asaresult of
irradiation of the diode structures with neutrons and
heavy ions, the Z;-center concentration increased; in
addition, the levels with ionization energies of 0.37—
0.43 eV (radiation-defect centers NI,), 0.74 €V (NI,),
0.92 eV (NI3), and 1.47-1.56 €V (NI ,) were detected in
the upper half of the band gap, irrespective of the type
of radiation. In Fig. 3 we show the DLTS spectra mea-
sured for initial samples (curve 1) and the samplesirra
diated with Krions (curve 2), neutrons (curve 3), and B
ions (curve 4). Some of the radiation-defect centers
(NI, NI,,)) were annealed out as a result of heating the
sample to 700 K. Similar irradiation-induced centers
were observed in 4H-SiC irradiated with electrons, pro-
tons, and other light particles [18-20]. The ionization
energies E, — E, and the cross sections for el ectron cap-
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Fig. 2. Photoluminescence spectra of 4H-SiC epitaxial lay-
ers (1) beforeand (2, 3) after irradiation with the (2) Bi and
(3) Kr ions. Curve 4 represents the cathodoluminescence
spectrum of 6H-SiC crystal irradiated with neutrons [9].
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Fig. 3. DLTS spectra of 4H-SiC epitaxial layersfor (1) the
initidl sample and (2, 3, 4) after irradiation of the sample
with (2) Kr ions, (3) neutrons, and (4) Bi ions. Curves 1 and
2 correspond to the Schottky barriers (measurements at
temperatures no higher than 400 K), and curves 3 and 4 cor-
respond to the p*—n junctions (measurements at tempera-
tures as high as 700 K).
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ture o, for various deep levels were determined from
the Arrhenius equations. These parameters and the con-
centrations N of all the deep-level centers observed for
theinitial and irradiated samples arelisted in Table 2.

It was noted previously that the shape of the I-V
characteristics of similar diode structures irradiated
with neutronsis controlled by the variation in theresis-
tance of epitaxial layers due to the introduction of radi-
ation defects [21]. As mentioned above, the range of
heavy ionswas smaller than or equal to the thickness of
the epitaxial layer. This circumstance makesit possible
to state that, in the case of irradiation with heavy ions,
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Table 2. Parameters of deep levels detected in 4H-SiC epi-
taxial layers after irradiation with neutrons and with Kr and
Bi ions

Particles ?éﬁtee?; E.—EpeV| g, cm? | N,cm™
Initiad CVD | Z, 0.63+£001] 1x 10| 2x103
layer
Neutrons, NI, 0.37+0.01| 1x 10716 |55x 103
dose3lx |7 |069+001|1x10%|55x 101
10 cm

NI, 0.74+0.03| 5x 1071 | 58 x 108
Ni;  |0.92+0.10| 5x 1035 | ~2 x 10
NI, |156+0.02|5x10%| 8x 104
Kr,doselx | Nl; |043+001|4x10%5| 5x10%
10°cm™ | 7" |066+002| 1x 104 |25x 101
Bi,dosel.4x | Z, 0.68+0.01| 1x 10 | 5.3 x 1014
10°cm? | NI, |0.74+0.03] 1x 10 | 2.8 x 101
Ni;  |0.92+0.10| 5x 1025 | ~1 x 10
NI, |147+004|5x10%3| 4x10%

the main contribution to the variation in the resistance
of the diode structures is also made by the variation in
the resistance of the epitaxial layer. In Fig. 4 we show
the dependences of the resistance of the 4H-SiC epitax-
ial layers on the damage dose for al the high-energy
incident particles used in our experiments. The data
reported here do not allow usto conclude that there are
any significant differences in the form of these depen-
dences for neutrons and ions.

Heating the samples after irradiation led to various
changes in the resistance of epitaxial layers, depending

Resistance, Q
1014 —

1012_
1010_
108 L
106_
104_

102_

| |
0 0.5 1.0 1.5
Damage dose, 1073 dpa

100

Fig. 4. Resistance of 4H-SiC epitaxia layersirradiated with
(2) neutronsand (2, 3) high-energy ions of (2) Bi and (3) Kr
as afunction of the damage dose.

KALININA et al.

on the type of radiation and the dose of the bombarding
particles. In Fig. 5 we show the temperature depen-
dences of the resistance of epitaxial layers irradiated
with Bi ions and neutrons (curves 1 and 2, respectively)
with the doses that correspond to the formation
(according to the measurements of the C-V character-
istics) of an insulating layer whose thickness is compa-
rable to that of the lightly doped epitaxial layer
(26 um). Similar temperature dependences of theresis-
tance have been previously observed for SiIC samples
irradiated with protons and electrons [22, 23]. It was
assumed that this type of variation in the resistance of
irradiated SiC samples may be attributed to the anneal -
ing of radiation defects formed in the cascades of
atomic collisions [23]. In the case of irradiation of SIC
with Kr heavy ions at low doses, a portion correspond-
ing to so-called reverse annealing was observed in the
temperature dependence of resistance (curve 3) [8]. The
presence of a similar portion in the corresponding
dependence for SiC samples annealed after irradiation
with high doses of ions and neutrons was previously
attributed to the formation of thermally unstable
vacancy-containing clusters. The sizes, concentration,
and thermal stability of these clusters depend on the
type and dose of radiation, as well as on the doping
level and purity of the starting material [23].

4. CONCLUSIONS

We established that irradiation of high-resitivity
high-purity 4H-SIC epitaxial CVD layers of n-type
conductivity with 245-MeV Kr ions and 710-MeV Bi
ions led to the formation of radiation defects that had
the same parameters as those produced by irradiation
with electrons, neutrons, and light ions. Thus, the for-

Resistance, Q
1011 -

109 -
107 -

105_

10+

1 1 1 1 1 1 1
0 1.5 2.0 2.5 3.0 3.5

1000/T, K~

Fig. 5. Temperature dependences of the resistance of

4H-SiC epitaxial layersirradiated with (1) Bi ions, (2) neu-

trons, and (3) Kr ions.
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mation of the defect structure in SIC is independent of
the processes related to the relaxation of energy losses
by ionization in the tracks of high-energy ions up to a
level of 34 keV/nm and is controlled by radiation dam-
age produced as aresult of elastic-collision events.
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Abstract—Heterojunctions based on p-Culn;Ses; crystals are fabricated by magnetron sputtering of an
n-ZnO:Al target and by putting naturally cleaved n-GaSe thin wafers onto polished surfaces of p-Culn;Ses
wafers. The current—voltage characteristics and mechanisms of current flow in the diodes under study are ana-
lyzed. The photovoltaic effect revealed in the fabricated structuresiis discussed. It is shown that the fabricated
photosensitive heterojunctions are promising for the development of selective analyzers of linearly polarized

radiation. © 2004 MAIK “ Nauka/l nterperiodica” .

1. INTRODUCTION

I-11-VI, semiconductors and their solid solutions
have been widely investigated with the aim of develop-
ing highly efficient radiation-resistance thin-film solar
cells [1-3]. At present, the efficiency of photoconver-
sionin ZnO/CdS/CulnGaSe, heterostructuresisashigh
as 19%, which is considered arecord for thin-film pho-
toconverters [2]. The optimization of the properties of
thin Cu-ll1-VI, films is traditionally provided using
solid solutions, for example, CulnGa,_,Se,S; .
Research into the phaseinteraction in I-111-V1 systems
revealed a new possibility for controlling the funda-
mental properties of such semiconductors. On the one
hand, many positionally ordered I1-lIl,, Vi, .3
phases (n = 1, 2, 3, ...) have been found, which are
formed in LLVI-IILVI; quasi-binary joins. These
phases make it possible to vary discretely the funda-
mental properties of substances within their regions of
stability [6-9]. This circumstance raises the problem of
finding the correlation of the physical properties of new
phases with their atomic composition. On the other
hand, new grounds have appeared to expect that the
conditionsfavorable for the formation of precipitates of
the 1, VI, 3 typein the mother phase are repro-
duced under various conditions for growing I-111-VI,
ternary compounds. Therefore, the investigation of
these phases in the form of bulk homogeneous crystals
is of prime importance for determining the effect of
variation in the composition and appearance of spa-
tially restricted precipitates of various atomic composi-
tion and scale. This study belongs to this promising
area of research and is devoted to studying the photo-
sensitivity of the first heterostructures based on bulk
CulngSe; crystals.

2. EXPERIMENTAL

The CulngSe; crystals used to fabricate heterojunc-
tions were grown by planar crystallization (the Bridg-
man method) in a vertica single-zone furnace. The
starting substances were Cu, In, and Se of 99.9999%
purity. The elementstaken in astoichiometric ratio with
atotal weight of 25 g were charged into double quartz
cells with a cone-shaped bottom. After charging, the
cells were evacuated, sealed, and placed in a growth
furnace. The furnace temperature was increased at a
rate of ~50 K/hto 1260-1270 K. The cells were kept at
~1270 K for 2 h with vibrationa stirring of the melt.
After the vibrator was switched off, planar crystalliza-
tion of the melt was performed. To homogenize the fab-
ricated ingots, we carried out vacuum thermal treat-
ment at ~1070 K for 150 h. The crystals grown were
12 mm in diameter and 40 mm in length.

The composition of the crystals was determined by
X-ray microprobe analysis using a Cameca-SX100
microprobe. The content of elementsin the grown crys-
tals(Cu:ln:Se=11.4:32.9:55.7 a %) isin satisfac-
tory agreement with the specified content in the starting
charge (Cu:In:Se=11.18:33.31: 55.51 at %).

The structure and parameters of the unit cell of the
crystal lattice was determined by X-ray diffraction
analysis. The X-ray diffraction patterns taken from dif-
ferent parts of the ingot corresponded to the defect chal-
copyrite structure. The unit-cell parameters cal culated by
the least-squares method from the lines with 2@ > 60°
are a = 5.766 + 0.001 A and ¢ = 11.499 + 0.005 A,
whichisin agreement with the dataof [9]. The highres-
olution of high-angle linesin the X-ray diffraction pat-
terns indicates the homogeneity of the crystals grown.

To fabricate photosensitive structures, the ingots
were cut into wafers 0.2-0.3 mm thick, which were
mechanically ground and polished with subsequent

1063-7826/04/3810-1192$26.00 © 2004 MAIK “Nauka/ Interperiodica’



FABRICATION AND PHOTOSENSITIVITY OF HETEROJUNCTIONS

treatment in a polishing etchant. According to the ther-
movoltage sign, the Culn;Se; crystals had p-type con-
ductivity.

3. RESULTS AND DISCUSSION

The physical and technological research conducted
showed that photosensitive heterojunctions can be fab-
ricated by depositing thin ZnO:Al films (d = 1 um) onto
the polished surfaces of Culn;Se; wafers. The ZnO:Al
films were fabricated by magnetron sputtering of a
pressed ZnO target in argon with the addition of pureAl
with a content of ~2.5 at %. The argon pressure was
kept at about 0.5 Pa during deposition of the film and
the substrate temperature was 40-50°C. The ZnO:Al
films had an electron density of ~5 x 10%° cm™ and a
Hall mobility of ~5cm?/(V s) at T =300 K and showed
good adhesion to the substrate surface.

The measurements of the steady-state current—volt-
age (I-V) characteristics showed that the new
n-ZnO:Al/p-Culn;Se; heterojunctions have typical
diode characteristics. Figure 1a shows the 1-V charac-
teristic of such a structure at T = 300 K. It turned out
that the forward direction for all fabricated heterojunc-
tions is always realized with a negative bias on the
ZnO:Al film, which agrees with an approximated
energy-band model of the heterostructure under study.
The rectification coefficients for the best structures at
U] = 1-3V were K = 15-20 (Fig. 1b, curves 1, 2). In
our opinion, the values of K obtained are restricted by
the rather poor quality of the heterojunctions.

At forward biasesU < 0.35V (Fig. 1b, curve 1), the
current increases by the exponential law

| = lepaa @

where the saturation current | of the heterojunctionsis
intherange 3 x 1077 x 108 A, while the diode factor
B=34a T=300K. This dependence suggests a tun-
neling—recombination mechanism of current transport.

At bias voltages in therange 0.3V <U <5V, the
power dependence of the forward current | O U™ is
clearly pronounced (Fig. 2, curve 1). The exponent mis
generally intherange 1.6-2.1 for various structuresand
bias ranges, which indicates possible competition of the
contributions of the currents restricted by the space
charge in the velocity-saturation mode [10, 11]

| = ZSSOZSAU
L

and in the mobility mode (the trapless quadratic law)

[12, 10]

)

_ 8egoUupA
L3

where € isthe permittivity of Culn;Ses, g, isthe permit-

tivity of free space, v,isthe saturation velocity, p,isthe

| u?, €]
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Fig. 1. Steady-state current—voltage characteristic of an
n-ZnO:Al/p-CulnzSes heterojunction in the coordinates

(@) I-U and (b) logl —U. Curves 1 and 2 correspond to the

forward and reverse portions, respectively, at T = 300 K;
sample 2-1. The forward direction corresponds to a positive
polarity of the CulnsSes substrate.

hole mobility, Aistheinterface area, and L isthe thick-
ness of the Culn;Se; substrate.

AtU >3V (Fig. 1a curve 1), the forward portion of
the I-V characteristics of the n-ZnO:Al/p-Culn;Se; het-
erojunctions follows the linear law

U= Uy—IR,, (4)
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Fig. 2. (1) Forward and (2) reverse portions of the current—volt-
age characteristic of an n-ZnO:Al/p-CulngSes heterojunction
inadouble logarithmic scaleat T = 300 K; sample 2-1.
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Fig. 3. Spectral dependences of the quantum efficiency of
photoconversion for n-ZnO:Al/p-Culn;Ses heterojunctions
at T =300 K. Curves 1 and 2 correspond to samples 22
and 1-2, respectively. Exposure to unpolarized light from
the n-ZnO:Al side.

where the cutoff voltage Uy = 1.3V and Ryistheresis-
tance of the heterojunction base, which varies from
2.5x 104 x 107 Q at 300 K. Such awide range of R
is due to variations in the growth conditions for
Culn;Se; crystals.

It can be seen from Fig. 2 (curve 2) that reverse cur-
rentsthrough the n-ZnO: Al/p-Cul n;Se; heterojunctions

BODNAR’ et al.

also follow the power law | O U™in the entire range of
bias voltages used. At reverse voltages |U| < 1V, the
dependence | [0 U%7*isobserved, whichissimilar tothe
power law. This circumstance gives groundsto attribute
the current-flow mechanism to either tunneling or the
restriction of carrier velocity by the space charge in the
saturation mode (see relationship (2)). With a further
increaseinthereverse biasintherange 1V < |U| < 10V,
the exponent increases to m = 2, which corresponds to
relationship (3). In this context, the observed quadratic
dependence can be attributed to current restriction by
the space charge in the mobility mode [10, 11].

When n-ZnO:Al/p-Culn;Se; heterojunctions are
illuminated, the photovoltaic effect becomes well
defined. The photosensitivity of the heterojunctions is
highest when they are illuminated from the side of the
ZnO:Al film. When nonpolarized radiation of an incan-
descence lamp with power P = 10 mW/cm? was used,
the open-circuit voltagewas ashighasU,. = 0.45V for
the best structures and the short-circuit current was| g, =
50 HA at T = 300 K. The signs of the photovoltage and
short-circuit photocurrent were independent of the pho-
ton energy and the point of incidence of alight probe on
the heterostructure surface and corresponded to the for-
ward direction. This fact suggests that the photosensi-
tivity isrelated to the only active region formed by the
heterocontact of the Culn;Se; crystal with the n-ZnO
film. For the best n-ZnO:Al/p-Culn;Se; heterojunc-
tions, the highest photovoltaic sensitivity is ~50 V/W,
and the current photosensitivity is~50 mA/W at 300 K.

Typica spectral dependences of the relative quan-
tum efficiency of photoconversion n of the fabricated
n-ZnO:Al/p-Culng;Se; heterojunctions under illumina
tion from the side of the wide-gap component n-ZnO
are shown in Fig. 3. The characteristic features of the
spectra of n are the presence of a peak near the photon
energy Aw™ = 1.17-1.18 eV for different structures and
amore pronounced (compared with the surface-barrier
In/p-CulnsSe; structures [8]) short-wavelength falloff
of the photosensitivity.

We observed long-wavelength edges of two typesin
the spectra of n of the n-ZnO:Al/p-Culn;Se; hetero-
junctions (Fig. 3, curves 1, 2). In the coordinates
(nAhw)>~Aw, the long-wavelength edge of the spectrum
of n straightens out. According to theoretical analysis
of the edge absorption of semiconductors [13], thiscir-
cumstance alows us to attribute this edge to direct
interband optical transitions. The energy of the direct
interband transitions in Culn;Se;, which was deter-
mined from the energy position of the cutoff point by
the extrapolation (n2w)> — 0, is E; = 1.09 eV at
300 K. A similar result was obtained by the same treat-
ment of the long-wavelength edge of the spectra of n
for Schottky barriers based on Culn,;Se; crystals [7].

Among the studied spectra of n of the n-ZnO:Al/p-
Culn;Se; heterojunctions, we observed spectra with a
pronounced inflection point in the vicinity of Aw™ =
1.04 eV at energiesfiw < AWM (Fig. 3, curve 2). A sim-
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Fig. 4. Long-wavelength edge of the spectral dependences
(nAw)? for n-ZnO:Allp-CuingSes heterojunctions at T =
300 K. Curves 1 and 2 correspond to samples 22 and 1-2,
respectively. Exposure to unpolarized light from the
n-ZnO:Al side.

ilar featurewasfound previously in the photosensitivity
spectraof In/p-Culn;Se; Schottky barriers[7]. Thisfea-
ture was attributed to photoactive absorption by the lat-
tice-defect levels. This explanation can also be given
based on the reported spectra of |ong-wavelength pho-
tosensitivity for n-ZnO:Al/p-CulngSe; heterojunctions
(Fig. 3, curve 2). However, taking into account that the
value of awMissimilar to the band gap of CulnSe, [14],
the specific feature in question apparently can also be
attributed to the presence of CulnSe, precipitates in
Culn;Ses. In order resolve this uncertainty definitively,
it is evidently necessary to carry out additional micro-
scopic studies to search for spatially confined CulnSe,
inclusions in CulngSes.

Along with the structures considered above, we also
attempted to fabricate heterojunctions by putting thin
(~50 um) cleaved n-GaSe wafers with free-electron
density n = 10* cm3 (T = 300 K) into a direct optical
contact with a polished surface of p-Culn;Se; [15]. The
fabricated n-GaSe/p-Culn;Se; contacts also showed
rectification (K = 5 at U = 40 V) and a photovoltaic
effect (§,= 40 V/W at 300 K).

Figure 5ashowsatypical spectrum of n for ahetero-
junction at 300 K under illumination from the GaSe
side. The photosensitivity of these heterojunctions is
observed in a wide spectral range from 1to 2 eV. The
photosensitivity dominates in the fundamental -absorp-
tion region of GaSe [15, 16], which is associated with
the preferred location of the active region in the wide-
gap component of this heterojunction. The reason for
thisisthat theresistivity of n-GaSeisfour to five orders
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Fig. 5. (a) Spectral dependence of the relative quantum effi-
ciency of photoconversion of a n-GaSe/p-CulnzSeg hetero-
junction (sample 1-6) at T = 300 K. (b) The long-wave-
length edge of the spectral dependence. Illumination from
the side of the n-GaSe wafer of thicknessd = 50 um. Arrows
show the energy positions of spectral features.

of magnitude higher than the resistivity of p-Culn;Ses.
It should be noted that the structure and energy position
of the long-wavelength edge in the spectrum of n of the
n-GaSe/p-Culn;Se; heterojunctions (Fig. 5a) are very
close to those observed for the n-ZnO:Al/p-Culn,;Se;
heterojunctions [9]. This circumstance suggests that
the long-wavelength edge of photosensitivity of the
n-GaSe/p-Culn;Se; heterojunctionsis controlled by the
interband absorption in the ternary compound
Culn;Se;. The straightening of the long-wavelength
edge of photosensitivity of the n-GaSe/p-Cul n;Se; het-
erojunctions, as well as similar values of the cutoff
energy obtained by the extrapolation (nAw)?> — 0O for
the heterojunctions fabricated by bringing them into
optical contact (Fig. 5b), isalsoin favor of direct inter-
band transitions in Culn;Se; crystals (E; = 1.08 eV at
300 K).

It should be noted that, in the case of n-GaSe/p-
Culn;Se; heterojunctions, we observed no short-wave-
length falloff of photosensitivity deep in the fundamen-
tal absorption region of Culn;Se; at Aw > 1.18 eV,
which is characteristic of Schottky barriers [7] and
n-ZnO:Al/p-CulngSe; structures (Fig. 3). Hence, there
is almost no recombination of photogenerated carriers
at interfacial states, which indicates the high quality of



1196

i, %, arb. units

Pl’ %
(©

30

20

W
I

9
RM 1

{ 0
900 90

110

0, deg

Fig. 6. Dependences of the photocurrents (1, 3, 5) iP and
(2, 4, 6) i Sand (7-9) the coefficient of induced photopl eo-
chroism on the angle of incidence of linearly polarized
radiation on the photodetecting n-Zn:Al plane of an
n-ZnO:Al/p-CulngSes heterojunction at T = 300 K
(sample 22) at the wavelengths of incident radiation A =
(1,2,7) 1.15, (3, 4,8) 1.05, and (5, 6, 9) 0.86 um.
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Fig. 7. Spectral dependences of the coefficient of induced
photopleochroism of an n-ZnO:Al/p-CulnzSeg heterojunc-
tionat T =300 K (sample 22). lllumination from the side of
then-ZnO:Al layer. © = 80°.

the interface with respect to the recombination pro-
Cesses.

We investigated the photosensitivity of the
n-ZnO:Al/p-Culn;Se; heterojunctions using linearly
polarized radiation. These investigations showed that

BODNAR’ et al.

polarization photosensitivity occurs only under condi-
tions of oblique incidence of radiation onto the photo-
detecting n-ZnO:Al plane. Indeed, as can be seen from
Fig. 6, when linearly polarized radiation isincident nor-
mally to the ZnO plane (the angle of incidence © = 0),
the photocurrents are equal in magnitude, whereas the
coefficient of induced photopleochroism [17]

_ (-0
P = e = ()

where iP and i® are the photocurrents for the vector of
the electric field E of the incident light wave directed
paralel and normally to the plane of incidence, respec-
tively. We found that identity (5) is satisfied. This fact
means that the natural photopleochroism [18] is absent
in the heterojunctions under study due to the polycrys-
talline structure of Culn;Se; crystals used as substrates
and the low natural tetragonal distortion of the crystal
lattice of this compound [14].

It can be seen from Fig. 6 that, when the angle of
incidence © differs from zero, the photocurrents differ
from each other (iP > i%) in the photosensitivity region of
the heterojunction. This effect is accompanied by the
appearance of photopleochroism induced by the
obliquely incident linearly polarized radiation [17]:

P, >0. (6)

In this case, as can be seen from Fig. 6, the angular
dependencesiP(©) and iS(@), aswell asP,(®), vary over
the spectrum, whereas the coefficient of induced pho-
topleochroism follows the quadratic law known from
the theory [17]: P, 0 @2,

Figure 7 shows the spectral dependence of the coef-
ficient of induced photopleochroism for afixed angle of
incidence of linearly polarized radiation © = 85°. This
dependence is typical of the heterojunctions under
study. As can be seen from Fig. 7, in contrast to the
coefficient of induced photopleochroism that is almost
independent of the photon energy, which is expected
for optically homogeneous media [17], the coefficient
P, of the fabricated heterojunctions depends heavily on
the photon energy. The highest value of P, (about 50%0)
is similar to that expected from the theory [19] for the
air/Zn0O interface only in the peak of the experimental
spectrum of P, at © = const. An abrupt decreasein P, to
4-5% near iw = 1 €V isdue to the decrease in the dif-
ference between the photocurrents is and iP, as a result
of whichthe equality P, = 0 becomesvalidat © #0. The
disappearance of induced photopleochroism [17] is
attributed to the interference clearing in the
n-ZnO:Al/p-Culn;Se; heterojunctions, which occurs at
P, —= 0. With an increase in aw > 1 eV (as follows
from Fig. 7), the coefficient of induced photopleochro-
ism increases and attains its maximum value P, = 50%
a ©= 85° in the range 1.8-2.1 eV. With a further
increase in the photon energy to Aw > 2.1 eV,
P, decreases again. One may suggest that the depen-
denceP,(%,) shownin Fig. 7 istheresult of oscillations
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of the coefficient of induced photopleochroisminthen-
ZnO:Al/p-Culn;Se; heterojunctions [17]. It is evident
that the quantum efficiency of photoconversion in such
structures should meet the condition P, = O in the entire
spectra range of incident radiation. For the heterojunc-
tions under study, this condition is not satisfied in the case
of asingle-layer ZnO:Al coating. Hence, it is necessary to
search for and develop multilayer interference coatingsto
satisfy the condition P, = 0 in the entire (wide) spectral
range. Rapid monitoring of clearing can be performed by
measuring the dependence P, (%) a © > 0.

4. CONCLUSIONS

Thus, we fabricated for the first time new photosen-
sitive n-ZnO:Al/p-Culn;Se; and n-GaSe/p-CulngSe;
heterojunctions that can be used as sel ective photocon-
verters of natural and linearly polarized radiation. It is
shown that polarization photoel ectric spectroscopy can
be used for rapid monitoring of as-prepared photocon-
verters, which opens up new possibilities for the effec-
tive search for process conditions to optimize ZnO—
CulnySe; structures.
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Abstract—I-V characteristics, spectral photosensitivity, and the dependence of the photocurrent on bias, as
well asthe effect of a 1%-H,S/N, gas mixture, were studied for an Al--Si—SnO,:Cu—-Ag heterostructure. The
charge transport for carriersin the dark and under illumination was found to obey the law J 0 U?. Exposure to
hydrogen sulfide resultsin a spectral shift of the photovoltage curve to shorter wavelengths. The kinetics of the
decrease in photocurrent in a hydrogen sulfide medium is characterized by long relaxation times. © 2004 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Tin dioxide SnO, iswidely used to produce sensors
of various gases: hydrogen sulfide H,S, methane CH,,
and carbon oxide CO, among other gases [1, 2]. The
operation of such sensors is based on a change in the
conductivity of the SnO, layer in the atmosphere of the
detected gas.

Despite a number of important advantages, includ-
ing high sensitivity and simple design, these sensors
also have significant disadvantages. One of them isthe
need to heat a sensitive element to 300400°C, which
in turn requires significant power. Moreover, the selec-
tivity of SnO,-based sensors to some gases is not high
enough.

Meanwhile, specific technical requirements are of
primary importance in most applications of gas analyz-
ers. Specifically, the device should be made in a porta-
ble (or even hand-held) modification. This device
should have low energy consumption, the required sen-
sitivity and selectivity, and be able to operate efficiently
under specific industrial conditions.

Therefore, it is of interest to study the properties of
tin dioxide as applied to the problem of detecting vari-
ous gases using physical effects that differ from those
employed in conventional SnO,-based gas analyzers.

Many studies [3-5] have shown that the sensitivity
of conventional gas sensor based on a change in the
conductivity of an operating element can be signifi-
cantly improved by doping tin dioxide with copper.
These structures have obviously attracted the most
attention.

In this paper, we report some experimental results
related to the development of SnO,:Cu-based hetero-
structures, their el ectrical and photoel ectric characteris-
tics, and the influence of hydrogen sulfide on these
parameters.

TDeceased.

2. TECHNOLOGY OF HETEROSTRUCTURES

p-Si wafers with crystallographic orientation (100)
were used as substrates. Thin SnO,:Cu layers were
deposited by spraying in ahorizontal reactor in an oxy-
gen medium at a substrate temperature of 300-400°C.
The oxygen flow ratewas 0.7 |/min. The solution spray-
ing duration was 90-220 s. The deposition was carried
out through circular windows such that the heterostruc-
ture diameter was 1 mm.

The solution for spraying was prepared by tin chlo-
ride dissolution in ethanol until a viscosity of 0.04 P
was attained. Doping with copper was carried out from
a0.1M SnCl, - 2H,0 + 0.01M CuCl, - 2H,0 solutionin
ethanol.

3. RESULTS AND DISCUSSION

The heterostructure samples prepared were used to
measure the current—voltage (I-V) and capacitance—
voltage (C-V) characteristics, photovoltage spectra
curves, and the dependences of the photocurrent on bias.

To study the influence of hydrogen sulfide on these
characteristics, the samples were placed for atime into
a cell filled with a mixture of nitrogen and hydrogen
sulfide. The volume concentration of hydrogen sulfide
in the cell was 1%.

All the measurements were carried out at room tem-
perature (20°-25°C).

3.1. Electrical Characteristics of Heterostructures

Thel-V characteristics of one of the typical samples
with forward biases (positive voltage at p-Si) are shown
in Fig. 1. The curves were measured before the sample
was exposed to a 1%-H,S/N, atmosphere (curve 1), as
well as after exposure to this gas mixture for 5-10 min
followed by exposure to air for 24 h (curve 2).

1063-7826/04/3810-1198$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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We can seein Fig. 1 that the dependences of the for-
ward current on voltage are aimost identical in both
cases, but there are some quantitative differences. Both
curves contain two regions. the ohmic (J 1 U) and qua-
dratic (J O U?) regions. These regions seem to be
caused by features in the electrical and energy-band
characteristics of the heterostructure.

Thethickness of the layer with relatively high resis-
tivity was estimated using capacitance measurements
and was found to be 1.0-1.5 pm. The electron density
calculated from the dependence C2 = f(U) was n, <
10?2 cm~3, Thishigh-resistivity region may have formed
due to the compensation of donorsin n-SnO, by a cop-
per impurity. A possible energy-band diagram of the
heterostructureis shown in Fig. 2.

Hence, the observed features of the forward portion
of the -V characteristic are accounted for by the double
injection of carriers: holes from p-Si (current J,) and
electrons from the metal into n-SnO,:Cu (current J,)
with different injection factors J,/J and J,/J (where Jis
the total current).

It should be noted that the reverse portion of the |-V
characteristic does not exhibit the double injection
mechanism (i.e., J,/J and J,/J < 1) and featuresthe cur-
rent saturation region characteristic of an ordinary
diode structure.

Let us consider the features of double injection as
applied to the heterostructure under consideration.
Transforming the equation of conservation of the num-
ber of particles, we can write (see[6])

(no — Po)dE/dx + (2kT/q)d’n/dx>

= (b+1)(n—ne)/(KsT),

where b =y /i, E isthe electric field strength, and the
other designations are conventional. When deriving
Eq. (1), we assumed that the effect of plasma injected
into an insulator can be disregarded.

If thefirst term of Eq. (1) isdominant for most of the
SnO,:Cu layer (region | in Fig. 2), we have

3= q(No— Po) ot TU/L, 2

where L is the length of region I. This is the charge
transport mechanism that is observed in the hetero-
structure.

Since thismechanism should bedominant at L/L, > 1,
where L, = [(2KT/q)u,t/(b + 1)]Y2 is the ambipolar dif-
fusion length, and region | israther short, it can be con-
cluded that the diffusive displacement is small; hence,
the carrier lifetimeis short.

This result is not surprising, if we take into account
the features of the microstructure of the SnO,:Cu layer.
Indeed, thereis no sharp increase in the current (which
iscaused by filling of the main trapping level and which
controls the recombination rate) in the region of high
biases beyond the |-V characteristic region described
by expression (2). This fact may indicate the involve-

(D)
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Fig. 1. -V characteristics of the Al4-S—SnO,:Cu-Ag het-
erostructure under forward bias (1) before and (2) after
exposure to a 1%-H,S/N, gas mixture.
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Fig. 2. Energy-band diagram of the Al-p-Si—SnO,:Cu-Ag
heterostructure.

ment of several trapping centers that are associated not
only with a chemical impurity, but also with structure
defects under exposure to light.

The voltage U, corresponding to the intersection
point of the ohmic and quadratic portions of the I-V
characteristic (see Fig. 1) may be written as

Uy = Uy n(1+Dbng/po)/(1—no/po),

where

Upn = L7(1p0). (3)

Before exposure of the sample to a 1%-H,S/N, gas
mixture, thisvoltagewas U, = 0.22V. After exposure of
the heterostructure to this mixture, followed by expo-
suretoair, U; =0.5V.

As noted above, after exposure to hydrogen sulfide,
the current—voltage dependence remained unchanged.
At the same time, the current in the region of double
injection was reduced by factor of approximately
1.5 compared to the current before exposure, while the
current in the ohmic region increased by 20-30%.
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Fig. 3. Spectral photosensitivity of the Al--Si-SnO,:Cu-Ag
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Fig. 4. Dependences of the photocurrent on the applied bias
(1, 3) before exposure to a 1%-H,S/N, gas mixture under
forward and reverse bias, respectively, and (2) after expo-
sure under forward bias.

Thiscurrent change in the ohmic regionis caused by
anincrease in the concentration of equilibrium carriers,
rather than by an increase in their mobility, since the
bias has to be increased to neutralize the injected
plasma. This conclusion is confirmed by the increasein
U, observed in Fig. 1.

Thedecreasein the current of thedoubleinjectionin
the quadratic region of the |-V characteristic after expo-
sure to hydrogen sulfide may be associated with a
decreasein the holeinjection factor from the side of the
SnO,:Cu—p-Si interface. This effect is rather pro-
nounced, but the interface plays amore significant role
in research on the photovoltage and photocurrent.

3.2. Photoelectric Characteristics of Heterostructures

Figure 3 shows two dependences of the spectral
photosensitivity, measured before (curve 1) exposure to
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hydrogen sulfide and after exposure with further expo-
suretoair (curve 2). These dependenceswere measured
under conditions of open-circuit photovoltage.

First, it follows from Fig. 3 that the spectral photo-
sensitivity of the heterostructures under study is con-
trolled by the component with the narrowest band gap,
i.e, p-Si.

Then, asaresult of exposureto hydrogen sulfide, the
photovoltage magnitude (curve 2) increased by afactor
of 1.5 compared toitsinitial values (curve 1). The peak
of this dependence shifted to shorter wavelengths by
0.12 eV.

Figure 4 shows the dependence of the photocurrent
on the forward and reverse bias voltages. In curves 1
and 2 (measured under forward bias before and after
exposure to hydrogen sulfide, respectively), the linear
portion (J O U) is followed by the quadratic portion
(JOU? a U>1V.Incurve 3 measured under reverse
bias before exposure to the 1%-H,S/N, mixture, the linear
region gradualy transformsinto aregion of leveling off.

In al the curves, the increase in the photocurrent in
the linear region is mainly caused by a change in the
heterostructure resistivity of region | under the condi-
tion that the concentration of equilibrium carriers is
Ny = An, Ap.

As the bias further increases, the concentration of
excess photogenerated carriers exceeds n,, and the
mode of doubleinjection of carriersarisesunder illumi-
nation. This mode corresponds to the quadratic portion
of the curve; i.e, photocurrent amplification takes
place. However, this mode is largely controlled by the
trapping and recombination of excess carriers in both
region | and region Il at the heterointerface.

When testing the effect of external unmodulated
illumination, we detected a decrease in the photocur-
rent with increasing radiation intensity, which indicated
that the corresponding trapping levels were recharged.
Assuming that the copper level in SnO, is an acceptor,
region | may be considered heavily compensated.
Therefore, pronounced trapping of excess electrons is
observed under injection of photogenerated carriers
(asfor carriers in the previous case in the absence of
illumination). These processes are reflected in the run
of the I-V characteristic: the quadratic region is fol-
lowed by aregion of leveling off.

According to Eg. (1), inthe absence of trapping (i.e.,
at constant T) one should expect a contribution from the
second term (2KT/q)d’n/dx? to carrier transport. This
effect results from the accumulation of electrons near
the SnO,:Cu—-Si interface. An accumulation of elec-
trons and holeswould lead to a decrease in the electric-
field strength, as well as to the prevalence of the diffu-
sion term effect. In this case, the exponent at U in for-
mula (2) should be larger than two. In the case under
consideration, such an accumulation does not take
place due to electron trapping. As aresult, the electric-
field strength increases toward the heterointerface and
attains a certain finite maximum near it.
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Figure 5 showsthe experimental curve of the photo-
current for the case of unmodulated external illumina-
tion as a function of the time the heterostructure is
exposed to the 1%-H,S/N, gas mixture (region 1) with
further exposure to air (region I1). As hydrogen sulfide
is introduced into the cell with the sample, the photo-
current drops almost without delay to 77% of itsinitial
value. A further 8-min exposure of the sample to the
H,S mixture resultsin a decrease in the photocurrent to
34% of its initid value. After discharging the
1%-H,S/N, gas mixture from the cell and during fur-
ther exposure to air, the photocurrent gradually
increases. Eventualy, the values of the photocurrent
under forward bias, measured before and after exposure
to hydrogen sulfide, turn out to be almost identical,
including those under conditions of double injection
(Fig. 4, curves, 2).

One possible explanation for the influence of hydro-
gen sulfide on the photoelectric characteristics of the
structures studied is associated with the role of the
SnO,:Cu—p-Si interface. Since the photovoltage arises
due to the presence of a heterobarrier, the variation in
thisvoltage should berelated to the changein the height
of the barrier. Thetechnology used for deposition of the
SnO,:Cu layer necessarily causes a high concentration
of large through pores in these layers, which allows
gases to rapidly penetrate the heterointerface from the
surrounding medium. The reversibility of the influence
of gases on the photoel ectric properties of heterostruc-
tures most likely indicates physical sorption—desorp-
tion of gases (which changesthe charge state of the het-
erointerface), rather than the chemical mechanism of
the effect. In this case, the height of the energy barrier
and, consequently, the photocurrent may change. The
shift of the photovoltage curve to shorter wavelengths,
apart from other causes, may result from a decrease in
the recombination rate near the heterointerface (in
regions of highest copper content in the SnO, layer)
during the adsorption of hydrogen sulfide molecules at
thisinterface.

Furthermore, U, = J,;\R, a small signals (R, isthe
resistance at zero bias). In the case of generation—
recombination, the latter example is represented by

RoA = (To/n)(UpN,)/(2eg,0) "2, @)

whereAisthe active area of the structure, Uy; isthe con-
tact potential, 1y isthe carrier lifetime, n; istheintrinsic
carrier concentration, and the other designations are
conventional. Since T, increases near the heterointer-
face, thevalue of R,A alsoincreases. Inturn, this should
cause an increase in the photovoltage, which is pre-
cisely what takes place in the experiment.

In the context of the above, the previously indicated
identity of the bias dependences of the photocurrent
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Fig. 5. Kinetics of photocurrent variation during exposure
of the heterostructure to a 1%-H,S/N, gas mixture (region )
and further exposure to air (region I1).

(see Fig. 4) measured before and after exposure to
hydrogen sulfide becomes clear, since these curves
were measured under excitation radiation with a wave-
length of 1 um.

4. CONCLUSIONS

The results obtained show that it is possiblein prin-
ciple to use SnO,-based heterostructures to detect
hydrogen sulfide using the new physical effect, i.e., the
change in the photosensitivity of the heterostructure in
the atmosphere of a detected gas. For practical pur-
poses, it is especially important that the processes
observed are reversible and take place even at room
temperature.

Further studies planned in this line of research
should provide additional information on the properties
of the heterostructures under consideration as applied
to the prablem of developing corresponding systems
for gas analysis.
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Abstract—Morphological properties of Ge nanoscale island arrays formed on the Si(100) surface during
molecular beam epitaxy are studied using reflection high-energy electron diffraction and atomic-force micros-
copy. It is shown that codeposition of Sb and Ge significantly increases the density of final island arrays and
suppresses the formation of dome-shaped clusters at substrate temperatures of 550-600°C. Theresultsare dis-
cussed in the context of the kinetic model of formation of elastically strained islandsin heteroepitaxia systems
with alattice mismatch. © 2004 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

At present, silicon isabase material for theindustry
of semiconductor devices. Silicon-based planar tech-
nology of integrated circuits has achieved significant
successes and is constantly improving. However, up to
now, fabrication of effective silicon-based light-emit-
ting devices has not been successful. Much effort in this
direction is actually being made by many teams using
different approaches [1-6]. We believe that the
approach based on the use of Si/Ge heterostructuresis
one of the most promising. For thelast 20 years, numer-
ous theoretical and experimental studies have been
devoted to this problem. In some theoretical studies
[7, 8], the possibility of realizing direct optical transi-
tions in such systems was predicted for structures with
small-size germanium clusters embedded into the sili-
con matrix. Epitaxial technologies, in particular,
molecular beam epitaxy (MBE), make it possible to
realize such conditions in experiment. When Ge is
deposited on the surface of single-crystalline siliconin
an ultrahigh vacuum, nanometer islands are formed at
theinitial stage of the deposition. After theseislandsare
covered with silicon, they can localize charge carriers
(holes) in the quantum wellsformed by the band offsets
at the Si/Ge/Si interfaces. Since the Si/Ge heterojunc-
tion is a type-1l heterojunction, the electrons can be
localized in silicon at the heterointerface[9]. It has pre-
viously been established that, when Geis deposited on
the Si(100) surface, islands of two types can be formed:
so-called hut-shaped clusters with {105} faces and
dome-shaped clusters that are polyhedra islands with
{113} faces. The germanium islands have the form of
hut clusters for substrate temperatures lower than
600°C; dome-shaped clusters are formed at tempera-
tures above 550°C [10]. In the temperature range 550—

600°C, both phases are observed, hut- and dome-shaped
clusters. Classification of the shapes of Ge idands is
described in sufficient detail in the review [11].

In addition to the basic problem of attaining direct
optical transitions, fabrication of light-emitting devices
on the basis of Si/Ge heterostructures requiresthe prep-
aration of epitaxial layersof high crystallographic qual-
ity; namely, it is necessary to avoid the formation of
misfit dislocations and to ensure the lowest possible
level of background doping. The growth of epitaxial
layersat high substrate temperatures (>550°C) makesit
possible to lower the background doping to an accept-
able level. However, Ge deposition at high substrate
temperatures results in formation of large-size dome-
shaped idands, so that the carrier localization in such
islands is substantialy suppressed. In addition, after
being covered with silicon, dome-shaped islands can
become sources of misfit dislocations [12]. We aso
note that, in the temperature range of 550-600°C, the
scatter in the Ge-idland size in the hut-cluster phase and
also in the island size of all Ge idands is large due to
the coexistence of the hut and dome phases [11].

In this study, we suggest approaches that make it
possibleto avoid formation of dome-shaped clustersfor
Ge deposition on the Si(100) surface at substrate tem-
peratures of 550-600°C. Furthermore, the imple-
mented approaches increase the size uniformity of Ge
island arrays and also, in some cases, producetheir spa
tial ordering.

2. EXPERIMENTAL

Growth experiments were performed using an MBE
Riber Siva-45 installation. Electron beam evaporators
served as sources of atomic Si and Ge fluxes. The latter
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were monitored by two quadrupole mass spectrometers
tuned to the masses 28 (Si) and 74 (Ge). Pregrowth
chemical preparation of the silicon surface was per-
formed by the RCA method [13]. The protective oxide
layer was removed directly in the growth chamber and
before the deposition of the silicon buffer layer with
thickness of 100 nm. A Gelayer of equivalent thickness
of 0.85 nm was deposited on the silicon buffer layer.
Several samples were grown at substrate temperatures
in the range from 500 to 600°C, and, in some of the
samples under study, germanium deposition was
accompanied by exposure of the substrate surface to the
Sh flux; for other samples, only Ge was deposited on
the Si surface. Observation of patterns of reflection
high-energy electron diffraction (RHEED) showed that
Geidandsareformed in al samples. After thetermina
tion of growth, the samples were cooled to room tem-
perature as rapidly as possible and were removed from
the vacuum chamber. Then they were studied by atomic
force microscopy (AFM) in a contactless mode using a
Digital Instruments atmospheric microscope (USA).

3. RESULTS AND DISCUSSION

Direct in situ observations of the variation in
RHEED patterns in heteroepitaxial systems with lat-
tice-parameter mismatch make it possible to obtain
guantitative information on the instant of transition
from the two-dimensional to the three-dimensional
growth mechanism [14, 15]. In [14], the dynamics of
the RHEED pattern variation for the Ge/Si system over
a wide temperature range was anayzed in detail.
Applying a method similar to that used in [14] to the
Ge/Si and (Ge + Sh)/Si systems, we measured the crit-
ical thickness of the germanium wetting layer on sili-
con in the presence of antimony. Figure lashowsatyp-
ical RHEED pattern in the [011] direction from the
Si(100) surface at the instant corresponding to an effec-
tive thickness of the Ge layer of 0.7 nm. The substrate
temperature was 550°C. In this case, bright reflection
spots were indicative of the formation of three-dimen-
siona (3D) islands on the substrate surface. To obtain
exact information on the instant of transition from two-
dimensional (2D) to 3D growth, we monitored the
intengity dynamics of the (O1) reflections [14] in the cross
section A-Al indicated in Fig. 1a. In Fig. 1b, we plotted
the intengity distribution in the cross section A=Al of the
diffraction pattern at different instants of time. Accord-
ing to the preliminary calibration of the Ge growth rate
which was performed by using the transmission elec-
tron microscopy of thick (~200 nm) Ge layers, we
established that an effective thickness of the Ge layer of
0.66 nm corresponds to time t; (curve 1 in Fig. 1b),
0.68 nm to time t, (curve 2), and 0.70 nm to time t;
(curve 3). We note that, in the time interval between t;
and t;, the intensity spectrum for the diffraction pattern
in the cross section A-Al istransformed, indicating the
formation of Ge islands on the surface of the wetting
Ge layer. Thus, for the Ge/Si system with a substrate
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Fig. 1. (&) The RHEED image of the Si surface covered with
a 0.7-nm Ge layer and (b) the intensity distribution in the
RHEED pattern at different pointsin timein the A-Al cross
section (see Fig. 1) for an effective Ge thickness of (0) 0,
(1) 0.66, (2) 0.68, and (3) 0.70 nm.

temperature of 550°C and Ge growth rate of 0.02 nm/s,
the critical thickness of transition from 2D to 3D
growth was determined with an accuracy of £0.02 nm,
i.e, 0.14 monolayers (ML). A similar approach was
applied to the measurement of the critical thicknessin
the (Ge + Sh)/Si system for two Ge growth rates. For a
growth rate of 0.02 nm/s, the transition was observed at
an effective Ge thickness of 0.60 nm, and for a rate of
0.002 nm/s, it was observed at an effective thickness of
0.51 nm. Thus, we established that, in the presence of
Sh, Geidandsareformed earlier, al other factorsbeing
the same. We note that, for the Si(111) orientation and
under certain conditions of growth and surface exposi-
tion to the Sb flux, no formation of Ge islands on the
surface was observed and the stress relaxation was due
to the generation of dislocations [16, 17].

Figure 2a shows an AFM image of the Si(100) sur-
face with Ge idands. Germanium was deposited on the
Si substrate at a rate of 0.02 nm/s at a temperature of
550°C. The islands have rectangular and sguare bases.
The average island height is 1.8 nm. These islands are
typical hut-shaped clusters [11]. Figure 2b shows the



Fig. 2. AFM images of a0.85-nm Gelayer onthe Si surface.
(a) Ge deposited at a substrate temperature of 550°C at a
rate of 0.02 nm/s, (b) Ge codeposited with Sb at a substrate
temperature of 550°C at arate of 0.02 nm/s, and (c) the Fou-
rier transform of the AFM image (b).

AFM image of the Si surface covered with Ge islands,
which also have been formed at a substrate temperature
of 550°C and a deposition rate of 0.02 nm/s; however,

TONKIKH et al.

during germanium deposition, the substrate surface was
exposed to an antimony flux. The temperature of the Sb
source was 450°C, which corresponded to an effective
deposition rate of 0.2 ML/s (1 ML contains 6.8 x
10 cm™ atoms [18]). Preliminary observations of
RHEED patterns during direct prolonged deposition of
Sb on the Si(100) surface heated to 550°C showed that
there were no changes in the shape and position of
RHEED reflections, which wasindicative of desorption
of Sb atoms/molecules. Nevertheless, in [18, 19], it is
shown that antimony is present on the silicon surface. It
has been established [ 18] that the Sb adhesion factor on
the silicon surfacein atemperature range of 550-600°C
is unity for covering layer thicknesses <0.7 ML. With
increasing thickness of the covering layer, the adhesion
factor rapidly decreases and vanishes at a thickness of
1ML [18, 19].

Comparing Figs. 2a and 2b, we note that the mor-
phologies of the arrays of Ge idands are substantially
different. First, in the presence of Sb, the hut phase of
Ge idands completely disappears from the surface.
Second, the average idand size increases: the side of
the pyramid base attains 40 nm and the pyramid height
becomes 3 nm. Thus, the faces of the pyramids have
indices {106}. We cannot consider such islands as
dome phase, since we have not observed the multifac-
eted structure of the pyramid faces in the RHEED pat-
terns. Furthermore, in Fig. 2c, we show the Fourier
transform of the AFM image (Fig. 2b) of the Si surfaces
with Ge islands codeposited with Sh. Figure 2c indi-
cates that the objects of square shape (in our case, the
Ge idands) are ordered in rea space in the crystalo-
graphic [010Ldirections.

Figure 3a shows the AFM image of the Si(100) sur-
face with Ge deposited at atemperature of 550°C and a
rate of 0.002 nm/s. We seein the figure that the hut and
dome phases coexist on the surface. The observed
shape and size distribution is typical of the given tem-
perature range [11]. The situation becomes radically
different if Sb is added to the Ge/Si system. Figure 3b
showsthe Si surface on which Ge was codeposited with
Sh. In this case, the islands have the following dimen-
sions:. the side of the pyramid base is 24.0 nm and the
pyramid height is 2.6 nm. The density of the idand
array ishigh and equal to 1.4 x 10* cm. It isimportant
to notethat, if Sbispresent onthe Si surface, theisland
dimensions are relatively small and the shape of all
isandsinthe array is pyramidal.

In Fig. 4a, the AFM image of the Si(100) surface
with Ge deposited at 600°C at a rate of 0.02 nm/s is
shown. We notethat, inthis case, thereis only the dome
phase on the surface and the density of theisland array
is lower compared to the sample deposited under the
same conditions but at 550°C. Figure 4b shows the sur-
face of a structure whose difference from the previous
one consists in the presence of Sb on the substrate sur-
face during Ge deposition. We note that, in the latter
case, the dome phase is not observed. The spread in the
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— 500

0
500 nm

Fig. 3. AFM images of a0.85-nm Gelayer onthe Si surface.
(a) Ge deposited at a substrate temperature of 550°C at a
rate of 0.002 nm/s and (b) Ge codeposited with Sb at a sub-
strate temperature of 550°C at arate of 0.002 nm/s.

idand sizesisappreciable, thelateral island size does not
exceed 40.0 nm, and the height is smaller than 2.5 nm.

We note that, in all cases where Ge deposition was
accompanied by exposition of the substrate surface to
Sb, the density of the Ge island array was higher than
that in the corresponding samples that were grown in
the absence of Sb by no less than 60%. Our experimen-
tal results show that the increase in the rate of Ge dep-
osition and the codeposition of Sb and Ge suppress the
formation of dome-shaped clusters on the Si surface
and aso generate a dense ensemble of clusters with
amost the same sizes. In the case of deposition of pure
Ge, hut-shaped clusters with { 105} sidesare formed. If
Sb impurity is added, the cluster faces are oriented in
the {106} directions. In both cases, the characterigtic lat-
era cluster sizeisat least two times smaller than the char-
acterigtic size of dome-shaped clusters formed for the
same values of the effective thickness and surface temper-
aurefor low Ge deposition rates in the absence of Sh.
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Fig. 4. AFM images of a0.85-nm Gelayer onthe Si surface.
(a) Ge deposited at a substrate temperature of 600°C at a
rate of 0.02 nm/s and (b) Ge codeposited with Sb at a sub-
strate temperature of 600°C at arate of 0.002 nm/s.

The above results can be interpreted in the context
of the kinetic model of formation of elastically strained
islands in a heteroepitaxial systems with lattice mis-
match [20-22]. The kinetic model predicts the increase
in the surface island density and decrease in their size
with increasing material deposition rate for the same
surface temperature and effective thickness of the
deposited layer. In the system under study, the increase
inthe growth rate produces an increase in the density of
cluster nucleation centers of fluctuation origin; at the
sametime, the characteristic size to which clustershave
time to grow before the Ge source is switched off
remains quite small and no dome-shaped clusters
appear. An addition of Sb impurity changes both the
energy and the kinetic properties of the system [23].
First, the diffusion length for atoms on the surface
decreases, thus decreasing the growth rate of clusters
compared to the case of pure Ge deposition. Second,
the activation barrier for cluster nucleation decreases,
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thusincreasing (with other factors being the same) their
number, decreasing the average size, and decreasing the
critical thickness for idand formation, in agreement
with experimental observations. A detailed analysis of
the dependence of the scatter in size and degree of
ordering of the nanoisland ensemble under study on the
Ge growth rate and on the Sb concentration will be pub-
lished in a separate communication.

4. CONCLUSIONS

We can make the following conclusions from the
analysis of the above results. The system of Ge (Sb)
islands on the S surface is a new phase of the hete-
roepitaxial Ge/Si system, whose most important prop-
erties are ordering of the island shapes (on the Si sur-
face, thereare only pyramidal islands with square bases
and there is no multifaceted face structure) and a sub-
stantia increase in the surface density. In some cases,
island ordering in the [010Ccrystallographic directions
with the resulting formation of a two-dimensional lat-
tice on the surface of the wetting Ge layer is observed.
The suggested methods for depositing an array of
islands of the same shape can form abasisfor the devel -
opment of optoelectronic devices and silicon-based
multispike cathodes.
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Abstract—The influence of dislocations on photoluminescence (PL) intensity in structures with InAs-GaAs
guantum dots (QD) has been studied. The structural characteristics of samples were studied by transmission
electron microscopy in bright-field and weak-beam dark-field diffraction conditions. At temperatures below
room temperature and for moderate excitation density, the PL intensity in a structure containing large clusters
with dislocations was about the same as in a structure with a significantly lower density of clusters. In contrast,
the measurement of PL intensity at elevated temperatures and high excitation densities allows an accurate esti-
mation of the structural perfection of QD structures. The overgrowth of QDs with athin (1-2 nm) GaAs layer
with subsequent annealing reduces the density of clusterswith dislocations and significantly improves the tem-
perature stability of the PL intensity. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Light-emitting devices with self-organized quantum
dots (QD) is athriving area of semiconductor physics.
QD lasers demonstrate unique characteristics that were
earlier predicted by theory: alow threshold current den-
sity and high differential efficiency and temperature
stability (for review, see [1]). One of the specific prop-
erties of QDs compared to quantum well (QW) struc-
tures is the possibility of attaining longer emission
wavelengths in a given material system, for example,
InGaAs-GaAs. To increase the emission wavelength,
special growth techniques are used, such as the forma-
tion of vertically coupled QDs [2] or an activated
decomposition of solid solution [3]. At the same time,
the growing of large QDs can befollowed by theforma-
tion of isolated didocations in QDs and large clusters
with dislocations, which gives rise to nonradiative
recombination. These entities significantly impair the
characteristics of QD devices. Note that, despite the
fact that optical properties of QDs have been exten-
sively studied (see, e.g., [4, 5]), only asmall number of
publications have been devoted to studying nonradia-
tive processes. In this study, we performed a systematic
investigation of the effect of nonradiative recombina
tion centers on the optical properties of QD structures.
It is shown that studies at high excitation densities and
elevated temperatures are necessary for an adequate
estimation of the defect density in these structures.

2. EXPERIMENT

The structures for study were grown by MBE on
(100) GaAs semi-insulating substrates. After the
removal of oxide from the substrate surface, a GaAs
buffer layer was grown at 600°C. To prevent the diffu-
sion of nonequilibrium carriers to the substrate, a six-
period GaAs(20 A)/Al,xGaysAs(20 A) superlattice
was grown on top of the buffer layer. A 0.1-pm-thick
GaAs layer was then grown, the substrate temperature
was reduced to 480°C, and InAs QDs were deposited
and overgrown with a 10-nm-thick GaAs layer at the
same temperature. After this, the substrate temperature
was increased to 600°C, and a GaAs layer 400 A thick,
a superlattice similar to the lower one, and athin GaAs
capping layer were grown successively.

Quantum dots were grown using the stimulated
decomposition of InGaAs solid solution [3]. In this
growth mode, the initial QDs, produced by deposition
of D,s InAs monolayers (ML), are overgrown with an
In,Ga, _,As layer with average thickness H (as a rule,
D,s=1.7-35 ML InAs, x =0-0.3, H = 0-6 nm). In the
course of overgrowing, it is energetically favorable for
In atoms to diffuse toward QDs, whose lattice parame-
ter is closer to that of InAs, whereasit is favorable for
Gaatomsto diffuse to regions between QDs, where the
lattice parameter is closer to that in aGaAslattice. This
processresultsin the effective enlargement of theinitial
QDsand, accordingly, to the red shift of the photolumi-
nescence (PL) line. Thefact that QDs are overgrown by
an InGaAs layer makes an additional contribution to
the red shift of the PL line, due to the decrease in the
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Fig. 1. TEM images of structure B: (a) bright-field diffrac-
tion conditions and (b) weak-beam dark-field diffraction con-
ditions. The two images show different parts of the sample.

matrix band gap and the redistribution of stress fields
within the QDs. The existence of several growth param-
eters (D, X, H) alows us to effectively control the
parameters of QD arrays. Specifically, it is possible to
obtain an emission wavelength of 1.3 um, while the
structural and optical quality of samples is maintained
at ahighlevel [3, 6].

The PL was excited with an Ar-ion laser (wave-
length A = 514.5 nm, incident power density 500 W cm?)
and recorded using an MDR23 monochromator and
North Coast EQ/817R Ge p—i—n photodiode. A Philips
EM 420 microscope with 100-kV acceleration voltage
was used for transmission electron microscopy (TEM).
The samples in planar (001) and transverse (110) and
(010) configuration were prepared by the standard tech-
nology, i.e., grinding, polishing, and finishing sputtering
of the materia with Ar* ions at grazing anglesto the sur-
face (~12°-14°), with an acceleration voltage of 4 keV.

3. INFLUENCE OF EXCITATION INTENSITY
AND TEMPERATURE
ON PHOTOLUMINESCENCE OF STRUCTURES
WITH QUANTUM DOTS CONTAINING DEFECTS

The parameters of structures A and B, which were
used in the study of the influence of didlocations on the
optical properties of QD structures, were (A) D;s =
26ML,x=0.15andH=45A; (B) D;s=3 ML, x=
0.15, and H =50 A. Thus, the initiadl QDs used for stimu-
lated decomposition of InGaAs were larger in sample B.
Theincreasein size of initia idlands, which stimulates
the decomposition of InGaAs, resultsin an increase in
QD size. According to TEM data, thelateral size of dots
increased from (14.9 + 1.5) nm in structure A to
(16.4 £ 1.6) nm in structure B. The density of QDs in
structures A and B was 6.2 x 10'° and 5.5 x 10*° cm2,
respectively.

In addition to QDs, bright-field TEM images dem-
onstrate clusters that are larger than QDs. In these clus-
ters, stress relaxation occurs via plastic deformation,
i.e.,, owing to the formation of didocations. To deter-
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mine more accurately the density of clusterswith dislo-
cations, we studied structures A and B in the weak-
beam dark-field diffraction conditions corresponding to
(g; +2g), wherethe diffraction vector g = (220). Figures
laand 1b show acomparison of TEM images of struc-
ture B obtained in bright-field and weak-beam dark-
field diffraction conditions, respectively (these images
show different parts of the sample). The weak-beam
study of dislocationsin acrystal structureis astandard
method of electron microscopy that has several advan-
tages over bright-field diffraction conditions. When the
image is obtained in weak-beam dark-field diffraction
conditions, a sample strongly deviates from the exact
Bragg position, so an error in the excitation of the dif-
fracted beam israther large. However, near the disloca-
tion core the Bragg conditions are satisfied owing to the
bending of crysta planes, which results in a strong
reflection of the diffracted beam. A dislocation is pic-
tured as a bright line on the dark background of the
other part of the sample. Therefore, dark-field images
in the weak-beam mode allow better visualization of
dislocations compared with images obtained in bright-
field diffraction conditions. The regions with disloca-
tions can be seen in Fig. 1b as bright regions, which is
typical of dislocation loops. The density of dislocations
in structures A and B was 1.3 x 10° and 2.2 x 10° cm,
respectively. Note that the dislocation loops in sample
A were significantly smaller than those in sample B.

Owing to the larger size of QDs, the wavelength of
the PL spectral peak reached in sample B islonger than
that in sample A (the red shift of the PL line is
~30 meV). At the same time, in the given growth con-
ditionstheincreased size of theinitial QDs and the cor-
responding red shift are accompanied by the formation
of large clusterswith dislocations, as mentioned above,
and an increase in the didlocation density per QD sheet,
i.e., by considerable degradation of the crystal perfec-
tion. It is interesting to note that, as the amount of
deposited In (the values of D, and x) increases further,
the red shift is saturated, whereas the density of dislo-
cations continues to increase. This effect has been
observed and studied in detail in[3, 6].

At room temperature and an excitation density of
100 W cm2, both structures demonstrate nearly the
same PL intensity (Fig. 2a), despite the worse crystal
perfection of structure B. Figure 2b shows PL spectraof
the samples under study for an excitation density of
5000 W cm2. In these conditions, the PL intensity in
structure A is much higher than that in structure B.
Owing to the high excitation density, the intensity of
the PL line of the QD ground statein structure A is sat-
urated, and the spectral line of the first excited state
becomes dominant. In contrast, in structure B the inten-
sity of the PL line of the ground state is not saturated.
This fact can be explained by the difference in “effec-
tive” intensities of optical excitation for structures A
and B. In structure B, some of the excited carriers are
lost in nonradiative processes, and the number of carri-
ersthat can be trapped by QDsis reduced.
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EFFECT OF NONRADIATIVE RECOMBINATION CENTERS

We also studied the structural and optical quality of
samples C and D, which were grown under conditions
that were optimized compared to those for structures A
and B (growth rate, As pressure). The parameters used
at the deposition of both structures, C and D, were D g =
3.0 ML, x=0.13, and H = 50 A. To reduce the density
of clusters with dislocations, the QDs in structure D
were specially annealed in the course of growth: QDs
were overgrown by athin (1 nm) GaAs layer at 480°C,
and then the substrate temperature was increased to
600°C. In this case, large clusters that are not com-
pletely covered by GaAs evaporate, and the structureis
annealed [7]. During annealing, the shape and size of
coherent (elastically stressed) QDs remain virtually
unchanged. A TEM study of structures C and D was
performed only in bright-field diffraction conditions.
The density of dislocations in sample C, which was
grown in optimized mode, was lower than that in sam-
pleA. In structure D, which was grown with annealing
during the course of growth, no entities with disloca-
tions were found in the study under bright-field diffrac-
tion conditions.

Figure 3a shows PL spectra of structures C and D.
In the samefigure, we present the PL spectrum of struc-
ture E with QDs produced by the deposition of 2.2 ML
GaAs (without overgrowing by an InGaAslayer). Since
the size of the QDs in structure E is significantly
smaller than in structures A-D, it can be assumed that
isolated dislocationsin QDs and large clusters with dis-
locations are absent in this structure. At room tempera-
ture and an excitation density of 5000 W cm, the inte-
gral PL intensity in structure C is smaller than that in
structure D by a factor of ~1.5, which correlates with
the TEM data and can be attributed to the greater num-
ber of QD sheetsin structure D.

At the sametime, to obtain amore objective estima-
tion of the defect and dislocation density in QD struc-
turesfrom optical studies, it isdesirableto create exper-
imental conditions in which the difference between the
intensitiesin samplesof different crystal perfection will
be aslarge as possible. Thisis especially important for
samples grown in different series, because a small dif-
ference in the PL intensity can be related to incidental
factors, such as the purity of materials in the MBE
installation. Figure 3b shows PL spectra of structures C,
D, and E recorded at 140°C. At this temperature, the
difference between the integral PL intensities of struc-
tures increases to the factor of 11. As can be seen in
Fig. 4, the difference in integral PL intensities steadily
increases astemperatureincreases. It isnoteworthy that
in structure E, which is free of disdocations, there is
practically no decrease in integral intensity as the tem-
perature increases.

4. DISCUSSION

According to our data, the presence of dislocations
with density <(2-3) x 10° cm in a QD structure does
not cause asignificant decreasein theintegral PL inten-
sity at moderate excitation density (0.1-500 W cm?)
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Fig. 2. PL spectra of structures A and B recorded at room
temperature at an excitation density of (a) 100 and
(b) 5000 W cm2.

and relatively low temperatures (<300 K). Thisfact was
published in[8], where the authors studied the lumines-
cence of QDs grown on a commercial GaAs substrate
and on a Si substrate with adeposited GaAs layer. Due
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Fig. 3. PL spectraof structures C, D, and E at temperatures
of (a) 20 and (b) 140°C. Excitation density, 5000 W cm2.

to lattice mismatch between GaAsand Si, the density of
didocations in the GaAs buffer layer on Si exceeded
1 x 107 cm (in this case, the density of dislocations
was determined by chemical etching of the sample). It
was shown that the PL intensity in both structures was
nearly the same at quite low temperatures and excita-
tion densities. At the same time, the PL intensity from
an InGaAs QW grown on a Si substrate was signifi-
cantly smaller than that from a QW grown on a GaAs
substrate. Note that the lasing in aQD laser grown on a
Si substrate was observed only at liquid nitrogen tem-
perature, and the threshold current density was very
high (3.8 kKA cm™) [9]. Thus, the high PL efficiency at
moderate excitation density and relatively low temper-
atures is not a sufficient condition for obtaining low
threshold current density in alaser based on such QDs.

The conventional qualitative explanation for the low
sensitivity of the PL efficiency in QD structures to the
presence of dislocations is as follows: the capture of
carriers in a QD is a very fast process [10], and their
localization with respect to the wetting layer and GaAs
matrix is very effective (especialy in large QDs). At
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Fig. 4. Temperature dependences of integral PL intensjgy
for samples C, D, and E. Excitation density, 5000 W cm™.

moderate excitation densities and relatively low tem-
peratures, the density of carriers in the wetting layer
and GaAs matrix, which could diffuse to dislocations,
is quite low. Therefore, carriers within QDs “do not
feel” dislocations, and standard experimental condi-
tions give no way of estimating the perfection of acrys-
tal structure. To provide higher occupancy in the wet-
ting layer and GaAs matrix and, accordingly, to
enhance the lateral transport toward defects and dislo-
cations, it isnecessary to apply high excitation densities
and/or high temperatures, which is confirmed by our
experimental data. At the same time, the argumentation
given above is too general; to optimize QD structures,
it is desirable to have a more precise quantitative
description of nonradiative recombination that would
allow the simulation of PL spectra dependences on
temperature and excitation.

The data obtained in TEM and optical studies sug-
gest that at least two types of nonradiative recombina-
tion centers exist in QD structures.

Thefirst typeisclusterswith dislocations, which are
seen in TEM images (Fig. 1). In general case, the rate
of nonradiative recombination integrated over spectrum
can be represented as

N, f
R = =, ()
t

where N, is the surface (2D) density of centers; T, the
characteristic time of recombination viaacenter; and f;,
the occupancy of these centers. At a high density of
optical excitation, f, tendsto unity, and, accordingly, the
rate of nonradiative recombination tends to N/t,. In
other words, at a sufficiently high excitation density in
a structure with alower dislocation density, the rate of
2004
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EFFECT OF NONRADIATIVE RECOMBINATION CENTERS

nonradiative recombination is saturated and, accord-
ingly, the PL intensity increases faster, which is
observed experimentally. If a structure is in thermal
equilibrium (i.e., a quasi-Fermi level defined by the
excitation density exists) and the energy level related to
the centersis known, f; is described by the Fermi func-
tion. The dependence of the quasi-Fermi level on the
excitation density can be calculated in terms of the
model [11], and the density of defects can be deter-
mined from the TEM data. Therefore, the value of T,
can in principle be determined from the experimentally
measured saturated rate of nonradiative recombination.

The second type of centersis the defects located in
the vicinity of QDsinthewetting layer and/or in GaAs.
In general, the rate of nonradiative recombination via
defectsin the 2D wetting layer and in the bulk of GaAs
has the form

RY = L, @)
an
RP = b4, ©)

nr

where n?® is the 2D density of carriers in the wetting
layer; n, the density of carriers in the bulk of GaAs;

12 the characteristic time of nonradiative recombina-

tion via centersin the wetting layer; T, the character-

istic time of nonradiative recombination via centers in
GaAs; and b, the thickness of the GaAs layer. As tem-
perature increases, the carrier densities in the wetting
layer and GaAsincrease, which resultsin anincreasein
the rate of nonradiative recombination. At the same
time, note that if defectsin the structure existed only in
the wetting layer and GaAs, the rate of nonradiative
recombination would not be saturated when the excita-
tion density increased. The differencein the PL intensi-
ties of structuresthat differ in crystal perfection should
be especially marked at very low, rather than at very
high, excitation densities. In our experiments, the min-
imum density of excitation was limited by the sensitiv-
ity of the recording system. Preliminary experiments
with relatively low (~0.5 W cm™) excitation density
were not informative for estimating the crystal perfec-
tion of the samples. We are currently preparing studies
with lower (<0.05 W cm) excitation densities at ele-
vated temperatures, which may broaden our under-
standing of nonradiative recombination processes in
QD structures.

The presence of several channels of nonradiative
recombination complicates the interpretation of the
results of optical experiments considerably. To obtain
an adequate description of the PL dependences on tem-
perature and excitation in QD structures, we are plan-
ning to independently determine the nature and density
of dislocations and their energy spectrum by electron
microscopy, capacitance spectroscopy, and DLTS. The-
oretical modeling is very important in order to under-
stand the optical properties of QD laser structures. The
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theoretical description of radiative processes in QD
structures has now been rather well developed [4, 11].
It was shown that, taking into account nonradiative
recombinationin QD lasersevenintermsof avery sim-
ple model, it is possible to obtain considerably better
agreement with the experimental data [12]. A more
detailed consideration of nonradiative recombination
may significantly improve our understanding of the
optical properties of QD structures.

5. CONCLUSIONS

The influence of isolated dislocations and large
clusters with dislocations on PL intensity in QD struc-
tures has been studied. The data obtained suggest that,
in the presence of nonradiative recombination chan-
nels, the dependences of PL intensity on temperature
and excitation are complicated and strongly nonlinear.
Specificaly, it is shown that, below room temperature
and at amoderate excitation density (0.5-500 W cm),
structures with alarge differencein the density of clus-
ters with dislocations can exhibit virtually the same PL
intensity. In contrast, measurements at a high excitation
density (5000 W cm™) and at elevated temperatures
(140°C) make it possible to estimate the crystal quality
of asample.
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Abstract—The increase in the thermoel ectric figure of merit in layered structures with quantum wellsis cal-
culated for the case of polar charge-carrier scattering by optical phonons. On the basis of previous and new cal-
culations, it is concluded that the quantum confinement effect can giverise to the increase in the figure of merit
only if the probability of carrier scattering decreases with increasing wave vector transfer. © 2004 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

The study of thermoelectric properties of structures
with quantum confinement was initiated by Hicks and
Dresselhaus [1-3], who performed calculations and
estimates of the thermoelectric figure of merit Z of a
layered structure with quantum wells (QWSs). They
have shown that the increase in the density of states due
to quantum confinement produces an increase in the fig-
ure of merit of such structures by a factor of 2—-3 com-
pared to the bulk value provided that the carrier mobil-
ity does not change when we pass from a bulk sample
to asample with QWs.

At the same, it has been shown time in a number of
studies [4-8] that an increase in the density of statesin
the structures with quantum confinement, which is the
main cause of the increase in the thermoelectric figure
of merit, can simultaneously result in the decrease in
charge carrier mobility. In particular, in the case of scat-
tering by acoustic phonons and by a short-range impu-
rity potential in the elementary model with a standard
carrier dispersion law, our analytical calculations [8]
have shown that the expressions for the thermoelectric
figure of merit in a bulk sample and in a sample with
QWs coincide exactly. The values of the thermoelectric
figures of merit in both cases are equal if we choose
chemical potentials from the maximization condition
for the figure of merit.

If the charge carriers are scattered by acoustic
phonons and a short-range impurity potential, the
matrix element isindependent of the difference of wave
vectors of electrons in the final and initial states; how-
ever, for scattering by polar optical lattice vibrations,
such a dependence exists. In [8], when calculating the
relaxation timein asamplewith QWsfor thisscattering
mechanism, the accuracy of treating the effect of the
dependence of the matrix element on the transferred

momentum in theintegrand wasinsufficient. Therefore,
inthe case of polar scattering, theresult of [8] iscorrect
only for rather large QW widths, and for small QW
widths, it should be corrected. In this study, we use the
model [8] that is based on the assumption of an isotro-
pic parabolic spectrum of charge carriers and takes
polar scattering of charge carriersby optical phonons of
the bulk type into account and describe the effect of
guantum confinement on the relaxation time and ther-
moelectric figure of merit in layered structures with
QWs more accurately. In addition, we compare the
dependence of the figure of merit on the QW width in
the case under consideration with that obtained by
using the assumption [1] of the invariance of the relax-
ation time with respect to the bulk value.

2. RELAXATION TIME

Above the Debye temperature, the scattering by
optical phonons is elastic, and the relaxation time in a
structure with QWs 1,5 is given by the following
expression:

To = Z ﬁ| Ky k|w+q”2—u5(8(kll+q||) e(ky)
1)
_Z ﬁ| Kpp ko= qu lﬂczl |5(8(k”—q”)—e(k”))_
Il

Here, ﬁ is Planck’s constant, q is the phonon wave vec-
tor, q, is the component of the phonon wave vector in

the layer plane, Mk”,klliqll is the matrix element for

electron scattering from the state with wave vector kjin
the layer plane to the state with wave vector k| * q;
accompanied by phonon absorption or emission,
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CALCULATION OF THE THERMOELECTRIC FIGURE

o function takes into account the energy conservation
for elastic scattering, and g(k)) is the electron energy
related to the motion in the layer plane and measured
from the edge of the confinement subband. In this case,
the scattering matrix element is given by [8]

= M(a)Y*(a}), 2
where M(q) isthe well-known matrix element for polar

scattering in a bulk sample and the factor Y*(q¥)
appears in the calculation of the matrix element when
integrating with respect to the coordinate z directed
normally to the layer plane,

Mkw ky+ay

exp(zimg; ) sinTig)

YH(qf) =
(4:) g (1-q%)

©)

Here, the dimensionless quantity g; is proportional to

the component of the phonon wave vector g, normal to
the layer plane,

. _ag,

T (4)

In expression (1), we pass from summation to inte-
gration in the cylindrical system of coordinates, with
thecylindrical axisdirected aong the zaxisand the azi-
muthal angle ¢ measured from the direction of thewave
vector k;. Then, writing out explicitly the dependence
of the bulk matrix element on the phonon wave vector,

M2(q) = M2(k)) ki /c?, we obtain

3 nM k Vm*°°
2%) = ( ”) quZIq”dq”

2n
COSQLY, +/ s |2x 00
x {d@[ 7 @Y €] 6E2k||+ cos@ (5)

cosqg E} ,

whereV = Sais the volume of the layer corresponding
to a QW for electrons, and m* is the electron effective
mass.

Integrating first with respect to the angle @ (using
& functions) and then with respect to ¢, we obtain the
expression for the inverse relaxation tlme

/2500
Iy @farge

o _2mM (k) Vim*

T b grd?
o (6)
< [ Vi@ - %] o,
O e+ ut
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where Y¥(q; ) = [Y*(q; )P and u = aky/mt Thisexpression

is consistent with the result reported previously [7].
Denoting the integral in (6) by 3l1(u)/2, we obtain

92D3|

Top = M “(k) V=221 (u), @

where g,p = m*/2142 is the two-dimensional density of
electron states disregarding the spin degeneracy and

% Ser. @

Jar?+ut

In abulk sample, the relaxation time can be written
as[9]

2oo 2, s\
W = 5[ ¥ -

- AL
Top = M (K)Vasp, 9

where gz = m*k/218%2 is the density of electron states
per unit volume disregarding the spin degeneracy.
Using this expression, we find the ratio between the
relaxation times in a sample with QWs and in a bulk
sample

Top _ 23k

=) (10)

T3p
The integral 1(u) tendsto unity for large values of u

and is approximately equal to I(u) = ‘-1u for small u.

Therefore, for large thicknesses a of the confining lay-
ers, the ratio of relaxation times coincides with that
obtained in [8]. For small QW widths, thisratio appears
to be independent of a, so that the relaxation timein a
sample with QWSs tends to T5p/2.

Thus, for scattering by polar optical phonons at rel-
atively large QW widths, the conclusions of [8] remain
valid; i.e., the expressions for electrical conductivity,
thermoel ectric power, electronic heat conductivity, and
the figure of merit coincide with the corresponding
expressionsfor abulk sample. If the QW widthsarerel-
atively small, the relaxation time becomes independent
of a, and the assumptions of Hicks and Dresselhaus[1]
are valid, taking into account the fact that t,p is two
times smaller than 14. In this case, the figure of merit
begins to increase with decreasing thickness of the
guantum-confinement layer due to the increase in the
density of statesin QWSs, as predicted in [1].

3. KINETIC COEFFICIENTS
AND THE THERMOELECTRIC FIGURE OF MERIT

Using the obtained expression for the relaxation
time in asample with QWSs, we can easily find the el ec-
trical conductivity, thermoelectric power, and elec-
tronic heat conductivity, and then the thermoelectric
figure of merit in such structures.
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For example, for the electrical conductivity, we have

2e o0fy(g,
Oyp = m* u ——%E‘P—)EHD
0
wherefy(g, W) isthe Fermi distribution function, € isthe
electron energy related to the motion in the layer plane,
and U isthe chemical potential; we measure the energy
from the bottom of the quantum-confinement subband.

For convenience, we explicitly write the energy
dependence and rewrite the relaxation time in the case of
scattering by polar optical phononsin abulk sample as

(12)

where x = €/kyT, K is the Boltzmann constant, and T is
the absolute temperature. Then, according to (10), the
relaxation time in a sample with QWSsis given by

O2p

ede, (11)

12
T3p = TpX

2 WX
T,p = STp———, (13)
2D 3 Ol(W,\/;()
wherew = a,/2m* k, T /Tth.
Taking into account (13), we can rewrite expres-
sion (11) as
226 Jm* (k)1
o2 = 31¢4°

where p* = /K, T isthe dimensionless chemical poten-
tial and

122, w),  (14)

D 0fo(X W)y X"
O ox  Hjwi/x)
We can obtain the expression for the electrical con-
ductivity in abulk sample simply by replacing the inte-
gral 1% (u*, w) with the integral 15 (u*) given by

172, w) =

dx. (15)

|(3D)( x) = J-D 0fo(x, u* )D . (16)

o0X
0
Likewise, we can obtain the expressionsfor the ther-
moel ectric power

ko 22 (u*, w O
0y = o (W _ e 17)
eny ™ (u*x, w) 0
the electronic heat conductivity
_ 22 Jmr kol (ko T) ™14
20 = 31¢4°
(18)
0 122 (u*, w)) D
X D'ElzD)(H*,W)—(EEZD)(M )
O I3 (u*,w) O
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and the dimensionless thermoel ectric figure of merit
Z,nT

(€2, w) -1 2, w))*

122 0x, w) (178 + 17, w)) - (197w, )

Here, the material parameter B isdefined by the expres-
sion

(19)

2«/ ko(koT) T0
3th’K,

where K, is the phonon contribution to the heat con-
duct|V|ty

In a bulk sample, the expression for the dimension-
less thermoelectric figure of merit Z;pT is similar

to (19), where we must replace 18 (u*, w) with

(20)

132) (u*): then, the expression for the material param-
eter appears to be the same as for a sample with QWs
(20) if we assume that the phonon contribution to the
heat conductivity isthe same in both cases.

If we assume, like Hicks and Dresselhaus [1], that
therelaxation timein asample with QWsisthe sameas
the bulk relaxation time, then the el ectrical conductivity

0%p can be obtained from (11) by substituting T,p = T4p,

e’k TT
o3 = n;: a°|§2°>(u*).

In this case, we obtain the following expression for
the figure of merit:

(21)

T
(S (u*) —pr 15 (u*))°
5
152 () (1B + 152 (*) = (152(1)

Here, the material parameter B* differs from B by the
factor 3/2w,

(22)

B* = B,

o (23)

Using formulas (19) and (22), we can estimate the
variation in the figure of merit if we pass from a bulk
sample to a sample with QWs and also compare the
values of this variation taking into account the
decrease in the relaxation time (19) and disregarding
this decrease (22). To this end, we choose the value of
the parameter B = 0.073, which corresponds to the fig-

ure of merit Zzp(Hgy )T = 1 optimized with respect to
the chemical potential. Thus, we can construct plots for
the w dependence of the figures of merit Z,p(H5,) and

>o(Hopt) Optimized with respect to the chemical
potential and normalized to the bulk value (see figure).
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Dependence of theratio of the thermoelectric figure of merit
in alayered structure with quantum wells to the bulk value
on the parameter w proportional to the quantum well width a.
Curve 1 is plotted taking into account the change in the
relaxation time for a structure with quantum wells, and
curve 2 corresponds to the bulk relaxation time [1].

For numerical estimations, we choose the following
parameters: the Debye temperature ©p = 150 K and the
average effective mass m* = 0.07m,, which correspond
to the parameters of PbTe. Then the condition for scatter-
ing easticity is satisfied at room temperature T = 300 K.

In order to realize the situation in which the lowest
subband makes the main contribution to the transport,
the energy distance to the second subband, equal to
3h21P/2m* a2, must be large compared to the thermal
energy or to the chemical potential in the degenerate
case. The first of these conditions sets an upper bound

of J@ for the variation of the parameter w. Verification
of the second of these conditions using the above esti-

mates shows that, for w > 0.44, where the quantity pi,

is positive, the optimum values of the chemical poten-
tial do not exceed k,T. Thus, the contribution from
higher subbands can be disregarded.

Inthefigure, curve 1 correspondsto the thermoel ec-
tric figure of merit normalized to the bulk value for
structures with QWswith allowance for the variation of
the relaxation time and curve 2 represents the figure of
merit calculated using the bulk relaxation time [1]. The
comparison shows that, in both cases, the thermoel ec-
tric figures of merit increase with decreasing width of
the QWSs; however, if we take into account the change
in the relaxation time when passing from abulk sample
to a structure with QWSs, then the gain in the figure of
merit is somewhat smaller, since in this case the limit-
ing value of the relaxation timein a structure with QWs
is two times smaller than that in a bulk sample.

4. CONCLUSIONS

In this study, we theoretically considered the effect
of the variation in the relaxation time on the thermo-
SEMICONDUCTORS  Vol. 38
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electric figure of merit of layered structures with quan-
tum wellsin the case of scattering of charge carriers by
polar optical phonon scattering. The cal culations show
that, upon decreasing the QW width a, the relaxation
time in a sample with QWs becomes independent of a
and different from the bulk value only by a numerical
factor. This is accounted for by the dependence of the
scattering matrix element on the phonon wave vector.
Since there is no quasi-momentum conservation law in
the direction of the z axis, the number of phonons with
which electrons can interact increases; i.e., the phase
volume of such phonons in the wave-vector space
expands. This circumstance leads to an increase in the
scattering probability and a decrease in the relaxation
timeif the matrix element isindependent of the phonon
wave vectors, this situation is realized, for example, in
the case of scattering by acoustic phonons. In the case
of scattering by optical phonons, the decrease in the
bulk matrix element with increasing phonon wave vec-
tor balancestheincreasein scattering probability dueto
the expansion of the phase volume of the relevant
phonons.

The absence of a dependence of the relaxation time
on the QW width for small a producesan increaseinthe
figure of merit compared to the bulk sample. However,
the increase in the figure of merit in this case appears
to be smaller than that obtained by using the assump-
tion that the relaxation time is the same as for a bulk
sample [1]; indeed, for small a, the relaxation time for
a structure with QWsis two times smaller than that for
abulk sample.

It follows from our calculations in this study and in
[8] that an increase in Z due to electron quantum con-
finement is possible only if the charge-carrier scattering
probability decreases with increasing wave vector
transferred in a scattering event.

The numerical results of this study make sense only
in comparison with the results obtained disregarding
the effect of quantum confinement on the mobility. It is
known [4—7, 10-13] that more realistic results can be
obtained only by taking into account the effect of the
layered character of the structure on phonons, electron
tunneling through the barriers separating QWSs, heat
conduction in the barrier layers, and also scattering by
nonuniformities in the width of QWs.
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Abstract—Arrays of GaAswhiskers on GaAs(111)B substrates were grown using a technique combining vac-
uum evaporation and molecular-beam epitaxy. The surface structural properties of the samples obtained
were studied by scanning electron microscopy. It was found that the areal density of the whiskers amounted
to (1-2) x 10° cm™. The typical dimensions of the whiskers were 30-150 nm (diameter) and 300-800 nm
(length). It was shown that the whisker size can be controlled by changing the growth conditions and varying
the thickness of the evaporated Au film. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Whisker crystals have been known for quite a long
time. According to classical concepts, whiskers are
crystalline solids whose length considerably exceeds
their diameter. An important property of objects of this
kind, which are widely used in modern industrial tech-
nology, is their high mechanical strength. The dimen-
sions of such whisker crystals are several micrometers
in diameter and several millimetersin length. A mech-
anism for whisker growth was suggested by Wagner
and Ellisin 1964 [1]; thiswas the beginning of research
into artificial whisker crystals, which were subse-
guently grown on the basis of various crystalline sub-
stances. In this country, a considerable contribution to
the development of whisker-crystal technology was
made by E.l. Givargizov, who in monograph [2] pre-
sented a detailed review of the properties, growth tech-
nigues, and theories of the formation of whisker crys-
tals known by 1977. The current interest in whisker
crystalsis caused by the fact that modern technologies
make it possible to produce nanowhiskers (NWs), i.e.,
whisker crystals with a diameter of several tens of
nanometers [3]. Such objects may find application in
the creation of multiple-tip cathodes and ultrasharp tips
for scanning-probe microscopy [4]. NWs made of a
semiconductor material (e.g., GaAs) can be viewed as
vertical quantum wires. Thus, the range of applications
of NWs may be extended into the field of semiconduc-
tor microel ectronics and optoelectronics. The first nan-
otransistors based on NWs have aready been fabri-
cated [5]. It was suggested that GaAsNWs may be used
as visible-light emitters, the concept of which was dis-
cussed in [6]. Note that the possibility of forming
GaAg/AlAs lateral quantum wires on GaAs substrates

with orientations other than (100) was demonstrated
earlier, and possible applications for them were sug-
gested [7]. Quantum wires grown by this technique are
often coupled due to eectron tunneling, which hinders
their study and application as isolated one-dimensional
objects. Using NWs, it is possible to synthesize nanowires
oriented a an angle to the substrate surface [8] (in partic-
ular, at aright angle). In addition, nanowires without elec-
tron-tunneling coupling can be grown in this case.

In this study, we suggest a method for synthesizing
GaAs NWs on GaAs(111)B substrates using a tech-
nique combining vacuum evaporation of gold and epi-
taxial growth of gallium arsenide in a molecular-beam
epitaxy (MBE) chamber.

2. EXPERIMENTAL

The growth of whiskers using the molecular beam—
liquid—solid mechanism, which is a modification of the
vapor-liquid—solid (VLS) method suggested by Wag-
ner and Ellis [1], requires a several-stage process. We
used a three-stage technological scheme for the forma:
tion of NWs. At the first stage, the surface of GaAsis
prepared as described below. At the second stage, afilm
of Au (catalyst metal) isdeposited on the GaAs surface.
At the third stage, the formation of GaAsAu droplets
and NW growth takes place. According to the VLS
mechanism, NWs are expected to grow at the sites on
the surface where droplets of GaAsAu, acting as cata-
lyst for the whisker growth, are formed.

It was shown in [8] that GaAs whiskers formed by
the VLS mechanism grow predominantly in the [111]
crystallographic direction. To obtain NWs oriented nor-
mally to the substrate, we chose a (111)B-oriented

1063-7826/04/3810-1217$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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Fig. 1. RHEED patterns obtained (a) for a GaAs(111)B sur-
face after the deposition of a GaAs layer with an effective
thickness of 24 nm (white arrows indicate additional reflec-
tions related to the NW system) and (b) for the system of
NWs after the termination of the growth process; the elec-
tron-beam energy was 25 keV.

GaAs surface. Preparation of the surface at the first
stage was carried out as follows. A GaAs(111)B wafer
was loaded into the growth chamber of the EP1203
MBE system (NTO, USSR Academy of Sciences), and
the oxide layer wasremoved from its surface by heating
at 610°C in aflow of As,. After removal of the oxide
layer, a0.25-pum-thick GaAsbuffer layer that smoothed
out possible roughness of the surface was grown at
550°C. Next, the surface of the sample was coated with
an arsenic layer ~1 nm thick at a substrate temperature
below 200°C in order to prevent the formation of the
natural oxide during the transportation of the samples
from the MBE chamber to the vacuum sputtering unit
(VUP-5, NPO Electron, Sumy, Ukraine) for Au deposition.

At this stage, afilm of Au was formed on the GaAs
surface using the following procedure. First, the protec-
tive As layer was removed by heating the sample to

TONKIKH et al.

(250 = 10)°C. Then, the temperature of the sample was
reduced to 110°C and the GaAs(111)B surface was
covered with the Au film using vacuum deposition from
an electron-impact source. Gold with apurity of at least
99.99% was used as the source material. The thickness
of the deposited Au layer was determined from mea-
surements of optical transmission. The measurement
accuracy was no lower than ~0.1%; for small layer
thicknesses, this corresponds to ~0.2 nm. Scanning
el ectron microscope (SEM) images of the GaAs(111)B
surface covered with the Au layer indicated the smooth-
ness of the surface. After deposition of the Au film, the
samples were loaded again into the growth chamber of
the MBE system. Patterns of reflection high-energy
electron diffraction (RHEED) recorded immediately
after loading the samplesinto the growth chamber indi-
cated that the surface structure was amorphous, which
meant that either the deposited Au film was in an amor-
phous state or an oxide layer was present on the surface.

In the MBE growth chamber, samples were heated
in order to remove the oxide layer and initiate the for-
mation of GaAsAu droplets saturated with Ga and As.
The highest temperature of heating the sample corre-
sponded to the lower limit required for the removal of
the oxide layer from GaAs (~610°C). After heating for
5 min, the sample temperature was lowered to 550°C
and GaAs deposition was performed. The effective rate
of GaAsgrowth was one monolayer per second, and the
ratio of the Ga and As, fluxes was ~1. The process of
NW formation was monitored in situ by recording the
RHEED patterns [9]. Three samples were investigated.
In samples 1 and 2, the thicknesses of the deposited Au
films were 2.5 and 1.2 nm, respectively, and the effec-
tive thickness of the GaAs layer was 200 nm. In sample 3,
the thickness of the Au layer was 1.2 nm and the effec-
tive thickness of the GaAs layer was 500 nm.

The surface morphol ogy of the samples was studied
using a CamScan $4-90FE scanning electron micro-
scope with a field-emission cathode. The microscope
operated in the secondary-electron mode; the electron
energy in the probe beam was 20 keV, and the beam was
oriented at an angle of 27° to the surface of the GaAs
substrate.

3. RESULTS AND DISCUSSION

Figure 1a shows the RHEED pattern obtained from
aGaAs(111)B surface at azimuth [110] after the depo-
sition of a GaAs layer with effective thickness equal to
24 nm. In addition to the main reflections originating
from the reconstructed GaAs(111)B surface, the dif-
fraction pattern displays point reflections (indicated by
white arrows). The appearance of such point reflections
gives evidence of the formation of a well-developed
surface structure—in this case, NWs. Note that point
reflections are arranged in a regular pattern, typical of
diffraction from single-crystal systems. In Fig. 1b is
shown the RHEED pattern for the sample with a NW
system after the growth process has finished. In this
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case, only the pattern of diffraction peaksis present; the
pattern of stripes related to GaAs(111)B surface is
absent. Reconstruction of the GaAs(111)B surface is
not observed at any azimuth. Thus, it may be suggested
that the pattern shown in Fig. 1b originates from elec-
tron diffraction at the NW system. The shape of the pat-
tern in Fig. 1b corresponds to the diffraction from a
GaAssinglecrystal inthedirection [110] (see[10, 11]).

An SEM image of the surface of sample 1 with the
NW array isshownin Fig. 2a. One can seethat the NWs
are oriented perpendicularly to the GaAs(111) surface.
The density of the NW array is 2 x 10° cm2. Figure 2b
represents an image of sample 2, which differsfrom the
previous sample only in the thickness of the initialy
deposited Au film (1.2 nm). The density of the NW
array in sample 2 is close to that in sample 1 and is
equal to 1.8 x 10° cm.

It isimportant to note that the lengths of the NWsin
samples 1 and 2 range from 100 to 400 nm; thus, the
length distribution is rather broad. It should be empha
sized that the largest NW lengths do not exceed 2dy;,
where dy is the effective thickness of the deposited
GaAs layer. Ancther important parameter characteriz-
ing NWsisthe diameter. In Fig. 2c, the diameter distri-
bution (approximated by Gaussian functions) is shown
for the samples of Figs. 2aand 2b. In sample 1, where
the Au film was thicker, the spread in the NW diameter
is large. The peaks of the distribution correspond to
NWswith d =45, 95, 155, 275, and 310 nm. In sample 2,
wheretheinitialy deposited Au layer was 1.2 nm thick,
the diameter distribution is different; here, the most
typical NWs have d = 35-50 and 120 nm. Thus, it can
be concluded that NWs in sample 2 are more uniform
intheir diameters. Previoudy, the relationship betweenthe
size of droplets of the melt catalyzing the whisker growth
and the diameter of whiskers obtained by gas-phase epit-
axy was discussed in a number of papers [3, 12]. It was
shown that, in most cases, the whisker diameter equals
or slightly exceeds the diameter of the GaAsAu droplet
[12]. Thelatter, in turn, depends on the thickness of the
initially deposited Au film. It was shown that adecrease
in the thickness of the initial Au film can lead to a
decreasein the typical size and size spread of GaAsAu
droplets, which brings about the corresponding
changes in the system of whiskers [2]. For example, it
was shown that a process of InAs NW growth in which
the thickness of the initial Au film was 0.2 nm yields
whiskers with a diameter of 20 nm in their upper part.
Comparing the NW diameter distribution in samples 1
and 2, we find that the spread in NW diameters is
indeed reduced as the thickness of the Au film
decreases. In sample 2, there are no NWs with diame-
ters exceeding 200 nm, and the distribution peak corre-
spondsto d = 120 nm. In addition, NWswith diameters
~20 nm, which are absent in sample 1, can be found in
sample 2. However, the fraction of such NWs in the
array is small, and the main peak in the distribution of
small-diameter NWs appears at 30-50 nm (the same
range asin sample 1).
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Fig. 2. (8) SEM image of the surface of sample 1 with an
NW array; (b) SEM image of the surface of sample 2 with
an NW array; (c) diameter distribution of NWs in sam-
ples (1) 1and (2) 2.

There are two possible explanations for the
observed limitation of the minimum diameter. First, it
is known that the diameter of whiskers grown by the
VLS mechanism cannot be arbitrarily small: there is a
certain critical diameter below which whisker forma-
tionisimpossible[2]. Second, werely on the method of
the formation of GaAsAu droplets based on thermal
disintegration of the initially deposited Au film into the
array of GaAsAu droplets. Decreasing the temperature
at which this process is carried out should favor a
reduction in the typical size of droplets and a decrease
in the diameter of the crystals [8]. In the case under
consideration, the temperature of the formation of
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Fig. 3. SEM image of the surface of sample 3 with an NW
array recorded in the vicinity of acleaved edge.

GaAsAu droplets was determined by the temperature
needed for the removal of the oxide layer from the
GaAs surface and could not be lowered in order to
obtain smaller dropletsfor agiven thickness of Au film.

For application purposes, an increase in both the
length of NWs (to ~1 um or more) and the length-to-
diameter ratio is important. This can be achieved by
consistently choosing the distribution of GaAsAu drop-
lets on the GaAs surface from which the NWs are
formed and the amount of GaAs deposited. To imple-
ment this approach, in sample 3 (whose SEM imageis
shown in Fig. 3) the amount of GaAs deposited was
increased. The distribution of GaAsAu droplets, which
determines the diameter distribution of the NWs and
the density of the NW array, was chosen to be the same
asinsample 2. Thus, a1.2-nm-thick initial Au film was
deposited and identical conditions of the annealing of
the surface were used. The effective thickness of the
deposited GaAs was 500 nm. Figure 3 showsthe image
of sample 3 in the vicinity of acleaved edge (the wafer
was cleaved after growth of the NW). Note that no
region of damaged NWs, which could appear due to
mechanical stress induced during cleaving, appears
near the edge, which confirms the high mechanical
strength of synthesized GaAs NWs. The NW density
(2 x 10° cm) and the diameter distribution in sample 3
are close to those in sample 2. The NW length is 500—
800 nm, and the length-to-diameter ratio is as large as
20-25 for some of the NWs. The largest length of the
NWs does not exceed 2d;, asin the first two samples.
An increase in the effective thickness of the GaAsfilm
evidently leads to an increase in the length of GaAs
NWs compared to sample 2. Thus, the length of nano-
whiskers that can be grown by MBE ranges from
100 nm to several micrometers and is determined
mainly by the amount of deposited GaAs. We believe
that the NW diameter can be reduced to 20 nm or
smaller by decreasing the thickness of the initially
deposited Au film and reducing the temperature of the
formation of GaAsAu droplets.

TONKIKH et al.

4. CONCLUSIONS

An efficient method for the formation of whisker
crystals of nanometer dimensions (=100 nm in diame-
ter) issuggested. The arrays of synthesized GaAs nano-
whiskers are oriented strictly normally to the (111)B
surface of the GaAs substrate and have ahigh areal den-
sity (~10° cm™). It isshown that a decrease in the thick-
ness of theAu film resultsin ashift of the NW diameter
distribution to lower values. It is found that the length
of the NW is limited by a value equal to the doubled
effective thickness of the deposited GaAs layer. The
arrays of NWs grown can be used in the fabrication of
multiple-tip cathodes and, due to their high strength, in
separating biological and organic substances. Further-
more, we plan to develop a method for overgrowing
NWs with alayer of Al,Ga, _,As with high Al content
in order to obtain visiblerange emission from a
GaAgAlGaAs heterostructure with NWs as quantum
wires.
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Abstract—Photomodulation spectroscopy was applied to a study of the distribution of the density of electronic
statesin the energy gap of microcrystalline hydrogenated silicon (uc-Si:H) with avaried level of boron doping.
The information on the density-of-states distribution was extracted by analyzing temperature dependences of
the constant and modulated components of photoconductivity in a sample exposed to modulated light. The dis-
tributions of the density of electronic states in the upper and lower halves of the energy gap of puc-Si:H were
determined. The study demonstrated that the tail of the density-of-states distribution near the valence band is
less steep than that near the conduction band. © 2004 MAIK “ Nauka/Interperiodica” .

Microcrystalline hydrogenated silicon (pc-Si:H)
has recently attracted the attention of researchers
because, sinceit has more stable photoelectric parameters
compared to amorphous hydrogenated silicon (a-Si:H)
and good technological compatibility with a-Si:H, this
material is widely used in optoelectronics and, in par-
ticular, in tandem solar cells based on pc-Si:H and
a-Si:H [1].

One of the basic characteristics of disordered semi-
conductors, which include pc-Si:H, is the density of
localized electronic states in the energy gap or the
mobility gap. The distribution of the density of elec-
tronic states in the energy gap of pc-Si:H governs its
physical characteristics and the processes that occur in
the material: optical absorption, conductivity, and pho-
toconductivity.

The distribution of the density of electronic statesin
pc-Si:H has been considerably less studied than that in
a-Si:H. A number of issues associated with the density-
of-states distribution in the energy gap of pc-Si:H
remain unclear. It has been established that there is an
exponential tail of the density-of-states distribution
near the edge of the conduction band (E.) of pc-Si:H
[24]. It is assumed that an exponentia distribution of
localized states must also exist near the edge of the
valence band (E,) in pc-Si:H. However, there are
almost no published experimental data on the distribu-
tion of localized states near E, [5]. At the same time,
these states must play animportant rolein carrier trans-
port and recombination in puc-Si:H and, in particular, in
acceptor-doped pc-Si:H films. In view of the above, the
goal of thisstudy wasto examine the distribution of the
density of localized statesin the upper and lower halves
of the energy gap in pc-Si:H.

The measurements were carried out on pc-Si:H films
lightly doped with boron. pc-Si:H films 0.6-0.7 um thick
were deposited onto a quartz substrate at a temperature
of 220°C in a standard PECVD reactor (University of
Marburg) by glow-discharge decomposition of a
silane-hydrogen mixture containing 1.5% monosilane
(SiH,). The doping with boron was done by introducing
diborane (B,Hg) into the reaction chamber. The volume
ratio of the gasesk = [B,Hg]/[SiH,] wasintherange 2 x
106-10-5. According to thermoelectric data, the films
obtained at k = 3 x 10 had n-type conduction, and
those for which k = 4 x 10, p-type conduction.
According to electron-microscopic data, the films
were composed of columns 30—-100 nm in diameter,
which contained 3 to 30-nm crystallites. The crystal-
line component in the Raman spectra of these films
constituted 85%.

Magnesium contacts were deposited onto the sur-
face of the films. The measurements were performed in
avacuum at aresidual pressure of 10 Pa. Prior to mea-
surements, the films were annealed in a vacuum at
180°C for 30 min.

For a-Si:H, the distribution of statesin the mobility
gap and, in particular, near the band edges is obtained
in most cases by analyzing spectral dependences of the
absorption coefficient at energies lower than the optical
energy gap [6]. In the case of pc-Si:H, the considerable
contribution to the absorption from interband optical
transitions in microcrystals [7] makes it difficult to
obtain information on the distribution of localized
states in the energy gap by optical techniques. That is
why photomodulation spectroscopy [8, 9] was used in
the present study.

Conventionally, the method of photomodulation
spectroscopy measures the phase shift between the
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Fig. 1. Temperature dependences of (1) dark conductivity
0y, (2-4) the constant component of photoconductivity

(AG), and (2—4') the amplitude of the modulated compo-
nent of photoconductivity (AG) at different illumination
intensities for a sample fabricated at k = 4 x 1076, 15 = I;:
(2,2)10%, (3,3) 4% 10", and (4, 4) 1.3 x 10 cm™? L,

exciting light, which is modulated with frequency w
and has an intensity of 1, + I;sin(wt) (I, 2 1,), and the
modulated photocurrent generated in a sample [8].
Analysis of how the phase shift depends on the modu-
lation frequency makes it possible to determine the
energy distribution of localized states, N,(E) [2—4, 8].
At the same time, according to [10], Ny(E) can also be
obtained by measuring the constant and modulated
components of the photocurrent. In this case, N(E7) =
[Gy/wksT](AT /AG) for an n-type material, where AG
and AG are the constant component and the amplitude
of the modulated component of photoconductivity,
respectively; E7, the quasi-Fermi energy for electrons;
G;, the amplitude of the rate of generation of nonequi-
librium carriers under modulated excitation; T, temper-
ature; and kg, the Boltzmann constant. Thus, the posi-
tion of E} can be changed by varying the temperature
or excitation intensity, and, accordingly, the N,(E) dis-
tribution can be obtained by measuring AG and AG .

The above expression for N(EY ) is valid for modu-
lation frequenciesthat satisfy the condition (1/1,) < w<
N* vSexp[<E, — E} )/KT], where t,,, NX, v, and Sare

the photoresponsetime, effective density of statesinthe
conduction band, thermal velocity of carriers, and cross

KAZANSKIT, KHABAROVA

section of their capture by localized states, respectively.
The upper bound on w is necessary for a thermody-
namic equilibrium to exist under modulated excitation
between free carriers and those captured in states near

E} . At the sametime, if the lower bound on w is satis-

fied, thevalue of AG must beindependent of the carrier
lifetime and vary in inverse proportion to w.

In this study, samples were excited with modul ated
light emitted by an IR LED with a wavelength of
0.87 um and intensity 1, =1, = 101°-1.5 x 10 cm=? s
Measurements of the frequency dependences of AG
demonstrated that, for all the samples under study, the
dependence Ao (w) is nearly inversely proportiona in
the modulation frequency range f = w/2m > 7 kHz.
Therefore, al the measurements described below were
carried out at f = 8 kHz.

The measurements demonstrated that the tempera-
ture dependences of AG and AG are similar for al the
pc-Si:H films studied. For example, Fig. 1 shows the
temperature dependences of AG and A, measured at
different intensities of modulated light for a pc-Si:H
film doped with boron at k = 4 x 10-%. The same figure

shows the temperature dependence of the dark conduc-
tivity 4. It can be seen that, as the illumination inten-

sity increases, the value of AG does not change signif-
icantly, whereas AG grows appreciably. The result
obtained confirms that the condition (1) < wis satis-
fied for the modulation frequency used. Indeed, the
dlight change in AG on raising the excitation intensity
is due to the small value of the exponent y in the cur-
rent-light characteristic (AG O 1Y) [11], which is, in
turn, caused by the strong dependence of the carrier
lifetime on excitation intensity in pc-Si:H films. As
aready mentioned, if the condition (1) < wis satis-
fied, the value of AG must be independent of the life-
time and vary in proportion to the excitation intensity,
which is actually observed in the experiment.

Figure 2 shows the distribution of density of states
near the edge of the valence band, calculated for asam-
ple obtained at k = 4 x 106 from the temperature depen-
dences of AG and AG, presented above. It was
assumed in the calculation that the position of the
guasi-Fermi level in pc-Si:H relative to the edge of the

conduction band for n-type samples, (E.— E} ), or tothe
edge of the valence band for p-type samples, (Ef —E,),
is determined by the relation |Ey,, — EfP| =

ksTIN(oy/AG ), where o, = 200 Q-1 cmr® [12]. It can be
seen in the figure that the density of electron states,
determined by the method considered above, is virtu-
ally independent of light intensity, asit should beif the
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Fig. 2. Distribution of the density of localized electron
states near the valence band for a sample fabricated at k =

4 x 10‘6, determined from the results of measurements at
different illumination intensities. 1o = 1: (1) 10%°, (2) 4 x
105, and (3) 1.3 x 1018 em™2 5L,
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Fig. 3. Distribution of the density of localized electron
states in the energy gap of JC-Si:H. (1-5) Results of this
study and (6) data of [6]. k = (1) 2 x 10°°, (2) 3 x 1075,
(3) 4% 1075, (4) 5x 1075, and (5) 10°°.

necessary conditions for the applicability of the tech-
nigue described are satisfied.

Figure 3 shows the density-of-states distribution
over energy E in the energy gap of uc-Si:H, obtained
SEMICONDUCTORS  Vol. 38
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for al the samples studied by processing the tempera-
ture dependences of AG and AG . The energiesfor sam-
ples with p-type conduction were calculated for the
energy gap of pc-Si:H, which was obtained from opti-
cal measurements as 1.12 eV [7]. For comparison, the
figure shows the distributions of density of states near
the edge of the conduction band in pc-Si:H, obtained in
[2] by photomodulation spectroscopy from phase-shift
measurements. It can be seen from the figure that, for
the pc-Si:H samples studied, the distribution of density
of states near the edge of the conduction band is nearly

exponential with a characteristic energy ks Tg = 0.04—

0.06 eV. This is in an agreement with the results of
other studies, which are shown in the figure. For p-type
pe-Si:H samples, an exponential tail of the distribution
of density of states is also observed near the valence

band, and the characteristic energy of thistail (kg Ty =

0.06-0.07 eV) somewhat exceeds the energy kgTg

obtained for the tail of the conduction band. This result
confirmsthe assumptions made in the literature accord-
ing to which thetail of localized states near the valence
band in pc-Si:H isless steep than that near the conduc-
tion band [13].

At present, there are no data on the influence exerted
by the doping level and, accordingly, the position of the
Fermi level (E;) on the distribution of the density of
localized states in the energy gap of pc-Si:H. If it is
assumed that the distribution of the density of localized
statesisindependent of the position of E;, then the data
presented in the figure reflect the distribution of the
density of localized statesin the energy gap of pc-Si:H.
If, however, the distribution of the density of localized
states depends on the position of E; [14] and, accord-
ingly, on the doping level and the type of conductionin
the material, then the curves in Fig. 3 characterize the
dependences N,(E) in the upper half of the energy gap
of pc-Si:H for n-type samples and in the lower half for
p-type samples.
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Abstract—Theresults of research aimed at the development of high-efficiency Ge/Si-based photodetectors for
fiber-optic communication applications are reported. The photodetectors are designed as vertical p—i—n diodes
on silicon-on-insulator substratesin combination with waveguide lateral geometry and contain Ge quantum-dot

layers. Thelayer density of quantum dotsis 1 x 1012 cm

; the dot sizein the plane of growth is~8 nm. Unprec-

edentedly high quantum efficiency suitable for the range of telecommunication wavelengths is attained; specif-
ically, in the waveguides illuminated from the end side, the efficiency was as high as 21 and 16% at 1.3 and
1.55 um, respectively. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

One of the most important areasin the devel opment
of information transfer facilities in television and tele-
phone networks, the Internet, and optical computersis
the elaboration of fiber-optic communication lines
(FOCLs). FOCLs contain a transmitter and a receiver,
commutation elements, and fiber-optic waveguides. In
the transmitter, electrical signals pass an electron con-
trol circuit and enter a semiconductor radiator (a laser
or alight-emitting diode), wherethey are converted into
optical signals that are fed via matching devices into a
fiber-optic waveguide and propagate there to aspecified
point. A photodetector (PD) detects the radiation and
performs the optoelectrical conversion and the subse-
guent amplification of the electrical signals.

Quartz is conventionally employed for optical
waveguides incorporated in FOCLs. An absorption
spectrum of high purity quartz typically features three
windows of transparency in the vicinity of 0.85, 1.3,
and 1.55 um. This region also corresponds to the near-
est atmospheric transparency window. It is currently
assumed that the near-infrared (IR) range from 1.3 to
1.55 umisthe most appropriate for FOCL applications.

Thewide use of FOCLsis hindered by the high cost
of optical transmitter—receiversoperating in the near-IR
spectral region. It is expected that the implementation
of a silicon-compatible technology for the production
of photonic FOCL elements will significantly reduce
the cost of such elements and allow monolithic integra-
tion of al components including radio-amplifying and
shifting electronics on the basis of a smple, reliable,
and easy-to-reproduce optoe ectronic integrated circuit [1].
However, silicon itself is transparent for radiation with

awavelength larger than 1.1 um. A fairly high sensitiv-
ity in the vicinity of the wavelength A = 1.5 um can be
obtained with germanium PDs. This circumstance
meansthat researchers are currently interested in devel -
oping Ge/Si heterostructures that are sensitive at room
temperature within the telecommunication wavelength
range from 1.3 to 1.55 um.

Asfor the prospects for incorporating Ge/Si hetero-
junctions into the concept of silicon VLS|, Ge/Si het-
erostructures with coherently introduced Ge nanoclus-
ters (quantum dots) are the most promising, since these
structures offer the possibility of overgrowing the elas-
tically stressed germanium layers with well-structured
Si layers, which may serve as a base for the subsequent
VLSl eements to be mounted on. Furthermore, such a
system has aready been employed in light-emitting
diodes radiating at room temperature in the range 1.3-
1.55 um with the quantum yield a alevel of 0.015%[2].

Initially, Ge/Si photodiodes with Ge quantum dots
(QDs) were designed for normal incidence of light on
the side of the p—n junction plane [3, 4]. The quantum
efficiency n ranged from 3to 8% for A = 1.3-1.46 pum.
One can increase the quantum efficiency by using a
waveguide structure that involves the effect of multiple
internal reflection from the walls of the waveguide.
Since the optical beams should propagate in the plane
of the integrated circuit, which includes all the neces-
sary FOCL elements [1], such a design is advanta-
geously suited to end-on illumination of the detector.
The fabrication of waveguide photodetectors based on
Ge/Si heterostructures with coherently introduced Ge
nanoislands was reported in [5, 6]. The highest quan-
tum efficiency attained at the wavelength A = 1.3 um
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Fig. 1. Schematic representation of the photodetector
formed on a silicon-on-insulator substrate.

wasn = 5.3 and 9.5% for a PD structure in the form of
a p—i—n diode [5] and a bipolar n—p— phototransi stor
[6], respectively. It should be noted that in [5, 6] the
layer density of islands was 1 x 10 cm™ or lower.
Clearly, one way to further increase the quantum effi-
ciency of photoconversion in such structuresisto raise
the density of Ge nanoclusters. The aim of thisstudy is
to develop awaveguide Ge/Si photodetector containing
arrays of Ge QDs with alayer density at 10 cm and
featuring high sensitivity over the telecommunication
wavelength range.

2. PHOTODETECTOR PRODUCTION
TECHNOLOGY

The photodetectors under study were silicon p—-—n
diodes with 36 layers of Ge idlands built into the base
region that were divided by 30-nm-wide Si layers. Each
device combined a vertical photodiode and lateral
waveguide (Fig. 1). In order to obtain high-density ger-
manium islands, they were formed by molecular-beam
epitaxy (MBE) in the Volmer—Weber growth mode on a
preliminarily oxidized silicon surface [7]. In our previ-
ousstudies, it was shown that this procedure allows one
to yield layers of Ge nanoclusters that are coherently
matched to Si and have alayer density of up to 102 cm?
for sizesno larger than 10 nm [4, 7, 8].

As substrates, we used the silicon-on-insulator
(SOI) wafers fabricated by SMART CUT technology
(Wafer World, Inc.). The silicon layer cut off from the
SOl structure and the buried oxide had thicknesses of
280 nm and 380 nm, respectively. The upper silicon
layer was (100)-oriented. Before the MBE process, the
silicon layer was thinned to 250 nm by thermal oxida-
tion with subsequent etching of the oxide in a hydrofiu-
oric acid solution. Thediffraction pattern obtained from
the silicon surface indicated that the SOI-wafer work-
ing layer was of high crystal quality and would be suit-
able for epitaxia growth. Inthe near-IR region, the dif-
ference between the Si and SiO, refractive indices is
equal to two, which is sufficiently high to allow effi-
cient spatial focusing of a beam propagating in the
waveguide over the substrate plane.

YAKIMOV et al.
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Fig. 2. SIMS profiles of boron and antinomy concentrations
across the epitaxial layer starting from the surface.

Boththe Si and Ge layerswere grown at 500°C. The
growth rate was maintained at a level of 0.3 and
0.03 nm/sfor Si and Ge, respectively. At first, after the
conventional cleaning of the SOI surface, a 500-nm-
thick p*-Si layer doped with boron to aconcentration of
1 x 10 cmr3 was grown; then, a 100-nm-thick buffer
layer of nominaly undoped Si was deposited. After
that, oxygen was | et into the growth chamber and the Si
surface was oxidized for 10 min at an oxygen pressure
of 10 Pa and a substrate temperature of 500°C. This
procedure resulted in the formation of a SiO, layer with
a thickness of several angstroms. Oxygen was then
pumped out of the chamber so that the pressure
decreased to 10~ Pa and a 0.5-nm-thick Ge layer was
deposited and overgrown with Si to a thickness of
30 nm. The overgrowth was preceded by an increase in
the wafer temperature to 600°C over a short period
(2 min). Such annealing was necessary for the subse-
guent growth of defect-free Ge layers. The last four
procedures (oxidation, the deposition of a0.5-nm-thick
Ge layer, annealing for 2 min, and the deposition of a
20-nm-thick Si layer) were successively repeated
36 times. The resulting multilayer Ge/Si structure was
covered with a 100-nm-thick Si layer. The background
concentration of boron in the nominally undoped Si
layers was 3 x 10% cm3. Finadly, the formation of the
p—i—n diode was completed by the growth of a300-nm-
thick n*-Si layer (with an Sb concentration of 4 x
10* cm®). Figure 2 shows the boron and antimony
concentration profiles in the structure according to the
data of secondary-ion mass spectrometry.

The state of the grown Gelayer surface was checked
using scanning tunneling microscopy (STM). By statis-
tical processing of the surface profiles, the average size
of the Ge islands in the growth plane was estimated as
~8 nm, and the density of islands, ~10** cm™. Refer-
ence specimens on silicon substrate-satellites were
grown for Raman scattering (RS) and photolumines-
cence (PL) measurements. The sequence of layers was
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the same as in the SOI wafers, except for the upper
n*-Si layer, which was absent in the reference struc-
tures. Also, the number of Ge layers in the reference
structures was only 10 instead of 36.

The fabrication of PDs was continued on a silicon
linear array using a specialy designed set of photo-
masks. The waveguide width was 50 pum and the length
varied from 100 pum to 5 mm. The vertical walls were
formed by the conventional photolithography method
and plasma—chemical etching to adepth of 1.6 um. The
buried SIO, layer was used as a refl ective coating on the
substrate side, while a 70-nm-thick aluminum foil was
used for the same purpose on the lateral walls of the
waveguide, whereit also served as an electrical contact
to the upper n*-Si layer. Theilluminated end face of the
waveguide, like all the other walls, was covered with a
225-nm-thick pyrolytic SO, layer, which aso func-
tioned as an antireflection layer at wavelength of 1.3 um.

3. RAMAN SCATTERING

We analyzed the structure of Ge nanoclusters using
the data of Raman scattering (RS) spectroscopy. The
RS spectraof the structures under excitation by Ar-laser
radiation (A = 514.5 nm) were detected at room temper-
ature using a computer-controlled setup built around a
DFS-52 spectrometer (LOMO, St. Petersburg) in the
guasi-backscattering geometry. We used the polariza-
tion scattering geometry XY; i.e., the incident radiation
was polarized aong the crystallographic direction
[001] (X axis) and the scattered radiation was detected
in the polarization [010] (Y axis). This geometry was
chosen sinceit isallowed for scattering by L O phonons
in Geand Si and isforbidden for two-phonon scattering
by TA phonons from the silicon substrate. Thus, we
avoided the difficulties encountered during the interpre-
tation of RS spectrain[9].

Figure 3 shows the Raman spectra of a sample with
Geislands and a Si substrate in XY geometry and the
spectrum obtained from the silicon substrate without
the polarization analysis of the scattered light. The lat-
ter spectrum shows peaks that correspond to two-
phonon RS by TA phonons of silicon and are similar to
those observed in [9]. It can be seen that, in XY polar-
ization geometry, these peaks have another shape and
have an intensity that is more than one order of magni-
tude lower (for clarity and ease of comparison, the
spectrum in XY geometry from the Si substrate is mul-
tiplied by a factor of 10). The spectrum of the sample
with Ge nanoclusters contains peaks that correspond to
RS by optical vibrations of Ge-Ge and Ge-Si bonds, as
well as by optical vibrations of Si—Si bonds (from the
substrate). Analysis of the position and intensity of the
RS spectrum allowed us to estimate the stoichiometry
level and the stresses in the Ge islands.
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Fig. 3. Raman spectra (solid line) in a sample with Ge nan-
oclustersand (dotted line, with intensity multiplied by afac-
tor of 10) in the Si substrate in XY geometry. The dashed
line shows the spectrum from the silicon substrate without
polarization analysis of the scattered light.

The integrated intensities of scattering by Ge-Ge
and Ge-Si bonds are related as

IGeGe X
=B , 1
e B2(1-%) @)

where B = 3.2[10]. Based on these data, we established

the relative content of germanium in the idands x
within the range 0.65-0.70.

We analyzed the position of the RS peaks using the
approach described in[11, 12]. Since the optical-phonon
frequency at the center of the Brillouin zonefor bulk ger-
manium equals 302 cm™, the frequencies of S-S,
Ge-Si, and Ge-Ge bonds can be approximated as

Wgg = 520.5—-62x—8.15¢,
Wges = 400.5 + 14.2x —5.75¢,

Weece = 302 —18(1 - X) — 3.85¢, )

where x isthe Ge content in theislands and € isthe rel-
ative mismatch of the lattice constants. In [12] the val-
ues of these frequencies (in cm™) are presented versus
the composition (when x does not exceed 0.4) and the
relative mismatch of the lattice constantsin the plane of
growth (100) € (in percent). The shift istaken for Ge and
is negative in the case of compression. Expressions (2)



1228

Intensity, arb. units

| |
0.7 0.8 0.9 1.0 1.1
Photon energy, eV

Fig. 4. PL spectrum measured at 4.2 K.
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Fig. 5. Sensitivity spectra of the photodetectors with differ-
ent waveguide length L in short-circuit mode: L = (1) 0.2,
(2) 0.5, (3) 1, (4) 2, and (5) 3 mm; room-temperature mea-
surements.

extrapolate these dependences to the region of nano-
clusters with the Ge content x approaching unity.

The maximum signal from Ge-Ge bonds is
observed at 300 cm (Fig. 3). Taking into account that,
because of the size-related quantum effect, the peak for
1.4-nm-high islands is shifted to lower frequencies by
4cm™, we can evaluate its position in unstrained
Ge,;Siy3 nanoclusters at 292.5 cm™. Thus, the total
shift dueto stresses equals 7.5 cmr. The maximum rel-
ative difference between the lattice constants in com-
pletely strained nonrelaxed Ge, ;Siy 5 islands and the Si
matrix is 2.9%. Hence, it follows that the maximal shift
of the RS peak dueto stressin nonrelaxed islands would
equa 11 cm . This result means that the relaxation of
stresses in germanium nanoclusters amounts to 30%.

4. PHOTOLUMINESCENCE

The steady-state photoluminescence (PL) spectra
were measured using a setup based on an SDL-1 double

YAKIMOV et al.

monochromator with a 300 groove/mm grating (focal
distance, 600 mm). The PL was excited using Ar-laser
radiation (A = 488 nm) with a power density of
25 W/cm?. Emission was detected using a liquid-nitro-
gen-cooled germanium p—i-n photodiode (Edinburgh
Instruments). Figure 4 shows the PL spectrum mea-
sured at 4.2 K. The spectrum features a set of linesin
the range 1.05-1.1 €V that correspond to the exciton
recombination in silicon and a broad band in the vicin-
ity of 0.8 eV (A = 1.55 um) attributed to indirect (in red
space) optical recombination between holes localized
in Ge islands and electrons at the type-I1 heterobound-
ary in Si. The low-energy edge of the PL signal from
the idands is defined by the edge of the Ge-detector
spectral characteristic. The presence of efficient PL in
the wavel ength range of interest allows one to hope that
waveguide photodetectors will provide highly efficient
photoconversion.

5. PHOTOELECTRIC CHARACTERISTICS
OF THE PHOTODETECTOR

Typical spectral dependences of the current—power
sensitivity of the photodetector in the short-circuit
mode (bias U = 0) when the waveguide ends are illumi-
nated are shown in Fig. 5. Different curves correspond
to different waveguide lengths L. The photoresponse of
the samples was measured at room temperature using
an IKS-31 infrared spectrometer and a phase-sensitive
nanovoltmeter at a modulation frequency of 560 Hz.
The spectral characteristics of illuminance were
obtained using a cooled CdHgTe photoresistor. |n order
to exclude the penetration of light into the substrate,
which would lead to an erroneous value of illuminance
because of an increase in the areathat isilluminated in
reality, the light beam was directed onto the detector
from above at an angle of ~5° relative to the normal to
the detector’s end face. As for the photosensitive area,
we took the value 50 x 400 um?, where 50 pm is the
waveguide width and 400 um is the total thickness of
the structure including the substrate. This procedure
disregards the optical coupling of light in the
waveguide and yields the lower-bound estimate of the
sensitivity and quantum efficiency.

Figure 6 shows the dependences of quantum effi-
ciency n at thewavelengths A = 1.3 and 1.55 um on the
waveguide length and the reverse bias. The values of n
were calculated from the relationship between the sen-
sitivity R, photon energy hv, and the e ementary charge e:
R = (rhv)n. It turned out that the maximum quantum
efficiency is attained in the structures with waveguide
length L > 3 mm (Fig. 6a) at reverse bias U > 3V
(Fig. 6b) and is as high as 21 and 16% for wavelengths
of 1.3 and 1.55 um, respectively. The flattening out of
n observed in long waveguides apparently indicates
that the light that penetrates the face of the edge and
propagates over the germanium layers is completely
absorbed in this case. We previously observed the flat-
tening of the photoresponse with reverse bias in the
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Fig. 6. Quantum efficiency at 1.3 and 1.55 pm vs. (@) the
waveguide length in short-circuit mode and (b) the reverse
bias for the waveguide length L = 4 mm.

conventional geometry of Ge/Si-based p—i—n photo-
diodes whose p— junction side wasilluminated [4]; we
attributed this effect to the electric-field stimulation of
gjection of photoholes localized in Ge idands into the
valence band.

6. CONCLUSIONS

The main results of this study can be formulated as
follows:
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(i) A method for the production of waveguidesilicon
p—i—n photodiodes with built-in layers of Ge quantum
dots on silicon-on-insulator substrates for the telecom-
munication wavelength range (1.3—1.55 um) is devel-
oped. The layer density of quantum dots is 10? cm™,
and the dot size does not exceed 10 nm.

(i) Dueto both the effect of multipleinternal reflec-
tion and the high density of Ge nanoclusters in the
active region, we obtain a quantum efficiency of 21 and
16% at wavelengths of 1.3 and 1.55 um, respectively.
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Abstract—Room-temperature spectral characteristics of light-emitting diodes that are based on double
InAsSbP/InAs heterostructures with an active InAs layer and a cavity formed by a wide anode contact and the
structure surface and that emit near 3.3 um are considered. The far-field pattern and the mode structure of light-
emitting diodes 7.5-45 um thick are reported, as well as the dependences of the mode position on the pump

current. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, significant progress has been made
in the development of infrared (IR) light-emitting
diodes (LEDs) operating at room temperature and
applicable to optical analyzers of methane that are
based on absorption measurement near the fundamental
band v3 (3.3 um). The operating life of such light-emit-
ting diodes exceeds 30000 hours [1], which is quite
enough for most of applications.

Lattice-matched InAsSbP/InAs structures with an
opague InAs substrate that are grown by liquid-phase
epitaxy (LPE) or metal-organic chemical vapor deposi-
tion (MOCVD) are most frequently used for the above
purposes. The relevant literature contains a description
of LEDs emitting at 3.3 um with a point top contact
without antireflection coatings[2, 3]. Accordingto[2, 3],
the output power of such diodes was as high as 5 mwW
for pump currents of 1.4 and 12 A, respectively. This
observation indicatesahigh internal quantum yield that
far exceeds 50%, judging from the data of [2]. Dueto a
large refractive index (n = 3.52) and a small angle of
total internal reflection, aswell astheinevitable crowd-
ing of current lines in the vicinity of the point contact,
the LED designs described above are not optimal.
Therefore, it can be expected that optimization of the
contact configuration and antireflection of the surface
will lead to a significant increase in LED power in the
near future.

The development of an LED based on
InAsSbP/InAs doubl e heterostructures (DHS) grown on
a transparent heavily doped n*-InAs substrate with a
wide reflecting anode contact is reported in [4]. The
total internal reflection of these structures was
decreased by combining the LED with immersion
lenses shaped like hyperhemispheres [5]. Despite the
high output power of radiation (10 mwW, 5 A), such
LEDs are characterized by a heavy temperature depen-

dence of power because of radiation extraction through
n*-InAs. This dependence is caused by the removal of
electron degeneracy in the n*-InAs conduction band at
increased temperatures [6]. Another disadvantageisthe
temperature shift of the emission band, which, how-
ever, is suppressed using narrow-band filters[7, 8] with
acertain lossof power in the maximum of spectrally fil-
tered radiation.

At the same time, the development of a cavity with
a thickness on the order of the emission wavelength,
with faces arranged in parallel to the p—n junction and
integrated with it, eliminates the disadvantages men-
tioned above. Thisis achieved dueto an increasein the
yield of emission normal to the surface and simulta-
neous stabilization of the wavelength with respect to
temperature variations. Corresponding LEDs with
microcavitieswere actively studied in the near-IR spec-
tral region (see, for example, [9, 10]); at the sametime,
studies of such LEDs in the mid-IR region are few in
number. Microcavity LED structures of CdHgTe/HgTe
with a series resistance of 80 Q were grown by molec-
ular-beam epitaxy (MBE) [11]. Such a high resistance
combined with the low thermal conductivity of 1V-VI
materials results in a low efficiency of such devices.
Optically excited LEDs based on lead chalcogenides,
grown on BaF, or Si substrates, aredescribed in[12, 13].
Far less attention was paid to LEDs with microcavities
based on I11-V materias, although they are character-
ized by high therma conductivity and metallurgical
stability. In [14] the output power at a wavelength of
4.2 um was increased twofold due to the presence of
GaAg/AlAs Bragg mirrors bordering on the active
region based on a superlattice of typell.

In this paper, we report on the resonant properties
that appear in electroluminescence spectranear 3.3 um
in InAsSbP/InAs DH grown by LPE on indium ars-
enide substrates, in which the Fabry—Perot cavity is
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formed by a mirror anode contact and the surface of the
semiconductor structure.

2. SAMPLES AND METHODS
OF MEASUREMENT

The samples to be studied were prepared from
InNAsSbP/INAs DHs grown on (i) heavily doped
n*-INAs(Sn)(111) substrates (n > 10 cm3) (type 1)
and (i) wide-gap buffer INAsSbP and InGaAsSb layers
2—40 pm thick, preliminarily grown on the surface of
undoped n-InAs(111) substrates (n = 2 x 10% cm)
(type 2). The DHs used were similar to those we
described previously as applied to LEDs[4] and photo-
diodes [6] that had peaks of spectral characteristics at
3.3 um: the thicknesses of undoped InAs regions
(active region) was 1-2 pm, and the thicknesses of
wide-gap layers (of n- and p-InAs, _, _,Sb,P, (x=0.09,
y=0.18, p = 2-5 x 10 cm) were 2-3 um.

To obtain structures with circular mesas 300 pm in
diameter, two-sided wet photolithography was used.
Circular anode (D = 100 or 240 pm) and U-shaped
cathode contacts (Fig. 1) were deposited by sputtering
followed by “hardening” using electrochemical deposi-
tion of gold. Contacts were not intentionally alloyed. In
some samples, awindow 100-140 pm in diameter was
etched from the substrate side above the central region
of the anode contact, as shown in Fig. 2. Etching was
carried out in three stages: uniform thinning of the
entire substrate, etching through a mask with circular
holes, and uniform thinning of the entire substrate
including hollows obtained at the second stage.

Samples were cut or cleaved into chips 0.95 x
0.85 mm in size, after which they were soldered onto
silicon holders 1.1 x 1.6 x 0.4 mm in size with a corre-
sponding configuration of contact regions. The assem-
bled chips were soldered onto TO-18 headers.

M easurements were carried out at room and liquid-
nitrogen (77 K) temperatures. To this end, a pulsed
power supply was used with a duration of 5 us and a
frequency of 500 Hz; cooled (77 K) InSh and CdHgTe
photodiodes were used as detectors.

3. RESULTS AND DISCUSSION

Figure 3 shows typical electroluminescence spectra
of type-2 diodes with a thickness in the window region
of about 45 pm and awide anode contact (D = 240 um);
the spectra were measured at temperatures of 77 and
300 K. The temperature shift of the contour enveloping
all peaks correspondsto achangein the InAsband gap:
dEy/dT =2.8 x 10 eV/K. Asisevident from Fig. 3, the
radiation is modulated, which is caused by the Fabry—
Perot cavity, whose length is equal to the thickness of
the structure on the assumption that the average refrac-
tive index in the structureisn = 3.5. Thisisillustrated
by the data of Fig. 4, which shows that the intermode
distanceinthe LED with A = 3.3 um and thicknesses of

SEMICONDUCTORS Vol. 38 No. 10 2004

Fig. 1. View of the contact surface of the light-emitting
diode chip with mesa and anode contact diameters of 300
and 100 pm, respectively. The etched “window” isnot seen,
sinceit is on the opposite side of the chip.

Output

Cathode Anode Cathode

XKD

Fig. 2. Schematic representation of the LED fabricated
using “flip-chip” technology with a “window” in the sub-
strate: n-InAs substrate; INAS/INAsSbP double heterostruc-
ture (DH); and asilicon holder with Pb+Snh contact regions.

Intensity, arb. units

1.0
77K 300 K
0.8 InAs DH LED
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Fig. 3. Electroluminescence spectra of the 45-um-thick
LED at 77 and 300 K.
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Fig. 4. Distance between luminescence peaksin the 45-um-
thick LED (circles correspond to the data of Fig. 3; triangles
are the data on positive/negative luminescence of the
InGaAsSh LED [15]) and inthe 7.5-um-thick LED (squares
correspond to the data of Fig. 6).
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Fig. 5. Dependence of the spectral position of a chosen
emission peak on the pump current. The inset shows the
emission spectrum at currents of 0.1 and 2 A in the range
from 3.30 to 3.36 um.

7.5 pum (upper curve, squares) and 45 um (lower curve,
circles), aswell asin the LED with A = 3.9 um and a
thickness of 45 um (lower curve, triangles [15]), are
adequately described as AA = A%/2nL, n=3.5.

We note that the intermode distance in the long-
wavelength region (A > 4.5 um, Fig. 4) was obtained by
measuring the negative luminescence in INnGaAsSb-
based diodes at a temperature of 180°C. Thus, the
monotonic variation in the intermode distance in the
entire wavelength range indicates that the refractive
index varieswith temperature only dlightly. At the same
time, the spectral position of some modes shifted to
longer wavelengths as current increased (at a rate of
~10 nm/A), as shown in Fig. 5. We could assume that

ZOTOVA et al.

Normalized emission intensity
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0.5F

7.5 pm thick \
InAs DH LED \(hs 547 nl)
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Fig. 6. Normalized electroluminescence spectra of the
7.5-pum-thick LED at pump currents of 50, 150, 250, and
500 mA.

Joule heating takes place in the diodes; however, we do
not expect a substantial contribution from the tempera-
ture-induced “expansion” of the cavity to the observed
effect, since the active region is close to the heat sink,
the series resistance is low, and the InAs linear-expan-
sion coefficient is small. The process of current retun-
ing of modes will be the subject of our next study, since
current modulation of radiation can be very useful in
fine spectral measurements.

Figure 6 shows the emission spectrum of the thin-
nest (in this study) LED, in which the central region of
the mesa did not contain a substrate (type 1) and the
anode contact diameter was 100 um. The total thick-
ness, including the thickness of wide-gap InAsSbP lay-
ers and the InAs active layer, was estimated at 7.5 pum.
We can seein Fig. 6 that the contrast increases with cur-
rent in the range 50-500 mA, which is similar to super-
luminescenceinitiation at resonant peakswith high lev-
els of injection. However, we cannot insist on explain-
ing the increase in contrast by superluminescence
initiation, since an important feature of this lumines-
cence, i.e., the superlinear current—power characteris-
tic, was not observed in the experiments we conducted.
The output power in the LED under study increased
with current; however, this dependence was sublinear,
which is characteristic of most LEDs in this spectral
region (see, for example, [2, 3]). Another observation
that means that we cannot restrict our analysis to con-
sideration of superluminescenceisthefact that the con-
trast did not increase with current in structures with
wide contacts (240 pm). The most probable explana-
tion for this is the redistribution (crowding) of current
lines in samples with a contact diameter of 100 pum,
which is referred to as “current crowding” and is
observed in an absolute mgjority of LEDs with small
contacts [16, 17]. Indeed, in the case under consider-
ation, it is quite reasonable to admit that radiation is
summed from two regions: (i) the region located imme-
2004
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Fig. 7. Pattern of the electroluminescence far field of the
LED with well-defined (bold curve) and poorly defined
(thin curve) spectral resonances.

diately above the anode contact that is subjected to a
significant effect of interference due to the high reflec-
tance of gold and (ii) the region enveloping the former
region with a ring. The second region is characterized
by low reflectance from the p-InAsSbP surface without
a gold coating (note that the “window” diameter was
dlightly larger than the contact diameter). At low cur-
rents, both regions contribute to the radiation emitted
by the semiconductor, athough the contribution of the
first region prevails due to reflection from the contact.
Asthe current increases, its lines crowd above the con-
tact, which decreases the relative contribution of
regions outside the contact. Hence, resonant peaks are
intensified and the contrast in the spectrum increases
with current, since radiation of the above-contact
region of the mesais modulated by the cavity.

The use of atransparent cavity leadsto adecreasein
the optical losses associated with total internal reflec-
tion. In the experiment, this effect is accompanied by a
narrowing of the far-field pattern of the LED radiation,
which exhibits pronounced resonant peaks in the emis-
sion spectrum (see Fig. 7) and an increase in the
Q-factor with cavity length. The Q-factors for the sam-
ples with thicknesses 7.5, 13, and 45 pum were esti-
mated by the mode half-width as 24, 32, and 80, respec-
tively. Incidentally, note that the actual (unnormalized)
intensities of the resonant peaks shown in Fig. 6 are at
least 25% higher than the corresponding intensities for
similar samples exhibiting no resonant peaks. Thiscir-
cumstance suggests that in samples with high Q-factors
an actua redistribution of radiation power occurs,
whichischaracteristic of LEDswith microcavities(i.e.,
RC LEDs).

As we noted previoudly [6], electron degeneracy in
the conduction band of heavily doped indium arsenide
is eliminated as temperature increases; i.e., the Burst-
ein-Moss effect is suppressed with a corresponding
increase in absorption near the spectral band at 3.3 um.
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Relative output power
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Fig. 8. Temperature dependence of the output power of the
3.3-um LED based on a InAsSbP double heterostructure
with a heavily doped substrate (circles) and without a sub-
strate (i.e., with awindow) (triangles).

Therefore, it might be expected that LEDs without a
substrate would have better characteristics at increased
temperatures. Indeed, as can be seen from Fig. 8, the
falloff of the temperature dependence of the output
power in the LED without substrate (type 1) is less
steep thanin the LED in which radiation passesthrough
n*-InAs 100 um thick.

In conclusion, we note that, despite the thin struc-
tures in the “windows’ region, only an insignificant
number of LEDs had mechanical damage that pre-
vented them from being used. In our opinion, the high
reliability of the structure is caused by weak thermal
stresses characteristic of the InAsSbP/InAs system.

4. CONCLUSIONS

Resonant peaks and narrowing of the pattern of the
far field caused by the interference of rays directed nor-
mally to the p—n junction inside the Fabry—Perot cavity
formed by the gold anode and the semiconductor—air
interface were observed in light-emitting diodes (LEDs)
7.5-45 um thick based on InAsSbP/InAs DHs emitting
near 3.3 um. The LED Q-factor was 2480, and the rate
of current retuning of the spectral peak positions of the
radiation mode structure was ~10 nm/A.
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Abstract—A concept for the design of experimental AIGaN/GaN/AIGaN double heterostructures with a two-
dimensional electron channel are discussed, together with their main properties. The structures were formed by
ammonia molecular-beam epitaxy on sapphire substrates. The foundations for postgrowth technology are
developed for microwave field-effect transistors based on Group-111 nitrides, including the formation of amesa
isolation and the preparation stage of nonrectifying contacts and the Schottky barrier. Thefirst field-effect tran-
sistors fabricated based on the above heterostructures have a complete set of static characteristics and can oper-
ate in amode of weak microwave signals at afrequency of 8.15 GHz. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Group-11l nitrides have found increasingly wide
application in solid-state electronics due to the unique
combination of their physical properties. wider band
gaps compared to other 111-V compounds, high heat
conductivity, chemical and thermal stability, the pres-
ence of spontaneous polarization and piezopolariza-
tion, and so on. The high eectron density in a channel
combined with high breakdown fields provide adensity
of microwave power in GaN-based field-effect transis-
torsthat ishigher than in GaAs-based devices by afac-
tor of 5-10. This circumstance makes this class of
devices promising for use in airborne radars with an
active phased antenna array and in general and specia
purpose microwave amplifiers, namely, electronic war-
fare systems and surface and satellite telecommunica-
tion and communication systems. The main technol o-
gies for growing device nitride heterostructures are
epitaxy from metal-organic compounds (MOVPE)
and molecular-beam epitaxy (MBE). In the early
1990s, the first so-called PEFET piezotransistors
(Piezoelectric Field-Effect Transistors) based on the
GaAd/InGaAgAIGaAs system [1, 2] and the first
HFET (Heterostructure Field-Effect Transistors) and
HEMT (High Electron-Mobility Transistors) transis-
tors based on AlGaN/GaN heterojunctions were
reported [3, 4]. Until now, foreign companies have
achieved considerable progress in fabricating high-fre-
guency high-power field-effect transistors based on
GaN. In 2000, an HFET with an output power of
28W/mm, f; = 43 GHz, a transconductance of
300 mS/mm, and a drain—source breakdown voltage of
70V was announced [5]; this transistor was formed on
a SiC substrate. Recently, Oki Electric Industry Co.
Ltd. (Japan) reported the fabrication of an HEMT with

a deep T-shaped gate [6], which has a record transcon-
ductance of 500 mS/mm and f = 126 GHz.

In this paper, we report on a concept for the design
of transistor double heterostructures based on Group-I11
nitrides that has been adopted at ZAO Scientific and
Technology Equipment, along with the main properties
of the experimental samples obtained within the frame-
work of this concept using MBE with ammonia as the
nitrogen source. We also report on the first field-effect
transistors fabricated based on these heterostructures at
the State Unitary Enterprise Pulsar. These transistors
have a complete set of static characteristics and can
operate in amode of weak microwave signals.

2. SELECTION OF DESIGN FOR FIELD-EFFECT
TRANSISTORS BASED ON GROUP-III NITRIDES

The most widespread design for an AlGaN/GaN
heterostructure, which is used worldwide for the fabri-
cation of microwave HEMTS, includes a relatively
thick (1-3 pm) GaN buffer layer coated with a thin
(100-300 A) Al,Ga, _,N layer (0.15<x < 0.35). Dueto
the larger conduction-band offset compared with the
GaAgAlGaAs system combined with the piezodoping
effect, a two-dimensional electron gas (2DEG) is
formed at the GaN/AlIGaN heterointerface. The layer
density in a2DEG is about 10%3 cm2, and the mobility
isabout 1000 cm?/(V s). The profile of the bottom of the
conduction band and the distribution of the electron
density in such a structure are schematically shown in
Fig. 1la Thisstructureisthe basic concept of the design
of HEMT based on Group-111 nitrides. In practice, var-
ious modifications of this structure are used; for exam-
ple, modulation doping of the AlGaN layer (spacer—
donor layer—barrier layer) is used to increase the elec-
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Fig. 1. Transistor structure (a) with one heterojunction and (b) with two heterojunctions.

tron density in the channel and to decrease the resis-
tance of nonrectifying contacts.

One of the most serious requirements for all types of
these heterostructuresisalow (no higher than 10™ cm3)
carrier density in the buffer layer, which is necessary to
provide interdevice isolation and to attain a complete
cutoff of the drain current.

There are several reasons why the fulfillment of this
requirement by growing undoped GaN (even of a high
structural quality) encounters considerable difficulties.
First, nucleation layers, which are used at the initial
stages of growth of nitrides on lattice-mismatched sub-
strates (Al,O5, SIC, Si), can form aregion with conduc-
tion by defects at the interfaces of the buffer and nucle-
ation layers [7]. Second, it was reported that donor
impurities, namely, oxygen [8-10] and silicon[11, 12],
diffuse into GaN from the substrate. This process can
lead to the formation of shunting conduction channels
in the device. In addition, the existence of spontaneous
polarization and piezopolarization leads to the forma:
tion of both positive and negative induced charges at
defects, at the boundaries of the blocks of the mosaic
structure, and at the heterointerfaces. In turn, this phe-
nomenon can enhance the leakage via vertical channels
right up to the breakdown through the buffer layer. The
combined effect of these circumstances necessitates
special additional precautions to provide the required
resistance of the buffer layer in real device heterostruc-
tures operating at voltages higher than 50 V.

There are several approaches to fabricating a high-
resistivity buffer layer in a transistor structure. First,
one must choose and optimize the growth conditions of
undoped GaN. Specificaly, it was shown that theresis-

tivity of the layers can vary by several orders of magni-
tude depending on the variation in the ratio of I11/V
fluxes, thethermal treatment of the nucleation layer, the
temperature, and the growth rate [13]. However, such a
substantial variation in the conductivity of GaN is gen-
erally associated with the variation in its other proper-
ties, namely, the structura quality, the surface profile,
etc. This circumstance gives rise to certain difficulties
when one combines various modes of growth of layers
inasingle device heterostructure. It is quite common to
compensate the doping of GaN with various impurities
[14-16]. As arule, the resistance of the buffer layer in
these cases is sufficient to prevent leakage and break-
down. However, this procedure includes the danger that
the impuritiesintroduced will diffuse into the transistor
channel, and this effect may be enhanced by the high
operating temperatures (about 300400°C) of nitride
devices. Furthermore, awider-gap material can be used
as the buffer layer, specificaly, Al,Ga, _,N solid solu-
tionsright up to pure AIN, which isan excellent insula-
tor with aband gap of 6.2 eV.

The latter of these concepts, which differs radically
from those mentioned above, implies the use of double
heterostructures with the additional advantages inher-
ent in thisclass of device. First, in adouble heterostruc-
ture, carriers are localized more strongly in a channel
(right up to the formation of quantum wells) compared
to a structure with a single heterojunction, which
causes a necessary cutoff of the drain current. Second,
unlike the structure shown in Fig. lathat has a tensile
stressed AlGaN layer on athick relaxed GaN layer, the
upper layers are compressed in the structure shown in
Fig. 1b. Thisshould be afavorablefactor in overcoming
the problem of relaxation of the upper barrier layer via
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the formation of microcracks and the associated degra-
dation of parameters of the channd with a 2DEG,
which is often observed in traditional nitride hetero-
structures [17]. In addition, the use of a double hetero-
structure provides wide possibilities for controlling the
stresses in such a structure and, consequently, for con-
trolling the piezodoping effect due to varying the alu-
minum content in the bottom layer and the thickness of
the channel GaN layer. Third, introducing a wide-gap
material into the bottom part of the heterostructure
makes it possible to further dope the channel, thus
increasing the carrier density in it without the risk of
worsening the gate characteristics of thetransistor [18].
Moreover, doping can be completely transferred into
the bottom part of the structure, which would alow a
decrease in the thickness of the gate AlGaN layer in
order to increase the device amplification.

These advantages were successfully realized for
other 111-V systems, specifically, the AIGaAs/GaAs
system [19]. However, the influence of strong polariza-
tion effects should be taken into account in the nitride
system. These effects significantly distort the energy-
band diagram or the potential profile specified by the
variation in the composition. Monitoring the stressesin
a structure consisting of layers that are lattice-mis-
matched to each other and to the substrate callsfor indi-
vidual investigation. Despite the difficulties mentioned
above, bel ow we present experimental resultsthat show
that the chosen approach is promising.

3. EXPERIMENTAL

The AlGaN/GaN heterostructures (Table 1) were
grown on sapphire (0001) substrates using an EPN-2
MBE instalation. The installation was specialy
designed for the growth of layers of Group-111 nitrides.
Ammonia was used as the source of active nitrogen,
and standard effusion cells were used as the source of
Group-11l1 elements and doping impurities [20]. The
distinctive design feature of this equipment isthe range
of technology parameters, which is wider than tradi-
tional MBE systems. These are, first and foremost, the
I11-V flux ratio (1-1000) and the substrate temperature
(as high as 1050°C).

The main difference between the heterostructures
used by us[21] and the most widespread HEMT design
isthe presence of arelatively thick (0.6—1.0 um) buffer
layer that consists of layers of Al,Ga; _,N solid solu-
tions (x> 0.5), which provides high (over 200V) break-
down voltages of the interdevice isolation. Thisis fol-
lowed by anominally undoped GaN layer (350-500 A).
This layer is coated with an Al ;Gay;N layer, which is
undoped (PEFET) or modulation-doped with Si
(HFET).

According to the Hall measurements, the carrier
mobility at 77 K increases to 8001500 cm?/(V s) with
the conservation of the carrier layer concentration
observed at room temperature, which is an indication
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Table 1. Characteristics of the starting heterostructures and
the types of fabricated devices

.. | Hall con-
Transis- Hil ga%blg'ty centration | Structure design (from
tor type > . | a 300K, top to bottom)
cme/(V ) om-2
PEFET 360 9x10%? | 250 A Aly,GaggN
500 A GaN
Buffer Al cGay 4/N/AIN
HFET 340 2x 10" | 80 A Aly3Gag/N*
100 A 3x 10% cm3
Alg3Gag /NS
40 A Al 3Gay ,N*
350 A GaN

Buffer Al GagsN/AIN
Note: An asterisk denotes an undoped layer.

Table 2. Static characteristics of fabricated transistors (W =
60 um)

Saturation Saturation
Transis-| source—drain -(I;[Jac‘:?:cn?:g Cutoff source—
tor type| current at ms/mm. voltage,V| drain

Uy =0, mA voltage, V
PEFET 0.1-0.05 40-50 0.6 2
HFET 3040 92-96 6 10-12

that a 2DEG forms at the AlGaN/GaN interface.
According to the data of atomic-force microscopy, the
transistor heterostructures have a surface roughness of
0.9-3.3 nm (RMS by an area of 5 x 5 pum). For a test
GaN sample 1 um thick that was grown under the
growth conditions of the transistor structure, the half-
widths of the X-ray diffraction curves of 6- and
206-scanning for the symmetric Bragg reflection were
276" and 55". Thetotal density of defects was not esti-
mated for all the heterostructures. However, according to
indirect data, this density is no lower than 5 x 10° cm2.
To improve the homogeneity of the layers and to
decrease the defect density, we are now optimizing the
design of the heterostructures and the technol ogy for fab-
ricating them, theresults of which will be published | ater.

Based on these heterostructures (Table 1), we fabri-
cated transistors with gate length L, = 0.5-0.6 um, a
drain—source distance of 3 um, and gate widths of 60,
150, and 250 pum. The mesaisolation was performed by
plasmochemical etching with a photoresist mask. The
Ti/Al/Pt nonrectifying contacts were formed using con-
tact burst photolithography with subsequent thermal
treatment in nitrogen at 700°C. For the structures under
consideration, the resistivity of nonrectifying contacts
was (2-3) x 10 Q cn?. The Ni/Au gate was formed by
contact burst photolithography using short-wavel ength
ultraviolet radiation. The static parameters of the fabri-
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Fig. 2. Static current—voltage characteristics of transistors.
(a) PEFET type: Ug = (1) 0.2, (2) -0.4, and (3) -0.6 V.
(b) HFET type: Ug = (1) -3.0, (2) -35, (3) -4.0, (4) 45,
(5) 5.0, (6) 5.5,and (7) 6.0 V.

cated devices are given in Table 2, and their current—
voltage characteristics are shown in Fig. 2.

The fabricated devices exhibit a complete set of
static characteristics. The necessary isolating properties

Table 3. Microwave parameters of the HFET based on the
AlGaN/i-GaN/n-AlGaN double heterostructure (W = 250 um)

Frneass GHZ Ugs V

K, dB

Ugs V

gs

| dsr mA

8.15

4.46-4.53

12

—(338-386) | 30

ALEKSANDROV et al.

of the bottom part of the heterostructure provide a pro-
nounced leveling-off of the characteristic and a com-
plete cutoff of the drain current. However, low source—
drain currents in the PEFET are inconsistent with the
values expected from the measured Hall concentration.
This is apparently associated with an insufficiently
optimized procedure for welding the nonrectifying con-
tacts as applied to the heterostructure with strong built-
in fields. Consequently, the concentration of carriers
formed due to the piezoelectric effect a the
AlGaN/GaN interface decreases. In HFETs with the
modulation-doped Al,;Ga,-N ternary solid solution,
the structure is more resistant to external effects due to
the stabilization of the carrier concentration in the
channel. However, doping the ternary solid solution
decreases the breakdown voltage of the gate. Further
optimization is necessary to reconcile the requirements
for heterostructures and those for the technology of
contact metallization.

One of the problems that arise in developing the
technology for fabricating these transistors is the divi-
sion of the wafersinto individual crystals. The technol-
ogies of cutting used in fabricating other semiconduc-
tor devices lead to the emergence of inadmissible vari-
ations in the properties of the heterostructures under
consideration due to the appearance of stresses (cutting
with diamond discs) or thermal impact (laser cutting).
This problem was not resolved at the initial stage and
requires further study. Therefore, the microwave char-
acteristics of the obtained transistors were measured
directly on the wafer. Starting from the parameters of
the measurement bench based on a Kh5-36 noise coef-
ficient meter and a microwave probe contact facility
developed at Pulsar, we selected for study HFET-type
devices with W, = 250 um. The results of measure-
ments under conditions of weak input signals are given
in Table 3 (for values of K and Uy, their ranges are
given for three samples). As U, increased to 20 V,
K was virtually constant, and the values of |4 corre-
sponded to the peak value of K. Asfar as we know, we
are the first to demonstrate the ability of transistor
structures based on Group-Ill nitrides fabricated in
Russia to operate in a microwave mode.

4. CONCLUSIONS

(i) We developed concepts of technology for fabri-
cating field-effect transistors based on Group-Il|
nitrides for two types of double heterostructures. These
concepts include etching of a mesa isolation and the
stage of fabrication of nonrectifying contacts (source
and drain) and Schottky barriers (gate).

(i) We fabricated field-effect transistors that exhibit

a complete set of static characteristics. Devices of

HFET type based on the AlGaN/i-GaN/n-AlGaN het-

erostructure can operate in conditions of weak micro-
wave signals at afrequency of 8.15 GHz.
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