SEMICONDUCTORS VOLUME 32, NUMBER 4 APRIL 1998

Quantum dot heterostructures: fabrication, properties, lasers (Review)
N. N. Ledentsov, V. M. Ustinov, V. A. Shchukin. P. S. Kop’ev, and zZh. I. Alferov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

D. Bimberg

Institut fur Festkaperphysik, Technische UniversitBerlin, 10623 Berlin, Germany
(Submitted November 5, 1997; accepted for publication November 131997
Fiz. Tekh. Poluprovodr32, 385—410(April 1998)

In the present review we summarize original results whererel have experimentally discovered

a novel class of spontaneously ordered nanostructures, namely equilibrium arrays of three-
dimensional, coherently strained islands on crystal surfagesie2have developed a theory of
spontaneous formation of semiconductor nanostructures in heteroepitaxial systeves; 3

have experimentally demonstrated the existence of a novel class of semiconductor heterostructures,
namely perfect quantum dots having an atom-like energy spectrum; we have performed a

detailed investigation of the optical properties of quantum dotsyelhave fabricated quantum
dot-based injection lasers demonstrating unique charactristics, namely high-temperature

stability of the threshold current and ultra-high material gain. 1€98 American Institute of
Physics[S1063-782808)00104-3

1. INTRODUCTION ated, but the fundamental possibility of realizing an atom-
like spectrum of the density of states in a macroscopic semi-

Heterostructureswith spatially limited charge carriers in  conductor structure has not been explicitly demonstrated.
all three dimensiongquantum dotsrealize the limiting case A qualitative breakthrough in this case involves the use
of size quantization in semiconductors, when modificationgy selt-organizing effects of semiconductor nanostructures in
of the electronic properties of the material are most strongly,eteroepitaxial semiconductor systems. This effort led to the

expressed. The electron spectrum of an ideal quantum d%alization of ideal heterostructures of quantum dots with

(QD) is a set of discrete levels separated by regions of fo;:f:h crystalline perfection, high quantum yield of radiative
2

bidden states, and corresponds to the electron spectrum of a Combination and high size homogeneity10%). In such

isolated atom, although a real quantum dot can consist abricated structures unique physical properties were demon-
hundreds of thousands of atoms. Thus, the unique possibilit que pny prop

of modeling the experiments in atomic physics with macro- tratetd fo(rj t?efﬂrst time which r;fad tbeen exp(:c;ed_:r?r ideal
scopic objects presents itself. From the device point of viewJuantum dots for many years, etiects associated with energy

the atom-like electron spectrum of charge carriers in quan[elaxation and radiative recombination of nonequilibrium

tum dots in the case where the distance between the levels §&/Tiers, etc. and optoelectronic devices such as quantum-dot

noticeably greater than the thermal energy makes it possibpgjectlon heterolasers were constructed for the first time.

to eliminate a major problem of contemporary micro- and

optoelectronics, namely “smearing” of charge carriers over

an energy window of the order &fT, leading to a degrada-

tion of device properties with increase of the working tem-

perature. In addition, all of the material characteristics thag- SPONTANEOUS ORDERING OF SEMICONDUCTOR

are most important for applications, e.g., the radiative recomNANOSTRUCTURES. FORMATION OF QUANTUM DOTS

bination time, the energy relaxation time between electrore.1. General information

sublevels, the Auger recombination coefficients, etc. turn out Th ; ¢ odicall dered

to depend radically on the geometric size and shape of the € spon anepus appearance o penlo icaty 'or ere.

quantum dot, which makes it possible to use the same sempiructures on semiconductor surfa_ces and in epitaxial semi-

conductor system to realize devices that impose substantialffPnductor films encompasses a wide range of phenomena in

different requirements on the active medium. Solid state physics and in semiconductor technology. The
Over many years attempts have been made worldwide t8Ponataneous appearance of nanostructures belongs to a

fabricate quantum dots and devices based on them by “ravider class of fundamental phenomena of self-organization

ditional means,” e.g., by selective etching of quantum-wellin condensed media. The explosion of interest in this field

structure$, growth on profiled substrates and on cleavagehas been due to the need to fabricate semiconductor nano-

faces® or condensation in glassy matrick®vithin the scope  structures with characteristic dimensions of 1-100 nm, and

of these efforts device-oriented structures have not been créhe spontaneous ordering of hanostructures makes it possible
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A BC D D —periodic  structures of planar domainge.g.,
monolayer-high islands
—ordered arrays of three-dimensional, coherently
strained islands in heteroepitaxial mismatched systems.
Although the reason for the instability of the homoge-

4 // neous state is different for each class of nanostructures, the

FE) reason for ordering in the inhomogeneous state is the same

a ¢ L D for all classes of nanostructures. In all these systems neigh-
D = . boring domains differ in their lattice constant and/or surface

YA N @/ structure and, consequently, the domain boundaries are

@@ YAV A sources of long-range strain fields. This makes it possible to

$ use a unified approach to all four classes of ordered nano-

Z@m VAV A structures and treat them as equilibrium structures of elastic
domains corresponding to a free-energy minimum. Until re-

1 cently, the domain structures depicted in Figs. 1a—c have

b d been traditionally considered outside the scope of semicon-

ductor nanostructures. The unified approach developed in
FIG. 1. Different classes of spontaneously arising nanostructures: a—Refs, 6—9 allows one to delineate the main regularities of

structures with modulation of composition of the solid solution; b— formation of ordered structures in these simpler CQE@B
periodically faceted surfaces; c—periodic structures of planar elastic do- ;

mains; d—ordered arrays of three-dimensional, coherently strained islands@—0 and then, on the one hand, apply them to a description
(2) on substraté?). of arrays of three-dimensional coherently strained islands
(Fig. 10 and, on the other hand, use them in the develop-
ment of a new technology of fabricating semiconductor
nanostructures.
to obtain inclusions of narrow-band semiconductors in a  The applicability of the thermodynamic approach to pro-
wide-band matrix and thereby create a localizing potentiaFesses taking place during molecular-beam epits§E) of
for current carriers. Periodic structures of such inclusions cal!—V semiconductors was grounded earlier in a number of
form superlattices consisting of quantum wells, quantumnorks (see, e.g., Refs. 10—L4it is on this basis that the
wires, or quantum dots. The phenomenon of spontaneodf§ermodynamic approach to the description of processes of
formation of nanostructures creates a basis for a new tectgpontaneous formation of nanostructures during MBE of
nology of fabricating ordered arrays of quantum wires and!l-V semiconductors is presently founded.
guantum dots—a basis for a new generation of opto- and
micro-electronics. . _ o . .
. . 2.2. Concentration elastic domains in semiconductor solid
In the context of the physical mechanisms of the SPON-_ | ins
taneous appearance of ordered nanostructures it is customary
to distinguish two fundamental possibilities. First, ordered  The possibility of the spontaneous formation of struc-
nanostructures can arise in closed systems, e.g., when aftres with modulated composition in solid solutions is con-
nealing samples or upon extended interruption of growthnected with the instability of a homogeneous solid solution
Such structures are equilibrium structures, and a thermody© spinodal decompositiol?:*® For the solid solution
namic approach is used to describe them. Second, orderéd -B.C this instability means that a solid solution with
structures can arise in open systems during crystal growtlsome inhomogeneous composition profiér)=c+ dc(r)
These structures are not equilibrium structures, and a kinetigas a lower free energy than the corresponding homogeneous
treatment must be used for their description. In our studiegplig solution with the composition(r)=c. The change in

we understand, “self-organization” of nanostructures_ in athe free energy of the system due to fluctuations of the com-
broad sense, as any sort of appearance of macroscopic orggisition sc(r), is

in an originally homogeneous systénSuch a use of the

term encompasses both equilibrium phenomena and non- 5F:f {[H(E+ 5c(r))—TS,(?+ sc(r))]

equilibrium processes, and also combinations of the two.

Such an approach makes it possible to analyze from a unified — —

position the various mechanisms of spontaneous appearance ~[H(©)=TS(c)]}dV+ Eefasic @)

of nanostructures, where, as a rule, equilibrium is only partlywhereH is the enthalpys; is the entropy of mixingT is the

establishede.g., equilibrium may be established on the sur-temperature, ané, ;. is the elastic energy. The instability

face but not in the volume of the homogeneous solid solution to fluctuations of the com-
In this section we consider spontaneously ordered nangaosition arises when the enthalpy of formation of the solid

structures, among which we can distinguish four largesolution A _.B.C from the binary components AC and BC

classes, as shown in Fig. 1. These nanostructures are is  positive, AHymationr= H(A1_:B:C)—(1—c)H(AC)
—structures with periodic modulation of content in epi- —cH(BC)>0, which is valid for all ternary solid solutions
taxial films of semiconductor solid-solutions; of llI-V semiconductors. Thus, dt=0 a two-phase mixture

—rperiodically faceted surfaces; of the pure ingredients AC and BC has a lower free energy
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than the homogeneous solid solutiop AB.C, and the latter ~2.3. Periodically faceted surfaces

turns out to be unstable. At finifE the Cont_riputionSi to the The reason for Spontaneous faceting of a flat Crysta| sur-
free energy corr.esponds to complete mixing of the COMpPOface is the orientational dependence of the surface free en-
nents and stabilizes the homogeneous solid solution. ergy. If the flat surface has a large specific surface energy,

The elastic energy is due to the dependence of the equihen it spontaneously transforms into a structure of “hills
librium lattice parameter of the solid solutiom, on the com-  and troughs.”?® This reduces the total free energy of the
position ¢ according to Vgard's law. Regions of the solid surface in spite of increasing its area.
solution with different compositions have different values of ~ The explanation for the appearance of a periodically fac-
the equilibrium lattice constant. Mating of the two regionseted structure is linked to the concept of capillary phenom-
takes place by way of elastic deformation, and the elastiena on solid surfacés:?* Since atoms on a solid surface are
energy is associated with this elastic deformation. It is spelocated in a different environment than atoms in the interior,
cifically the elastic energy that depends on the spatial profiléhe equilibrium distance between surface atoms differs from
of the composition that defines the “soft mode” Correspond-the equilibrium distance between atoms in the interior.
ing to the most unstable fluctuations of the composition. In al herefore, microscopically the surface of a crystal can be
bulk sample the soft mode is due only to elastic anisotropy ofonsidered as an elastically strained layer. In the phenom-
the crystal and can be represented as a composition wawhological description the surface possesses a surface ten-
with wave vector parallel to a direction of lowest stifiness of Sion, and the dependence of the surface energyn the
the crystal® For most cubic materials these are {1€0], deformaﬁon tensoeaﬁ. contains a nonvanishing linear com-
[010], and[001] directions. The final state of the decaying POnent in the expansion
solid solution is a 1D layered structure of elastic concentra-
tion domains alternating along one of the lowest-stiffness ~ Y(M;&4p5) = Yo(M)+ 74 5(M) € 45
directions*® 1

Since I_Ee|asﬁc=_0 in a homogeneo_us solic_i solution an(_:i +§Saﬁ¢¢(m)saﬁs¢¢+... 2
Eeastic>0 in the inhomogeneous solid solution, the elastic
energy stabilizes the homogeneous solid solution. The calcu- ] )
lation of the critical temperatures of instability of the solid Here m is the surface normal, and,z(m) is the surface
solution to spinodal decomposition carried out by Stess tensor. The quadratic expansion coefficiBgig,(m)
Stringfellow!” showed that bulk crystals of ternary solid so- have the meaning of excess surface elastic moduli, which can

lutions of IlI-V semiconductors are stable to spinodal de-be bSOthf p03|tt|ve gnd netg:]atwe.f f tal leads t
composition at all temperatures. urface tension on the surface of a crystal leads to cap-

To investigate the possibilities of spontaneous formationIIIary effects analogous to the Laplace pressure under a

of nanostructures, Ipatovet al#1° constructed a theory of curved liquid surfacé! The discontinuity in the surface

: s T . ! r nsor r I | h ran f
spinodal decomposition in epitaxial films of solid solutlons,St ess tensor at a crystal edge leads to the appearance o

elastic deformation fields in the crystal. The presence of a

where relaxation of strains near a free surface should deii’near term in the deformation in the expansion of the surface

crease thg effect of elas.tic stapilizgtion of the homogeneougnergy (2) leads to the result that the contribution of the
solid solution. For a splld solution in an epltaX|aI'f|Im ON a ¢, iface tension to the crystal energy is negative. In other
(00 substrate of cubic crystal lattice-matched with the hoqr4s surface tension-induced relaxation of the elastic en-
mogeneous solid solution with composition they found a  ergy occurs.

“soft mode” of the composition fluctuations. They showed A theory of spontaneous formation of periodically fac-
that the soft mode is localized near the free surfae® and  eted surfaces was constructed by Andféevand
that it falls off exponentially into the film:dc(r)~exp  Marchenkd®® This approach was later extended to faceted
(—|kd)exp(k,r,), and the wave vector in the surface planesurfaces in heteroepitaxial strained systems and is one of the
ki=(ky,ky) is aligned with the lowest-stiffness axj400]  starting points for our consideration of arrays of three-
(or [010]). Because of relaxation of the strains near the freedimensional strained islands.

surface, the elastic energy associated with the “free mode”  According to Marchenkd; the total energy of a periodi-

is decreased by a factor e£1/3 in comparison with the cally faceted surface with peridd, defined per unit area of
elastic energy in a bulk sample, and many solid solutionghe initially flat surface, is

turn out to be unstable to spinodal decomposition already at

450-500 °C. They found the equilibrium structure with com-  E=E,cetst Ecqgest A Eelastic: 3)
position modulation for which the composition was modu-

lated in the surface plane in either the00] or the [010]  whereE .= const) is the surface free energy of the slop-
direction, and the amplitude of modulation is maximum onijng faces,Eeqges C,D ! is the short-range component of
the free surface and falls off into the film. These studiesthe energy of the edges, afdE .= — C,D " In(D/a) is
showed that relaxation of strains near a free surface facilithe elastic relaxation energy. Since deformations are created
tates the spontaneous formation of nanostructures, and thg line sourcegedge$, AE.«icdepends logarithmically on
elastic anisotropy of the material determines the orientatiod, and the total energg3) always has a minimum at some
of the nanostructures. optimal periodD q;.
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2 odically faceted substrate is forméHig. 23. AlAs depos-
W ited on a periodically faceted Gaf®1) vicinal surface,
a 1 misoriented by 3° in th¢ 110] direction may serve as an
example®®
If the deposited material does not wet the substrate, then
isolated clusters of deposited material are formed in the
1 “troughs” of the periodically faceted surfad€&ig. 2b. Such
a situation is realized when GaAs is deposited on an

AlAs(001) vicinal surface, misoriented by 3° in tHe 10]

direction, and also in the deposition of GaAs/Al8%1) and
\<2>/1\<>/\<2>/ AlAs/GaAg311). Experimental studies of the system GaAs/
¢ AlAs(31]) (Refs. 31 and 3phave demonstrated the possibil-

ity of direct fabrication of isolated clusters of GaAs on AlAs

and subsequent formation of quantum wires during growth

of the structure.
2 In the case of a nonuniform cluster coating, the periodic
\/1\/\/ faceting of the surface is reconstructed after deposition of
d several monolayers. Thus, “hills” on the surface of the de-

FIG. 2. Possible heteroepitaxial structures on a faceted suffaesubstrate posﬂgd material are formeq above “trOUQhS” of the SUbStr_ate
material,2—deposited material, a—uniform coating; b—system of isolated @and vice versa, and a continuous layer with modulated thick-
“thick” clusters; c—system of “thin clusters,” d—heterophase system with ness is formedFig. 2d. Thus, formation of clusters during

a large amount of ctiat!nq; The periodically faceted surface structure haﬁeteroepitaxial grovvth makes it possible to directly fabricate
been reconstructed. “Hills” on the surface of the heterophase system are . . .
located above the “troughs” of the substrate and vice versa. The hetiSolated quantum wires, superlatUC(_es of quantum wires, a_nd
erophase system contains a continuous layer of mayidth periodically ~ quantum wells with modulated thickness. Thus, periodic
modulated thickness. modulation of the thickness of a quantum well was observed
by transmission electron microscofyEM) for a GaAs well

in an AlAs matrix for the middle orientation of th&’75
face?® The modulation period was 12 nm and the modulation
amplitude was 1.2 nm.

2.3.1. Heteroepitaxial structures on periodically faceted
Substrates

Periodically faceted surfaces afford the possibility of di-
rect fabrication of ordered arrays of quantum wires in the ) S
case where grovvth of material 2, which is deposited on thg.3.2. Faceted surfaces in a heteroepitaxial mismatched
surface of material 1, takes place in “troughs.” To examine 5"
this possibility, an original theoretical study of possible A theoretical study of the effect of heteroepitaxial strain
structures of a heteroepitaxial system formed upon deposin the faceting of a surface was carried out in Refs. 33 and
tion of material 2 on a faceted surface of material 1 was34. A heteroepitaxial mismatched system was considered for
performed?® This study considered a situation in which, first the case where the surface of the film material is unstable to
of all, the two materials are almost lattice-matched ex- faceting. In this case, two sources of deformations are
ample is the system GaAs/AlAsind, second, both the sur- present in the system: first, lattice mismatch between the film
face of material 1 and the surface of material 2 are unstablgnd substrate and, second, the discontinuity in the surface
to faceting. At temperatures significantly below the meltingstress tensor at the edges. The dependence of the faceting
point such an instability should hold for vicinal and high- period on the mismatch was found. It was shown that as the
index surfaces. Faceting has been experimentally observedismatch is increased, the faceting period at first grows, but
for surfaces vicinal to(001) in GaAs?®?” in AlAs,?% on  after that the possibility of equilibrium faceting disappears.
(311) surfaces in GaAs and AIA% and on thg775) surface  The method for calculating the deformation fields and the
in GaAs?® For this situation several possibilities for the mor- elastic energy developed for such a system was later applied
phology of a heterophase system were considéskdwn in  to a system of three-dimensional strained islands.
Fig. 2 and the energies were compared.

The total energy of the heterophase systef is

E= Efacets+ Eedges‘" A Eelastic+ Einterface- (4)

2.4. Surface structures of flat elastic domains

Structures of flat domains on a surface arise when dif-
This expression contains the interface energy, in addition téerent phases can coexist on the surfc&.Examples are
the three contributions present in the energy of a facetethe surface reconstruction phasesx() and (1x2) on
surface of one material. The comparison of energies for se\8i(001), islands of monolayer height in heterophase systems,
eral different types of heteroepitaxial structures carried out iretc. Thus, neighboring domains have different values of the
Ref. 25 yields the following conclusion. surface stress tensey,z, and effective forces on the crystal
The choice between the two possible growth regimes isrise. These forces create a field of elastic deformations and
determined by whether the deposited material 2 wets the facontribute to the relaxation of the elastic energy. The total
eted substrate 1. If it wets it, a uniform coating of the peri-energy of the system of flat domainsSis
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E = Egurfacst Eboundaried A Eelastic- (5) Deposition of 1 and 1.5 monolayers of InAs on a GaAs
vicinal surface, misoriented by 3° in thi#10] direction rela-
tive to the(001) surface, leads to a more complicated corru-
gated surface on which relief is present in [th60] direction

as well as in the direction perpendicular to the steps.

The stability of these surface structures upon interrup-
tion of growth indicates that the equilibrium porphology of
the heteroepitaxial system InAs/Gaf81) was observed for
intermediate(subcritica) thickness of the deposited InAs
layer. The symmetry of such equilibrium structures is deter-
mined by the symmetry of the surface stress tenggrand

In Refs. 37-39 the photoluminescence method was usegly the symmetry of the bulk elastic moduli of the substrate.
to study grown-on layers of InAB801) in a GaAs matrix, The principal axes of the surface stress tensors of GaAs and

grown out_ to submonolayer and _monolayer heights. For thg ag are[110] and[110], while the bulk elastic properties
system with submonolayer coating we observed a namows the materials are determined by the directions of the

line, which shifted toward shorter wavelengths relative to thg,yest-stifiness axe$100] and[010]. Thus, there is a tran-
luminescence line of the structure with one InAs monolayerition here from orientation of the elastic domains for sub-

The anisotropy of the spectrum gives evidence of the nonr'nonolayer coating in thElTO] direction, observed in Refs.

equivalence of th¢110] and[110] directions. The authors 35 and 40, to orientation in tH&00] and[010] directions for
concluded that InAs forms islands which are stretched inthq 5_1 g monolayer coatings. This transition may be inter-
[110] direction and which have identical width. Later the preted as the result of growth of the lattice mismatch contri-
conclusion of the existence of nanosize islands for a subbution to the strain field in comparison with the contribution
monolayer coating in INAs/GaAB01) was confirmed by due to the discontinuity imr,, at the boundary of the two
scanning tunneling microscof§,where it was shown that phases. This growth is due to an increase in the volume of
the width of the islands is 4 nm. deposited InAs. On vicinal surfaces an additional contribu-

The effect of prolonged interruption of growth on the tion to the strains appears due to the steps.
structure of an InAs coating deposited on G&¥d) was

inve_stigated in Ref. 41. _For a S_yStem with Smeono_layerZ.S. Ordered arrays of three-dimensional, coherently

coating, for prolonged interruption of growth following g ained islands

growing-on of structures and measurement of the photolumi-

nescence spectra it was established that an InAs monolayé®-1. General morphology of mismatched heteroepitaxial

coating is unstable and decays into surface segments witfySems

submonolayer coating and into islands a few monolayers in  In heteroepitaxial growth it is customary to distinguish

height. For systems with submonolayer coating it was showihree regimes:

that the photoluminescence spectra are not fundamentally The Frank-van der Merwe regime, in which layer-by-

changed by using the method of interruption of growth. Thislayer (two-dimensional growth of materiaB on substraté

indicates that a heterophase system of islands of monolayés realized;

height for a submonolayer coating is stable. The Volmer—Weber regime, in which islandhree-
The results of Refs. 38, 39, and 41 demonstrate that thdimensional growth of B on an open surface of the substrate

system of islands of monolayer height in the system InAs/A occurs;

GaAs is an equilibrium system. This interpretation was ad- The Stranski—Krastanow regime, in which layer-by-

vanced as a counterweight to kinetic models of the formatiotayer growth ofB andA is first realized, followed by forma-

of islands for a submonolayer coatiffgThus, experiments tion of three-dimensional islands 8f on the open substrate.

on annealing for submonolayer and monlayer coatings testify  In lattice-matched heteroepitaxial systems the growth re-

to the stability of arrays of islands of monolayer height andgime is determined only by the relative values of the ener-

confirm the applicability of the thermodynamic approach togies of the two surfaces and the interface energy. If the sum

describe heterophase systems of IlI-V semiconductors for af the surface energy of the epitaxial laygs and the inter-

submonolayer coating. face energyy,, is less than the surface energy of the sub-
Surface morphology studies aided by scanning tunnelingtrate:y,+ v1,< y;, i.€., if the deposited material 2 wets the

microscopy® have shown that growth of one monolayer on substrate, then the Frank-van der Merwe regime arises.

the singular surfac6001)GaAs and 30-s interruption of Variation of the sumy,+ ¥4, can lead to a transition

growth lead to the appearance of a one-dimensional corrdrom the Frank-van der Merwe regime to the Volmer—Weber

gated structure which can be described as an array of “quarregime.

tum wires” with 30-nm width, oriented in thgl00] direc- In a heteroepitaxial system in the presence of lattice-

tion. Increase in the amount of deposited material leads taismatch between the deposited material and the substrate,

the appearance of a more complicated “parquet structure,fnitial growth can take place in a layer-by-layer mode. How-

in which relief is present in the two dimensiofs00] and  ever, a thicker layer has a larger elastic energy, and there is a

[010]. Increasing the interruption of growth from 2 to 30 s tendency for the elastic energy to decrease via formation of

makes the relief more visible. isolated islands. In these islands relaxation of the strains

The surface energig,accdoes not depend on the period of
the structureD, the energy of the domain boundaries is
Epboundaries= C1D "1, the elastic relaxation energy has the
form AEg,sic= — C,D ! In(D/a), and the total energ2.5)
always has a minimum for some optimal periDg;.

2.4.1. The heteroepitaxial system InAs/GaAs(001) with
submonolayer and monolayer coatings
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takes place with a corresponding decrease of the elastic esurface area underlying one islar@— Q. monolayers with
ergy. The Stranski—Krastanow growth regime arises in thigireaA, form one island with V0|Um§/is|an + and the condi-

manner. tion for conservation of the amount of material is
Experiments on InAs/GaA801) (Ref. 449 and on Ge/ -

Si(001) (Refs. 45 and 4phave in fact demonstrated the pos-  (Q—Qc)aAo=Visiand, (7)

Slblllty for the formation of three-dimenSional, COherentIy wherea is the lattice constant.

StrainEd, i.e., diS|0cati0n'free, islands. Theoretical Stdaf@s The Change in the energy of the system due to the for-

have shown that formation of three'dimensional, Coherently“ation of one island can be represented as the sum of three
strained islands leads to a decrease of the elastic energy apgntributions

for not too large a volume of the islar{dp to ~10° atoms . _ _ _
is more favored than formation of islands with dislocations.  Eisiand™ A Eelastic™ A Esurfacet Eedges (8)

However, it has been traditionally assumed that in & systema system of strained islands has two peculiarities distin-
of three-dimensional islands ripeniigoalescendemust in- gy ishing it from other classes of nanostructures. First, in a
variably take place, when large islands grow due to diffusivesystem of islands there are two sources of strain fields: on the
redistribution of material, which leads to diminution and dis- gne hand, lattice mismatch between the deposited material
appearance of small islanffsand finally islands of such size and the substrate, and on the other hand, the discontinuity in
are formed in which formation of mismatch dislocations isine syurface stress tensor at the edges of the islands. Corre-
energetically ff'ivor_ed. Su_ch a coexistence of_coherent islancgbondingb,, the elastic energy is equal to the sum of the bulk
and islands with dislocations was observed in Ref. 50.  g|astic relaxation energy, the elastic relaxation energy at the
However, subsequent experimental studies of arrays ofqges, and the interaction energy of the two elastic fields.
coherently strained islands in InGaAs/G&8@1) and INAS/  second, the deformational dependence of the surface energy
GaAg00]) unexpectedly showed that a narrow size distribu-qye to capillary effects is important. Thus the change in the

tion of the islands is p.ossiblséz52 In addition to a narrow  energy of the system upon the apperance of one isldAd is
size distribution of the islands, the detection of a correlation

in the positions of the islands, which is characteristic of &  Eigand L) = —f1heL3+(AT)L2
square lattice, was reported in Refs. 53-59. They showed £ L
that upon interruption of growth the dimensions of the is- — 2_7|_ Inl =
lands and their mutual arrangement reach a limiting value A a

and thereafter do not change further with time. The experiHere the first term is the bulk elastic relaxation energy,

mental results of those studies indicate the existence of anewgY__.  which is always negative. The second term is the

class of spontaneously ordered nanostructures—ordered afariation of the surface energy of the system allowing for
rays of three-dimensional, coherently strained islands on genormalization of the surface energy in the deformation

+faL. 9)

surface. field. The variation in the surface energy contains contribu-
tions due to the appearance of tilted faces of the islands, the

2.5.2. Equilibrium state in a system of coherently strained, appearance of an interface between the island and the sub-

three-dimensional islands strate, and the disappearance of the flat segment of the wet-

9ting layer. It also contains linear and quadratic terms in the
deformation due to renormalization of the surface energy in

dimensional, coherently strained islands was carried out i€ deformation field. Key here for further analysis is that the
Refs. 60—65. In these studies a heterophase system was C(gw_ant'lty (AD) can be'both POS'“Ye :?md negative. The third
sidered. It consisted @@ monolayers of material 2 deposited _term In expre55|0|(|_9) is the ‘?O“tr'b“t'on of the edges of the
on a substrate of material 1 under conditions of growth iniSiand to the elastic relaxation energy—L InL; this con-
terruption when the total amount of material 2 is fixed. If the fiPution is always negative. And finally, the fourth term in
thicknessQ exceeds the critical thickness of the wetting EXPressiont9) is the short-range contribution to the energy of
layerQ,, then the excess amount of matef@— Q, mono- the edges, whergis th<=T gharacterlsnc energy per unit !ength
layers forms islands. To examine the fundamental possibil-°f @n €dge. The coefficients, f,, andf; are determined
ity of formation of an ordered array of islands, it can be®MY Py the shape of an island and do not depend on its size.
assumed that all the islands have the same shape and size and FOr @ dilute array of islands, when the mean distance
that they form a periodic superlattice on the surface. Thus_l?et""een the |s[and§ IS Igrge in comparison with the size of an
the change in the total energy of the system per unit surfac@lan_dl-’ thE’f m'gra_t'_on time of the atoms over th_e su_rface of
area when part of the material from the flat strained layePN€ island is significantly less than the migration time be-

In connection with the experimental data of Refs. 53-5
a theoretical study of equilibrium in a system of three-

goes into the islands is written in the form tween islands. Therefore the equilibrium shape of any one
~ ~ island is established faster than the equilibrium structure of
Eisiand  Einteraction the entire array of islands, and for islands of any volume,
AE= + : ®  th ist ilibrium shape. This shape is determined
Ao 2A, ere exists an equilibrium shape. This shape is determine

_ by the minimum of the energyd) under the condition of
Here Ejgiang is the change in the energy of the system assofixed volume of the island. At temperatures far from the
ciated with formation of one islan;yeraciionis the energy  melting point, the equilibrium shape contains only faces with
of interaction of one island with the others, aAg is the  small surface energy; as a rule, these are faces withe low
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Miller indices. To analyze the possibility of formation of an
equilibrium array of three-dimensional strained islands, it is
sufficient to assume that the equilibrium shape of an island
does not depend on its volume and that it coincides with the
experimentally observed shape of an island—a pyramid with
a square base. Thus, the quantiyf’) entering into expres-
sion (9) is expressed in terms of the surface energies of the
different surfaces as follows:

Y2 2
(AF)=m+ Y12~ W—01780— 025ep. (10
Here vy, is the specific surface energy of the lateral faces of
the pyramid,d is the tilt angle of the lateral faces of the
pyramid, y;, is the specific surface energy of the interface,
W is the specific surface energy of the wetting layer,
(—g17ey) is the interaction energy of the two elastic fields, FIG. 3. Energy of a dilute array of three-dimensional, coherently strained
which defines the renormalization of the surface energy thdglands per unit surface area as a function of island size. The paramister
is linear in the mismatcbo, and (_ gZSSg) is the renormal- the ratio of the variation of surface energy upon formation of an island to the

= ) o . contribution of the edges of the island to the elastic relaxation energy. If
ization of the surface energy that is quadratic in the mis-,>1, there is present in the system a thermodynamic tendency for the

match. islands to coalesce. =<1, there exists an optimal size of the islands, and
The equilibrium state in the system of islands is reachedhe system of islands is stable to ripening.

as a result of exchange of material between the islands by

migration over the surface of the wetting layer. For a dilute

system of islands, the elastic interaction between islands cattence of the energy of a dilute array of islands per unit

be ignored. Thus, substituting expressi@hinto Eq.(6), we  surface area on the size of an island is plotted in Fig. 3 for

obtain different values ofw. Analysis of this dependence allows us
AT to determine whether there is a thermodynamic tendency in
AE=6(Q—Q,)a cot 9 —f e+ — the system of islands toward ripeningdf 1, then the mini-
L mum of the energ§’ (L) corresponds to islands whose size
f,72 L fay tends to infinity. Physically, this means that the change Iin the
— Wln 27l Tz (11 surface energy of the system due to formation of one island

is positive and large. Therefore, it turns out to be energeti-
Note that the bulk elastic relaxation eneyEy,«i.[the first  cally favorable to unite all the islands into one; i.e., there is a
term in(11)] does not depend on the size of an isldndTo  tendency in the system toward ripening.df1, then the

find the minimum ofAE from Eq. (11), it is convenient to minimum of the energ¥’ (L) is reached at some optimum
introduce a characteristic length diameter of the islands. In this case, the change in the surface
energy of the system due to formation of one island is either

Lo=2ma ex;{%_niﬂr 1 (120  positive and small or it is negative. Thus, unification of the
for® 2 islands into one is not energetically favorable, and there is no
and characteristic energy per unit area tendency in the system toward ripening.
) ) Note that the change in the surface energy due to forma-
E _3cot$(Q-Q"af,7 (13) tion of an island(AI') can be negative even when the flat
0 ALZ ' surface of deposited material itself is stable to spontaneous

Thus the energyE’ (L) of the sum ofL-dependent terms faceting, as is, for example, the case for ¢@B1) surface of
takes the form I_nAs. Upon the formation of an island, the appearance of
tilted faces with area greater than the area of the base of the
Lo\? (e 2 island is accompanied by the disappearance not of segments
_z(f) |n<|__0) + el of flat surface of deposited material, but of segments of the
. , . wetting layer, whose surface energy can be strongly renor-
The behavior of the energy per unit area as a function of the,ajizeqd. first of all, because of chemical bonds with the sub-
diameter of a single islanB’ (L) is governed by the control-  gyate and, second, because of the deformational dependence
ling parameter of the surface energy.
e\L, For a dense array of islands, where the distance between
v(AF)- (15  the islands is comparable with the diameter of a single is-
land, their elastic interaction due to penetration into the sub-
The physical meaning of the parameteis that it is the ratio  strate of the inhomogeneous strain field created by the is-
of the change in the surface energy of the system upon fotands becomes important. The main interaction at large
mation of one island, AT')L?, to the contribution of the distances is the dipole—dipole interactiob~F (¢)/r?,
edges to the elastic relaxation enerbyﬁgf’gﬂ. The depen- whereF(¢) is a factor that depends on the azimuthal angle

Lo

E'(L)=E, 3

(14

a=
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-1.5 y T g T I T y possibility for the existence of an optimum size of the islands
[ ] was examined in Ref. 60. It was shown that tex0 the
minimum energy corresponding to finite size of the islands
for a dilute array is kept for a dense array of interacting
islands, and the tendency toward ripening does not arise.
Thus, a theoretical treatment demonstrates the possibility for
the existence of an equilibrium array of islands which have
optimal size and which are ordered in a square lattice.

2.6. Technology of fabrication and structural studies of
InAs/GaAs (001) three-dimensional islands

=305 : ' ' 0.‘5 ' . . . 1 In Refs. 53-59 arrays of coherently strained InAs/
q GaAg001) islands were fabricated by molecular-beam epi-
y ., taxy. The surface morphology was monitoiaditu by high-
FIG. 4. Energy per unit areaBepsict Eineracio= (Q—Q")akeo¥  energy electron diffraction. After deposition of a fixed
(~gi(q)) for different arrays of interacting, coherently strained islands as &, ina| thickness an InAs structure was grown on the GaAs
function of the fraction of surfacegq covered with islands.l—two- o ; . .
dimensional square lattice of pyramids with primitive translation vectorsSUt_)Stratea yielding a S)_’Stem of InAs p(_)ln_ts in a GaAs m_atrlx,
(1,0,0 and(0,1,0; 2—two-dimensional hexagonal lattice of pyramids with which was then examined by transmission electron micros-
primitive translation vectors < 3,—v3/2,0) and (1,00 and 3—two-  copy and photoluminescence spectroscopy.
dimensional square lattice of pyramids in the form of a “checkerboard” A morphological study of the heterophase system InAs/
with primitive translation vectors, arglterminate at the maximum possible . L
covering for the array of islands of the given symmetry. G_aAs(OOl) gave.the following results. After deposition of a
critical mean thickness of InA801) (1.6—1.7 monolayejs
formation of three-dimensional InAs islands takes place.
. . . . . D ition of 2 monolayers of InAs | formation of
in the plane and is determined by the elastic anisotropy of the eposition o onolayers o s leads to formation o

substrate. In contrast to a bulk crystal, in which the interacSMall-Size islands, which for the most part do not manifest

tion of the elastic inclusions is sign-changing as a function oP!sunCt crystallographic facets and which possess a wide size

direction between the inclusiofi§the interaction between distribution. Increasing the thickness of the deposited InAs to

islands on the surface is repulsive for any direction be’[weeﬁ1 monolayers leads to the formation of a dense array of is-

. . o : lands which have a square base with sides oriented along the
the islands, which ensures stability of the array of islands. . .
. : . 100] and[010] axes, and a length 140 A. High-resolution
To find the mutual arrangement of the islands in a plan ransmission electron spectroscony studies. observing in the
posssessing minimum energy, we calculated the elastic e 1SSl P py studies, ving 1

ergy for several different island superlattices. Figure 4 plot:

lane of the surface and in cross section, revealed that the
the results of this calculation for islands having the shape o As islands have the shape of pyramids wito) tilted
pyramids with square base and small tilt anglg of the

aces and sharp edges between the faces. A statistical study
island faces to thé001) surface. The graph plots the sum of

of the mutual arrangement of the islands showed that the
the bulk elastic relaxation energy and the interaction energ referred directions between nearest neighbors are along the
of the islands as functions of the fraction of surfageov-

100] and[010] axes.

. - V ~ 2 . . .
ered with islands, AEeIastiS+ Einteractior= (Q— Q’)a\ e300 2.6.1. Effect of growth interruption on the formation of

(-g(@).  Here  X=(eyt2cp)i(cn—en)el o —_—
X (c13+C10) "L, and the functions €g(q)) are plotted in The application of growth interruption after InAs depo-
Fig. 4 for different arrays of islands. sition before growing-on of the system of islands to the

These results are for the energy of the islands that intefGaAs layer leads to dramatic changes in the morphology of
act on a001) surface of an elastically anisotropic cubic crys- the heterophase system in comparison with rapidly grown-on
tal. Among the various arrays of islands the minimum corre-Samples. Interruption of growth at 40 €10 9 is sufficient to
sponds to the two-dimensional square lattice of islands@llow the islands to reach a size f140 A for 2.5 mono-
whose primitive translation vectors are aligned with thel@yers(3 monolayersof InAs. For very long interruption of
lowest-stiffness a.XeE].OO] and [010] A Comparison calcu- gI‘OWth (100 9 the islands attain the same size even after
lation, carried out for islands of the same shape but arrayefleposition of 2 monolayers of InAs. These results indicate
on the surface of an elastically isotropic medium, shows thathat the size of the InAs islands #8140 A, the equilibrium
in this case a hexagonal superlattice has the least energ§ize, Which can be achieved as a result of growth interrup-
Thus, the energetic advantage of a square lattice over a hefon-
agonal lattice is explained by the elastic anisotropy of the
substrate, not by the shape of an individual island. In Ref. 602.6.2. Effect of arsenic pressure on the morphology of a
it was shown that the results obtained in the approximatiofiéferophase system
of a small tilt angle of the faces of the islands are preserved To investigate the stability of the fabricated array of is-
for a large tilt angle, in particular, fofy=45°, i.e., for the lands to changes in their growth conditions, the authors of
experimentally observed shape of InAs/G&#3]) islands. Ref. 6 examined the dependence of the morphology of a

The effect of the interaction between the islands on théheterophase system on the arsenic pressure. Deposition of
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four monolayers alT =480 °C and standard arsenic pressuresystem. Upon repeat deposition of material 2 onto the
for molecular-beam epitaXyFasmzx 10 Torr) leads to grown-on heterostructure a fundamentally new growth re-
equilibrium dots with a high concentration per unit areagime arises: growth in a strain field created by grown-on dots
(5X 1010 Cm_z). The parameters of the array of dots do notof the first layer. Since the bulk diffusion coefficients of the
change when the arsenic pressure is varied80% near atoms of the main components in IlI-V semiconductors at
this value. Increasing the arsenic pressure by a factor(tef 3 MBE temperatures are several orders of magnitude less than
3- PXS) leads to dramatic changes in the morphology of thethe surface diffusion coefficients, bulk diffusion can be ig-
system. The concentration of dots is decreased, and a higtored. Therefore the distribution of the components of a het-
concentration of large<£500—1000 A) InAs clusters, which erophase system in the volume of the grown-on heterostruc-
contain dislocations, appears. ture are “frozen in place.” This distribution creates a static

Decreasing the arsenic pressure leads to a differerstrain field which defines the kinetics of surface migration.
change in the morphology of the heterophase system. At ahhe surface migration consists of diffusion and drift in the
arsenic pressure of (1/Bf three-dimensional islands com- strain field.
pletely disappear, and flat InAs islands with size$000 A Such growth kinetics in an open system were investi-
are formed. gated theoretically in Refs. 69 and 70 for epitaxial growth of

To elucidate the character of the phase transition frona solid solution. Criteria were established for amplification of
three-dimensional islands to flat islands, four monolayers ofomposition fluctuations of a solid solution with epitaxial
InAs were deposited; the indium feed was then shut off. Thdilm thickness, which is the initial stage of the process of
method ofin situ high-energy electron diffraction was used self-organization of structures with periodic modulation of
to examine the morphology of the surface. It was found thathe composition of the solid solution. It was shown that am-
the given phase transition at low arsenic pressures is reverpification of the composition fluctuations during growth in
ible, while the transition from coherent three-dimensional is-an open system arises over a wider temperature interval than
lands to large-scale clusters containing dislocations, whiclspinodal decomposition under equilibrium conditions in a
takes place when the arsenic pressure is raised, is irreverslosed system.
ible. If growth is interrupted during deposition of material 2

All changes in the morphology of the heterophase syseonto a structure with grown-on dots, then the deposited ma-
tem attendant to varying the arsenic pressure can be exerial will tend to come to partial equilibrium, i.e., to an
plained on the basis of surface energies. It is well known thagquilibrium surface morphology with a “frozen” distribu-
the stoichiometry 0f001) surfaces of IlI-V semiconductors tion of material in the volume of the heterophase structure.
in equilibrium with the gas phase depends on the vapor pres- It has been known for some tiffethat in a multilayer
sure of the group-V elements in the gas phase. Thus, varyingystem of InAs dots in a GaAs matrix the dots are spatially
the As pressure leads to a change in the GA@A4) surface  correlated. However, in those studies the distance between
energy and even to a change in the surface reconstrif¢tionthe dots noticeably exceeded the size of the dots themselves.
It is natural to expect that the surface energy of the InAsin such a case, the spatial correlation of the dots does not
GaAg001) wetting layer also depends on the arsenic presalter their electronic structure.
sure. An increase in the surface energy of the wetting layer In order to acquire the possibility of control and optimi-
leads to an increase of the parametemwhich controls the zation of the electronic structure of quantum dots with the
dependence of the energy of the heterophase system on &im of applying them in optoelectronics, the technology of
land size, and can induce a transition from the regime irfabricating arrays of electronically coupled quantum dots
which the island size is optimal to the regime in which therewas develope&/~"#With this aim, the alternating deposi-
is a tendency toward ripening. The experimental data indition of InAs and GaAs was used. The amount of deposited
cate that the tendency toward ripening arises when the afsaAs was chosen such that the InAs pyramid was grown-on
senic pressure is increased frcFPﬂS to 3- PXS. only partly. Then, in the following deposition cycle the InAs

It is well known that at low arsenic pressures indium dots, grown above the first layer of dots, should be electroni-
forms segregation layers on a GaAs surface. Such layers mapally coupled with the first layer of dots.
be considered as a quasiliquid ph&5¢*whose surface en- Figure 5 shows images of vertically coupled InAs quan-
ergy can differ strongly from that of crystalline InAs. Such atum dots in a GaAs matriX.The images were obtained by
change in the surface energy alters the critical thickness dfansmission electron microscopy in the surface plgian
the strained layer at which three-dimensional islands form. Irview) and in cross section. Growth was realized by MBE
Ref. 68 it was experimentally established that growth ofwith alternating deposition of 5.5 A of InAs and 15 A of
InAs on GaA$001) under conditions of an indium excess GaAs. The cross section of the structure shows that a verti-
takes place pseudomorphically up to a thickness of seveaally coupled quantum dot consists of three regions of InAs,
monolayers. separated by thifi3—4 monolayersregions of GaAs.

The dimensions of the upper part of a vertically coupled
dot are larger than the dimensions of the lower part and are
equal to 170 A. The plan-view image shows that the dots

Grown-on islandgquantum dotsof material 2 in a ma- have a square base, oriented in {i€0] and [010] direc-
trix of material 1 are coherent elastic inclusions, which creatdions. A histogram of the directions between the given dot
long-range strain fields over the entire grown-on heterphasend its nearest neighbor was constructed in Ref. 73 and dem-

2.7. Arrays of vertically coupled quantum dots
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larger material gain, a lower threshold current density, its
complete insensitivity to the lattice temperature, better dy-
namic characteristics and greater possibilities for controlling
the radiative recombination photon ener@\color” ). Ex-
perimental confirmation of the indicated advantages has be-
come possible because of the appearance of quantum dots
which satisfy very rigid requirements on their size, shape,
uniformity, and density.

3.2. Requirements placed on quantum dots

3.2.1. Minimum size

The lower limit for the size of a quantum dot is defined
as the size at which only one electronic level exists in the
quantum dot. This critical dimensionD(,;,,) strongly de-
pends on the conduction band discontinuityE;) in the
corresponding heterojunction used to fabricate the quantum
dot. In a spherical quantum dot only one electronic level
exists in the case in whichE, exceeds the valig™

72 |2
* _ = QW
AEC—ng (Dmin) =AET", (16
wherem? is the effective electron mass, andESY is the
first level in the rectangular quantum wé@W) with infinite
walls and infinite widthD,,. Assuming the conduction
band discontinuity to be of the order of 0.3 eV, which is
typical of direct-band quantum wells in the system
GaAs—-A} Ga As, we find that the diameter of a quantum
dot should not be less than 40 A. This is, generally speaking,
[100] the absolute lower limit for the size of a quantum dot since
for quantum dots even of somewhat greater size the energy
distance between the electronic level in the quantum dot and
FIG. 5. TEM images of vertically coupled InAs quantum dots in a GaAs the electronic level in the matrix material will be extremely
matrix: cross-sectional image above, plan-view image below. small, and at finite temperatures the thermal ejection of car-
riers from the quantum dot can lead to their destruction. For
. ] ] _ the system InAs—AlGaAs the conduction band discontinuity
onstrates the preferred orientation of a pair of nearest neighg supstantially greater; however, the electron mass is smaller

bors along th¢100] and[010] axes. _ and thus the quantitieSE.m? are comparable, and the criti-
Similar results in the growth of vertically coupled dots 5 sizes of the quantum dots are similar.

by gas-phase epitaxy from metallo-organic compounds were
obtained in Ref. 75.

3.2.2. Maximum size

3. ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES If the distance between the energy levels becomes com-
) . parable with the thermal energiT), then the population of
3.1. General information the upper levels grows. For quantum dots the condition for

If the size of the semiconducting crystal is decreased to avhich the population of the higher-lying levels can be disre-
few tens or few hundreds of atomic spacings, then all thegarded is written &8
fundamental characteristics of the material are radically al- 1
tered as a result of quantum-well effeé¥sThe limiting case kT< §(E§D— EQD), (17
of quantum-well effect is realized in structures with spatial
confinement of the charge carriers in all three dimensionswvhereEQP andESP are the energies of the first and second
These so-called “superatoms” or “quantum dots” afford quantum-size levels, respectively. This means that in the
the possibility of the most radical modification of the elec- case of a sphericdbr cubig quantum dot, the advantages of
tron spectrum in comparison with the case of a bulk supersize quantization can be completely realizéd if
conductor. According to the theoretical estimates, devices KT<EQW

. . : <ET". (18

such as diode lasers using quantum dots as the active me-
dium should possess substantially superior properties iithis condition places an upper limit on the size of a quantum
comparison with the currently widely used quantum-welldot of the order of 120 A in the system GaAs—AlGaAs and
lasers”’ Such superior properties include a substantiallyof the order of 200 A for the system InAs—GaAs, because of
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A =879.62 nm A

I 50 nm I

FIG. 6. Plan-view TEM image of InAs quantum dots in a GaAs matrix. .
Position A

the substantially smaller effective electron mass in the latter
case. Effective hole quantization requires even smaller sizes

3.2.3. Structural perfection, density, and homogeneity

For applications to optoelectronic devices, the quantum
dots should not contain dislocations or point defects, and all
heterojunctions forming the quantum dot should possess & . | L v
low surface recombination rate. These conditions make it 875 380 885 890
preferable to use methods of direct fabrication of quantum Wavelength, nm
dots. Dense arrays of quantum dots 10" cm™2) are re-
auied 10 realize high modal gain n lasers. The unique adEi®. T aLenpers o siessl el oo )
vantages of quantum-dot Strl_JCtureS can b_e regllzed only ﬁ)ove—monochromatic CL intensity distrit?ution, below—CL spectrum for.
the quantum dots are as uniform as possible in shape angcitation focused at the poir.
size. Ordering of quantum dots in the substrate plane and the
possibility of creating periodic lattices of quantum dots in all

three dimensions are also desirable in a number of cases. guantum dots in a GaAs matrix. The formation of dense

(~10" cm™?) arrays of quantum dots was first demon-

3.3. Formation of ordered quantum-dot arrays and strated in this work. The effect of the growth parameters and
demonstration of the quantum-dot electron spectrum, composition of the quantum dots on their optical properties
similar to an atomic electron spectrum was investigated and their size and shape were determined.

Efforts were undertaken to fabricate quantum dots byin Refs. 56 and 58 a histogram of directions between a given
local etching or mixing of quantum wells, growth on profiled dot and its nearest neighbor was constructed and spatial cor-
substrates, condensation in glassy matrices, etc. At the samelation of the dots characteristic of lateral ordering of quan-
time, these methods have not made it possible to simulta&um dots in a square lattice with principal axes in {460
neously satisfy the requirements of Secs. 3.2.1-3.2.3 and tfend[010] directions was established.
basic requirements of present-day semiconductor technology The cathodoluminescence spectra of quantum dots was
(planar surface, the possibility of current injection, pla.  investigated with high spectral and lateral resolution in Ref.
contrast, the use of the effect of transition to three-53 (see Fig. J. It was shown there that the quantum dot
dimensional growth, which has been traditionally considereduminescence peak, broadened due to fluctuations of the
by technologists as extremely undesirable, has led to a breakhape and size of the islands, decays when excited by a fo-
through in the direct fabrication of quantum dots. The possicused electron beam into a set of super-narrow lines from
bility of forming three-dimensional islands in a wideband isolated quantum dots.
matrix was demonstrated as early as 148%.did not attract At the same time, an article was published by the French
great attention at that time, however, because the prospect gfoup on observation of super-narrow lines in nanosize me-
fabricating quantum dots of uniform size by that methodsas fabricated from quantum-dot structufédlote that the
raised grave doubts, and the formation of macroscopicindependence of the luminescence linewidth of a quantum
strongly defective clusters was assumed to be unavoidable.dot on the observation temperature is unambiguous proof of

Significant experimental and theoretical studi@e- the similarity of the electron spectrum of a quantum dot with
scribed above in Sec,) 2vere needed before dense arrays ofthe electron spectrum of an atom. Such independence was
qguantum dots, of high structural perfection and uniform infirst demonstrated in Ref. 55.
size and shape coould be realized in practic€igure 6 The absorption, photoluminescence, and luminescence
presents a plan vievisurface view of a structure with InAs  excitation spectra of quantum-dot array samplEgy. 8
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of efficient relaxation for nonresonant excitons gave grounds
for the first time to conclude that these relaxation processes
take place very rapidly, and that the so-called “bottleneck
effect” in quantum dot® does not play a significant role.
Later we showed that the relaxation time to the ground state
does not exceed 25-40 ps, depending on the geometry of the
guantum dot, and that it can be substantially less than in
quantum-well structure$. Moreover, the relaxation time can
be decreased to 13 ps in structures with coupled quantum
dots. On the other hand, it should be noted that in contrast to
quantum-well structures, the population time of the ground
state in a quantum dot corresponds to the destruction time of
an excited state in the quantum dot, and the latter time can
thus be substantially longer than the destruction time of the
upper subband in quantum-dot structu@ss—1 p$. This

fact underlies the great promise of using quantum-dot struc-

tures in radiation sources in the middle and far infrared op-

FIG. 8. Calorimetric absorption spectruf@AS), photoluminescencéPL) erating on interlevel transitions.

spectrum, and photoluminescence excitatiALE) spectra of InAs
quantum-dot structures in a GaAs matrix.

3.4. Interrelationship between growth regimes and optical
were compared for the first time in Ref. 53. The unique feaproperties of quantum dots
tures of the optical properties of quantum-dot structures were
also determined for the first time in that study. Thus, it was
demonstrated there for the first time that the absorption peaﬁ'
and the luminescence peak of the ground state of a quantum Altering the conditions of growth, composition, and
dot coincide. The ground-state peak is absent in the photoltamount of deposited material has a dramatic effect on the
minescence excitation spectra of quantum-dot ensemblesptical properties of quantum dots. The width of the photo-
This has to do with the fact that the spectrum of the densityuminescence spectrum of an ensemble of quantum dots var-
of states of a quantum dot is similar to the atomic spectrunies typically in the range 100—10 mév3°658The effect of
and with the absence of transport between neighboring quathe amount of deposited InAs and the growth interruption
tum dots. We have noted that resonant excitation of théime after deposition on the concentration and size of the
ground state of a quantum dot is possible only if the photorquantum dots and on the luminescence properties of
energy corresponds exactly to the absorption spectrum of thguantum-dot structures was investigated in Ref. 6. It was
guantum dot. During radiative recombination a quantum doshown there that submonolayer growth of InAs on
emits a photon with exactly the same energy, and thus th&aAg100) leads to the formation of stretched two-
guantum-dot excitation and luminescence photons can bd&imensional islands, of one monolayer height, as was first
separated only in experiments with temporal resolution. Dotsuggested in Ref. 38 and later confirmed in independent
having the same ground-state energy can have differerstcanning electron microscopy studf@dhe high size unifor-
excited-state energies due to fluctuations in the shape of thaity of the islands leads to the appearance of a narrow line in
guantum dot and the inhomogeneity of the strain fieldsthe photoluminescence spectrum on the long-wavelength
Thus, in the photoluminescence excitation spectrum the closside of the exciton luminescence line of GaAs. A feature of
est energy to the recording energy is a feature associatétle luminescence of submonolayer inclusions distinguishing
with the first exciton excited state of the quantum dot. Thisit from the photoluminescence of structures of superthin
feature of the quantum-dot photoluminescence excitatiomuantum wells is the absence of line broadening attendant to
spectrum, unique in comparison with the photoluminescencencreases in the pump density, which is a feature of the spec-
excitation spectrum of quantum-well structures, makes itrum of the island density of statés.
easy to determine the presence of quantum dots in a sample The optical properties of structures with submonolayer
by purely optical methods by comparing the photolumines-inclusions were investigated in Refs. 81 and 82. Such inclu-
cence excitation and absorptidar optical reflection The  sions can also be interpreted as quantum-dot structures by
given work also showed for the first time that the quantum-virtue of the characteristic dimensions of the islands that lo-
dot excitation spectrum is modulated with an energy corre€alize the exciton. It was shown that inclusion of a single
sponding to the.O phonon energy in InAs. This has to do InAs submonolayer in a GaAs matrix leads to the appearance
with the fact that relaxation to the ground state of a quantunin the optical reflection spectrum of a distinctly expressed
dot takes place faster if the energy distance between thieature which is resonant with the photoluminescence line
ground state and the excited state is equal to a multiple of thifom the submonolayer islands. Analysis of the optical re-
number ofLO phonons, and the probability of nonradiative flection spectra shows that the exciton oscillator strength of
recombination in the excited state is lower. At the same timethe submonolayer inclusion 7(~80 ps) depends only
the large spectral width of the modulation and the presencslightly on the amount of deposited materi€).08—0.3

4.1. Structures fabricated by submonolayer deposition
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monolayey,?! which cannot be explained within the frame-
work of the narrow quantum-well model, but accords with
the concept of a quantum-dot arr&y.

Magneto-optical studies of submonolayer structures @
were carried out by u&#*We showed that the exciton bind-
ing energy in a submonolayer structure substantially exceed
the exciton binding energy in a super-narrow quantum well
of analogous mean compositiéh Efficient scattering with
spin flip in submonolayer structures was first observed in
Ref. 84, and the violation of the momentum selection rules
necessary for such a process was interpreted as evidence b
efficient localization of the exciton on the islands. The
g-factors of heavy and light holes and the corresponding
excitons were also determined.

The small exciton localization energy on submonolayer
islands associated with their small thickness leads, howevel
to efficient destruction of localized states with growth of the ¢
temperature. To overcome this problem, the concept of sub
monolayer inclusions was extended to the system CdSe-
ZnSe, where the large effective masses of the charge carrie
and the large binding energy and small Bohr radius of the

exciton make localization of excitons on submonolayer is+IG. 9. Effect of interruption of growth on the structure and optical spectra
lands substantially more efficietr 88 of quantum dots. Plan-view TEM images and photoluminescence spectra of

. . . InAs quantum-dot structures in a GaAs matrix. All structures were fabri-
The large oscillator strength associated with SUbMONOzated by molecular-beam epitaxy at a temperature of 480 °C and an arsenic

layer inclusions in systems of wideband compounds was firgiressure of X10°® Torr. a—deposition of two monolayers of InAs, b—
demonstrated in this system. Structures with a set of plan position of four monolayers of InAs without interruption of growth; c—
. . . . .deposition of two monolayers of InAs in the submonolayer epitaxy regime
with su_bmc_molay_er inclusions were also fabrlcat_ed and theify 3-monolayer InAs cycles interrupted by 100-s intercals
properties investigated. Thus, it was shown that in submono-
layer superlattices lasing occurs at energies resonant with the
. ,86 . . . .
exciton ground stat€*®In contrast, in quantum-well Struc- 3.4 2. Three-dimensional islands: Effect of the amount of
tures or in bulk material the laser photon energy is shiftedueposited material, arsenic pressure, and growth
from the exciton transition by the energy of one or eveninterruptions on the luminescence of quantum dots

severalLO phonons toward longer wavelengths. This is @  Tpe effect of growth interruption on the photolumines-
result of the necessity of satisfying the momentum selectioRence of structures with three-dimensional InAs—GaAs
rules (excitons with noticeable momentum in flat quantumquantum dots was investigated in Ref. 6. It was shown there
dots, dominant at finite substrate temperatures and high exhat increasing the amount of deposited InAs all the way to
citation densities, cannot recombine radiatively since the refour monolayers leads to a shift of the quantum-dot photolu-
sulting photon must possess zero momentum, and an addiinescence line toward longer wavelengths, which is in line
tional particle, e.g., a phonon, is required for momentunwith the increase of the characteristic size of the quantum
transfef”). Thus, localization of excitons in a submonolayer dots observed in TEM studies. Increasing the mean thickness
leads to a lifting of the momentum selection rule and theof the InAs layer to more than four monolayers did not lead
laser generation has a resonant character. This fact in corf further shift of the line or to an increase in the size of the
bination with the large oscillator strength of the exciton tran-guantum dots; however, mesoscopic clusters containing dis-

sition motivated us to advance the concept of an wexcitonfocations appeared in the structure, and the photolumines-

waveguide effect” and the idea of a laser based on this efcence intensity of these structures was lower. These results

fect, in which external optical confinement of the active me-g?r:];;m tl:]:nﬂ;s%noig O\Iv?]ic::n;glllr;%vso;ro?rgﬁlllzbl\r/:ug]a%isrlie
dium by layers with a lower reflection coefficient is absent, q ’

d th ide effect | hieved as th It of creasing the growth interruption time after deposition of the
and the waveguide etiect 1S achieved as the result of a resy i m dots leads to the result that for the same mean

nqnt moQuIauon of the rgfractlve index, which is asspmate hickness of the InAs layeitwo monolayersthe photolumi-

with exciton absorption in a submonolayer superlattice ang,ogcence peak is shifted toward longer wavelengths and the
described by the Kramers—Kronig relatidfit present, us-  gjze of the quantum dots reaches the indicated “equilib-
ing the indicated concept, lasers having a super-narrowium” value (see Fig. 9.

buffer layer and super-low CdSe concentration in the active  The effect of arsenic pressure on the optical properties
medium, which work without external optical confinement and size of the quantum dots was also investigated in Ref. 6.
by material with a lower refractive index, even at room tem-It was shown that a substantial increase in the arsenic flux
perature, have been realiz&4. during deposition leads to a degradation of the luminescence

y
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N — 3.5. Geometry and spectrum of electron states of quantum

L 8'KI ] dots
sp x 10 Under optimal deposition conditions at 460 °C pyrami-
- L . dal InAs quantum dots with principal axes oriented in the
directions{001} are formed on the surface. These dots have a
N square-base 120 A) and height~60 A (Ref. 90. In-

creasing the substrate temperature to 480 and 520 °C leads to
3P, | ] an increase in the lateral size of the islands to 140 and 180 A,
. respectively’ In this case the height of the quantum dots is
¢ decreased. A detailed analysis of the structural properties of

the quantum dots was carried out in the original
studies’”*292Thus, on the basis of molecular dynamics cal-
culations it was shown that an adequate high-resolution
cross-section TEM image of a quantum dot can be obtained
only under optimal defocusing conditions, for film thickness
not greater than two side lengths of the quantum dot, and
under the condition that the quantum dot is completely en-

. compassed by the filif:%2In the opposite case, a pyramidal
N | quantum dot appears truncated and its real size can be either
reduced or increased by the strain fields induced in the ma-
‘ 1/3Pps o trix by the quantum dots. TEM imagésot high-resolutioh
i of pyramidal quantum dots always have the shape of a
“lens” or a “truncated pyramid,” regardless of the imaging
- . conditions>?

Detailed theoretical calculations of the strain fields and

1/6Pys | E the electron structure of pyramidal quantum dots allowing

for piezoelectric and exciton effects were performed by

. Lo N us23-% A comparison of these calculations with the experi-

10 11 12 13 1.4 15 mental data showed that one electron level and several hole
100 nm Photon energy, eV L - - .

levels exist in a pyramidal quantum dot with side length 12

FIG. 10. Effect of arsenic pressure on the structure and optical spectra difm- Only|3/2,3/2 hole states contribute to the spectrum of
quantum dots. Plan-view TEM images and photoluminescence spectra dbcalized hole states.

InAs quantum-dot structures in a GaAs matrix. All structures were fabri- A cross-sectional TEM image of an InAs—GaAs quan-

monolayersP ,—standard arsenic pressur 20 ® Torr, at which coher- tum dot (left) and a plan-view TEM image of the sample

ently strained three-dimensional islands of Ingsantum dotsare formed.  (right) are shown in Fig. 11upper pary, taken from Ref. 90.
Lowering the arsenic pressure suppresses the formation of quantum dots affthe lower part of Fig. 11 shows the ground_state wave func-
leads to a two-dimensional structure with a corrugated surface. Raising thﬁon and excited-state wave functions of a hole in a pyrami-
arsenic pressure leads to ripening of the three-dimensional islands and for: . . .
mation of large InAs clusters containing dislocations. dal quantum dot with side length 12 nm calculated in Refs.
93-95.
Figure 12(taken from Ref. Bis a plot of the electron

ground-state energy and the hole ground-state energy and

properties and a decrease in the characteristic size of tHXcited-state energies as a function of the base length of the
quantum dots. TEM data indicate the appearance in thgyramid. The hole ground state has @88% overlap with
structure of mesoscopic InAs clusters that contain dislocathe electron ground state. In contrast to a cubic or spherical
tions. At large arsenic pressures only the InAs wetting layeguantum dot, the wave functions of the excited hole states
line (~1.4 eV, 4 K is present in the photoluminescence |001) (|002) also have a significant overlap with the electron
spectra. In contrast, a substantial decrease in the arsenic flgxound state of the order of 34941%), thereby forming an
leads to suppression of the formation of three-dimensionakllowed transition. The small finite overlap of the wave func-
islands and the InAs distribution has a quasi-two-tions of the electron ground staj@01) with the hole states
dimensional character with locally formed mesoscopic/010 (0.5%) and|110) (2.5%) is due to piezoelectric effects
bulges(Fig. 10. Formation of dislocations in this case doeson the lateral edges of pyramids of tyfiEl2. The exciton

not take place; however, the photoluminescence intensity ibinding energy in a quantum dot is close to 20 meV, i.e., itis
this case is also substantially lower while the photoluminesgreater by an order of magnitude than the exciton binding
cence line width is substantially greater than in the case oénergy in bulk InAs.

guantum dots formed at optimum arsenic pressure. Thus, the Photoluminescence spectra of InAs quantum dots with
growth regimes leading to formation of ordered quantum-dobase length 120 A in a GaAs matrix are shown in Fig. 13.
arrays are also optimal to obtain the best luminescence prog-e band of the exciton ground state in the quantum dot,
erties of the structure. which has a full-width at half-maximum(FWHM)

4ML InAs 480°C |
514.5 nm 500 W cm~2

. x 0.1

Luminescence intensity, arb. units
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FIG. 11. TEM images of InAs quantum dots in a GaAs matrix: cross-
sectional imagéupper lefy, plan-view imaggupper righi. Wave functions =300
of the holes in these quantum dots are shown below.
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~40-50 meV, dominates the spectra. The photolumines- 6 8 1'0 '

!
: \ _ ol 12 14 16 18 20
cence intensity of this band saturates at large excitation den- Pyramyd base length, nm

sities, and lines associated with the excited hole s{as
and |002 appear in the spectrum. All three peaks and theFiG. 12. Electron ground-state energy, hole ground-state energy and hole

feature associated with the transition due to the InAs wettingxcited-state energies in an InAs quantum dot having the shape of a pyramid
vith square base in th@01) plane and101) lateral faces and located in a

layer are also observed m_the calorimetric absorptmn Spe'_:gaAs matrix. Energies are plotted as a function of the base length of the
trum. The calculated positions of the corresponding transipyramid.

tions are indicated by arrows. The width of the ground-state

peak (40 me\) corresponds roughly to variation of the

guantum-dot side length by 1 nm, as follows from Fig. 12.

This fact indicates that the mean fluctuation of the character-

istic quantum-dot side length does not exceed two monolay-

ers. [001) |0(:2> and hy,

Excited states of quantum dots appear only at large ex- . |0?0> . '

T T T T T T

citation energies, when the ground state of the quantum dot - tavl= 1-6 ,mll X
is saturated. This indicates that relaxation of an exciton to its 104E T=8K 3
ground state takes place very rapidly. The capture time in a F
guantum dot was estimated in Ref. 90 to be less than or i ]
approximately equal to 1 ps, and the interlevel relaxation 00 Wem? |

time was estimated to be in the range 25-40(Rsf. 74
(depending on the presence or absence of resonance with a*
multiple number oL O phonons, respectivelyThe radiative
recombination time of an exciton in the ground state is 5 102
roughly 1.5 ns and depends weakly on the size of the quan- A
tum dot®™

T T T TTITT
L4 1 aiterl

ntensity, arb. units
W

101
3.6. Phonon spectrum and resonant luminescence of 0.9 1.0 1.1 1.2 1.3 1.4 1.5
quantum dots Energy, eV

The photoluminescence spectra of a quamum_dot strud:—_lG- 13. Photoluminescence spect_ra (_)f InAs quantum dots in a GaAs ma-
ture with resonant excitation with a photon energy of 1.1658"% plotted as functions of the excitation power. At low power levels the
. . . exciton ground-state band dominates. At high power levels the intensity of
eV, to an exciton excited state in the quantum dot are ShowWfis pand saturates and lines appear in the spectrum. These lines are associ-

in Fig. 145° For comparison, the figure also shows the pho-ated with excited states of the exciton with participation of a heavy hole.
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FIG. 14. Photoluminescence spectra of InAs quantum dots in a GaAs matrix 8 . i
for resonantsolid line) and nonresonaritiashed ling excitation. The nota- A
tion AE has been introduced for the quantity 1165 mel¥, whereE is the 1.0f WL ]
o . o L
energy of the emission in meV. 25 A %
E 0 5 '3 ‘ 4
. . . . L " -dGaAS=15An=2
toluminescence spectrum for nonresonant excitation with 45 A i3
photon energy greater than the width pf the band gap of the b » Photon energy, eV
GaAs matrix. It can be seen from the figure that for resonant : ' : L . L ' L
itation the photolumi t divides int 1.2 1.3 1.4 1.5
excitaton the pnotoluminescence spectrum divides Into a se- Photon energy, eV

ries of relatively narrow lines, where the spectral distribution

of the line intensities corresponds roughly to the photolumi+FIG. 15. Photoluminescence spectra of vertically coupled InAs quantum
nescence spectrum for nonresonant excitation. The ener i% fs (VCQD) with different number of deposition cycles) and different
P 9 g|ckne:ss of the GaAs spacer. a—spectra for identical InAs and GaAs depo-

of the observed _peaks agree with a muItlpI.e number 0tition thicknesses and different number of deposition cyatgs Photolu-
GaAs- and InAs-induced. O phonons and their combina- minescence decay time as a functionnoghown in the inset on the upper
tions, including theLO phonons of bulk GaA$36.6 meVj, right. The rhombus point symbol shows the decay timedgga.=45 A.

the interface mode&34 me\), phonons of the InAs wetting b—photoluminescence spectra for the same number of deposition cycles

(n=3), the same InAs deposition thickness and different thicknesses of the
layer (29.5 meV, and phonons of the InAs quantum dots GaAs spacer. The photoluminescence spectrum of the structuredwjth

(31.9 meV. If the energy of an exciting photon grows, reso- —15 A and two deposition cyclemé2) at excitation power 500 W/ch
nant photoluminescence lines follow behind the energy ofnd the calorimetric absorption spectrum of the structure are shown in the
the exciting photon, broaden, and as a final result the speéiset on the lower right.

trum becomes similar to the photoluminescence spectrum for

nonresonant excitation.

An analogous structure is revealed in the quantum-d
photoluminescence excitation spectrum, where the quantu
dot phonons play the dominant role, which accords with th
fact that both the ground state and the excited state of the _ _
quantum dot are localized mainly inside the quantum dot’ /- buminescence of vertically coupled quantum dots
and only relatively small wave-function tails protrude into The luminescence properties of vertically coupled quan-
the GaAs matrix. It should also be noted that the energy ofum dots was investigated in Refs. 71-75. Increasing the
the INAsLO phonon in a quantum ddB81.9 meV} exceeds number of deposition cyclesn] led to a long-wavelength
the energy of ai.O phonon in bulk INnAs(29.9 meV). This  shift of the photoluminescence line and the associated reso-
fact is in agreement with theoretical calculations of the straimance peak in the calorimetric absorption spectrum. The ef-
distributions in coherent InAs quantum dots and thefect was most pronounced for small nominal thicknesses of
guantum-dot phonon energy calculated with these strainthe GaAs space(Fig. 15. Increasing the thicknesk; a¢ for
taken into account32.1 me\). As was already mentioned, the same number of cycles led to a short-wavelength shift of
modulation of the photoluminescence spectra and photolumihe quantum-dot line. It was also shown that increasing the
nescence excitation spectra with a frequency correspondingumber of deposition cycles shortens the lifetime of radiative
to a whole number of O phonons reflects the more efficient recombination in the quantum dots. Thus, formation of a new
relaxation of carriers in the quantum-dot ground state in thejuantum-mechanical object, specifically, tunnel-coupled
case of the corresponding resonati@nd, consequently, the quantum dots possessing properties substantially different
lesser role of nonradiative recombination in the excited statefrom those of isolated quantum dots, was demonstrated. Le-

The large width of the phonon lines testifies to the consider-
O<Iable role of multiphonon relaxation mechanisms with partici-
ation of acoustic phonorfs39
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dentsowet al.”® used gas-phase epitaxy from metallo-organicto avoid inhomogeneous broadening, which is characteristic

compoundgGPE MOQ to fabricate for the first time verti- of an ensemble of quantum dots, and completely realize the

cally coupled quantum dots in Ref. 75. advantages of three-dimensional quantization. The operating
characteristics of quantum-dot lasers fabricated by various

38 . methods were examined in Refs. 100-113.

.8. Luminescence of type-Il quantum dots
TQB;PG'” quantum dots were first grown by Hatami 45 characteristics of quantum-dot lasers

et al’ in the system GaSb—GaAs. Previously it had been o o ]

showr?®® that in quantum wells grown in this system the The characteristics of a laser containing a single plane

holes are localized in the GaSb regions, whereas for the ele@T@y of InGaAs quantum dots in the active region were in-

trons the GaSb regions present a potential barrier. We gre)estigated in Ref. 100. At low temperatures lasing begins at

GaSh—GaAs quantum dots by depositing a GaSb layer with @nergies near the maximum of the photoluminescence peak,

mean thickness on the order of 3.5 monolayers. Formation dpdicating that transitions through the ground state of the

quantum dots led to the appearance, in addition to thduantum dots are responsible for lasing. An increase in the

wetting-layer luminescence line, of a line shifted toward thetémperature has virtually no effect on the threshold current

longer-wavelength region of the spectrum. A TEM study ofdensity, which maintaining its value of g@/cn?” up to tem-

the samples enabled us to determine the characteristic size B¢ratures on the order of 180 K. If the temperature depen-
the GaSb quantum dots, which wa20—30 nm. In contrast dence of the threshold current density is approximated by a
to InAs quantum dots on GaAs substrates, the GaSb dots h&tgPendence of the ford=J, exp(~T/T), then in this tem-

a rectangular instead of square b3 a system of type-ll ~ Perature rangd,=380 K, which is higher than the theoret-
quantum dots only the holes are quantized in the GaSb Iaye't‘,:al limit for quantum-well lasers. The lasing wavelength in

while the electrons are spatially separated from the holes bij!is case is found near the maximum of the peak of the
a potential barrier in the conduction band and are held ifPhotoluminescence and electroluminescence for a weak level

place near the holes only by the Coulomb interaction. InOf excitation. As the temperature is raised above 180 K, the

creasing the excitation density increases the positive charg@reshold current density begins to grow, coinciding with a
of the quantum dots and causes the dipole moment betwed§gcrease in the total photoluminescence intensity with acti-

the localized holes and the electron cloud around the quar¥ation energy~80-90 meV. This value is in good agree-
tum dot to grow. It also leads to a short-wavelength shift ofment with the localization energy of the holes in the quantum
the quantum-dot photoluminescence Iffie. wells and indicates that the reason for the growth of the

threshold current density is insufficient gain, which is asso-

ciated with thermal ejection of carriers from the quantum
4. QUANTUM-DOT INJECTION LASERS dots. The effect of gain saturation is accompanied by a shift
4.1. Main advantages of quantum-dot lasers of the lasing wavelength toward shorter wavelengths, which
corresponds to the region of emission of the excited states of
the guantum dots and the InGaAs wetting layer.
Thus, quantum-dot injection lasers exhibit low threshold
ent densities and record temperature stability at low tem-
. . . e _peratures, in agreement with theoretical predictions. How-
giant oscillator strength of the optical transiiions per unltever, the insufficient localization energy of the carriers leads

"°'“m.e of the quantum dot, which in twrn is cause(_j by theto a strong temperature dependence of the threshold current
effective overlap of the electron and hole wave functions du ensity at temperatures near room temperature

to their spatial localization. Such advantages include a super-
high temperature stability of the threshold current
density’"1% giant maximum material gain and maximum
differential gain, two to three orders of magnitude larger than  The possibility of realizing a quantum-dot injection laser
the analogous values for quantum-well las@ts%The ad-  depends to a substantial degree on the relationship between
vantages of quantum-dot lasers also include a short populdhe gain of the optical emission from the quantum dots and
tion time of the ground state and, consequently, high operathe optical losses in the structure. In the case of a quantum-
ing frequencies. The technological advantages include theell injection laser, whose typical width is-100 A, the
absence or suppression of diffusion of nonequilibrium carri-optical confinement factofproportional to the total overlap
ers, which leads to reduced leakage of nonequilibrium carribetween the electron wave function and the light wasef

ers from the stripe region, suppression of nonradiative rethe order of 0.03. If the well width is decreased to 10-30 A,
combination at point and extended defects andthis factor is not significantly decreased due to penetration of
correspondingly, suppression of the effect of dislocationthe wave function into the barriers. Note that the gain in
growth, and also suppression of the effect of overheating ofjuantum-well lasers is small, and low threshold current den-
the mirrors due to surface recombination. In addition, arsities can be realized only with long cavities, when it is pos-
ordered quantum-dot array, located in an optical waveguidesible to substantially decrease the effect of losses on the out-
can lead to distributed feedback and single-mode generatioput intensity, or in four-cleavage sampféé:1®in the case

In the case of vertically emitting lasers, a laser on one quanef a quantum-dot array the ground-state wave function is
tum dot can actually be created. This would make it possibleompletely localized inside the quantum dot. Even in the

The advantages of a quantum-dot laser in compariso
with a quantum-well laser can be arbitrarily divided into
physical and technological. The physical advantages are dl{:%rr
mainly to theé-like spectrum of the density of states and the

4.3. Amplification in quantum-dot lasers
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case of a dense array of islands only about two InAs mono- [ T 1 T T T T T
layers are converted into quantum dots, which corresponds tc [ 094 pm (WL) 1050 InGaAs/GaAs o
~6 A average exciton volume, averaged over the surface. [ 1040f "= 10 ]
As a result, the optical confinement factor is sniafi: Nev- - g 1030 N L
ertheless, it has turned out to be possible to realize a 5 i [ *
Lo : <1020 .
guantum-dot injection laser as a result of the giant growth of . .
the “specific gain,” in agreement with theoretical predic- o001 InAs/GaAs 1010} o
tions. F " 1000 o lvﬁzlv%%ength
The specific gain was determined directly from the con- i . [
dition that the gain equal the losses at lasing thresFHold: i N 100, %(00 300
The internal losses were determined from the dependence o, i T~ ’
the threshold current density on the cavity length and the § | sl InGaAs/GaAs
dependence of the differential efficiency on the output losses.< InGaAs/AlGaAs =~~~ _ 1.05pm (QD)
The optical confinement factor was estimated from available 5 1o |- | 1.01 pm (QD) T~ ~.i
electron-microscope data on the geometrical dimensions of - o [InGaAs AlGaAs
the dots. The value of the maximum “specific gain” ob- - * Elp=3
tained in this way is 1.510 ° cm! (Ref. 101, which ex- - 2| 624 cm?
ceeds by more than an order of magnitude the value for - 3
guantum-well lasers. As a consequence of the linear relatior - «g‘
between the gain and the current, the differential gain in 8
guantum-dot lasers also grows by more than three orders 0 g} B
magnitudé®® in relation to quantum-well lasers and reaches - QDs 300 K m
values on the order Qf IGZ c_mz. . - dypaces = 45 nm 560"550"7000"
Growth of the gain is a direct consequence of size quan- - A, nm
tization in the quantum dots. The latter decreases the numbe o '2 ' :‘ ! |6 ! ;3 L 1'0 )

of states that need to be filled to achieve a given gain. The Number of stacks in vertically coupled QD
main factors lowering the gain for a given current density are
thermal ejection of carriers from the quantum dots and leakF'G. 16. Threshold current density as a function of the number of deposition

th h diati binati in the barri t cycles of InAs or InGaAs for a vertically coupled quantum-dot injection
age through nonradiativé recombination in theé barrner mategqe, 1pe lasing wavelength is plotted versus temperature in the inset on the

rial. upper right. The emission spectrum is shown in the inset on the lower right.

4.4. Lasers on vertically coupled quantum dots efficiency also grows with increase df, reaching 50% at

Degradation of the characteristics of quantum-dot laserd = 10- Such rather low values qf the differential effu_:u_ancy
are due to the low value of the internal quantum efficiency

at temperatures above 150-180 K is due to insufficient gain : . )
(8.5), which means that a large fraction of the carriers recom-

To increase the gain it is necessary either to increase ﬂl) diativel t probably in the GaAs |
homogeneity of the quantum-dot array, which in principle; Iné nonradiatively, most probably in the S layer cover-

can be done by optimization of the growth regimes, or tond the quar:tum dot, which is deposited at the low tempera-
increase the dot concentration, which can be done by usin re of 480 °C.
vertically coupled quantum dot®8/CQD).”t~"4 The advan- _ _ o
tages of vertically coupled quantum dots, besides a Iargé‘S' Effect of .m_atrl?( material on the characteristics of
optical confinement factor, are the possibility of faster relax-qu""mum'OIOt injection lasers
ation of the carriers to the ground stat8a shorter radiative As was already noted, one of the main mechanisms lead-
recombination timé? and the possibility of efficient tunnel- ing to an increase in the threshold current density at elevated
ing of electrons and holes between the dots on neighborintemperatures in quantum-dot lasers is thermal ejection of car-
rows, which is absent in the case of rows of isolated quantumiers from the quantum-dot states to the states of the wetting
dots. layer and the matrix. Further lowering of the threshold cur-
It has been shown experimentally that vertically coupledrent density in lasers was achieved by using AlGaAs instead
guantum-dot lasers exhibit much larger optical gain, and gainf GaAs as the matrix material for the vertically coupled
saturation is absent in them down to short cavityquantum dot€>’4In this case the barrier height is increased
lengths’!~"*They lase through the ground state of the quanwhile the wave function of the carriers in the quantum dots
tum dots up to room temperature, and the lasing wavelengthindergoes insignificant changes, which leads to an increase
tracks the temperature dependence of the width of the GaAs the energy gap between the quantum-dot levels and the
band gap. It was also shown that the threshold current derevels of the wetting layer and barrier. As a result, a further
sity decreases dramatically to values of the order oincrease in the gain occurs due to a suppression of the ther-
90 Alcn? (300 K) as the number of stacking cycles is in- mal ejection of carriers from the quantum dots due to an
creased to 1QFig. 16.72~" increase in the localization energy. The problem of the qual-
This effect is due to an increase in the gain as a result oty of AlGaAs layers deposited at low temperature during
growth of the optical confinement factor. The differential formation of the vertically coupled quantum dots is solved
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by efficient annealing of point defects during growth of the Another important aspect characterizing the operation of
upper emitter of the laser structure at 700 °C. Thus, the usa laser at high frequencies is the spectral broadening factor of
of AlGaAs spacers in combination with growth of emitters of the laser line. Any absorption or amplification peak gives
the laser structure at 700 °C has made it possible to obtain rdse to a modulation of the refractive index near the energy of
room-temperature threshold current density of 60 Alcmthe corresponding resonance according to the Kramers—
(Fig. 16" and a differential efficiency greater than 70%. Kronig relations. Thus, the photon wavelength in the crystal
This improvement of characteristics has made it possible tean vary during the pump current pulse. This effect is de-
realize the regime of continuous operation of quantum-doscribed by the spectral line broadening fadiey. In the case
lasers at room temperature with an output powet &/ or  of quantum-well structures the shape of the absorption or
greater!’ It has been shown that the regime of lasinggain spectrum is strongly asymmetrical, which accounts for
through the quantum-dot states is preserved up to pump cuthe large value ofx (between 1 and)2 In contrast, in the
rents 7—8 times threshold. This result shows that high-powetase of quantum-dot structures the absorption or gain spec-
semiconductor lasers based on quantum dots can be buitum is more symmetrical and has a Gaussian shape. Thus,
with characteristics at least as good as those of quantum-wette energy derivative and, consequently, the variation of the
lasers. refractive index in the region of an absorption or amplifica-
It was found that in the low-temperature region tion maximum is equal to zero. The experimentally measured
(77-150 K in low-threshold lasers based on vertically values of« lie in the range~0.5. This is attributable to the
coupled quantum dots a decrease of the threshold currefihite contribution of the excited states of the quantum dots
density is observed with increase of the observation temperde the gain spectrum near the lasing threshold, which gives
ture; i.e., the laser has a negative characteristic temperaturise to some asymmetry in the gain profifé.
Ty. Such behavior cannot be explained within the frame-
work of a quasi-equilibrium carrier distribution described by 4.7. Gain mechanisms

the Fermi function. Zhukoet al!*® proposed a model in H dition of ¢ . tm dot i |
which the absence of a quasi-equilibrium population of, € condition ot transparency in a guantum cdot IS rea -

guantum-dot states at low temperatures is taken as the reas'&ﬁd when the q“f"!r?‘“m dot encompasses one exciton. In this
for the appearance of a segment of negaliye case the probabilities of emitting or absorbing one photon
In fact, the condition for the setting up of a quasi- with formation of a biexciton are equélIt should be noted,

equilibrium distribution is that the thermal ejection time of h_owe_ver, that, n general, the energies of the exciton and
the carriers from the quantum dots be short in comparisort?'exCltorl states in a quantum dot are different, and popula-
with the radiative recombination time in the quantum dots 1" of the quantum dot by one exutpn can Ie_a_d s_lmulfca-
Carrier ejection is strongly suppressed at low temperatureg.eOUSIy to the appearance of an exciton amplification line

Thus, there exists a boundary temperatdg) (which sepa- and a biexciton absorption line. If the inhomogeneous broad-
rates’the regions of equilibriunT& T,) and nonequilibrium ening of the lines is less than the energy difference between

(T<T,) population of the quantum-dot states. In the Iatterthe exc'ton and b'lexcr[on energies in a.quantum_dot, then a
rely exciton gain mechanism is possible. The importance

case, the population of the quantum-dot states is determin of the contribution of charged excitons to the gain spectrum
by the probability of electrorthole) capture, which is ap-
y b y rthole) cap P”  should also be noteld®

proximately identical for holes of different sizes. Conse- If th ibility of ier t t betw iahb

guently, the nonequilibrium distribution is characterized by a, et pos&sl tl 'y Ob carnﬁ_r hrqnspo_r Iet leent neignbor-

wider spectrum of populated states and a lower maximu g quantum dots IS a_§em ich 1S typical & ow tempera-
tureg, then the probability of exciton and carrier capture in a

gain in comparison with the Fermi distribution. Thus, when dot | ind d@hiat hiah
the observation temperature passes through the bounda‘iﬁ'f‘amtum otis temperature indepen Athigh tempera-

temperatureT, , the threshold current density and the half- tdres thermal ejection of carriers from shallower quantum

width of the luminescence line should decrease. This is th&0tS ¢an lead to preferential population of the deeper quan-

reason for the observed negative characteristic temperatut’%m dots.™ The behawor of the gain spe ctra IS different in
in quantum-dot lasers at low temperatures these two cases: In the first case the gain maximum does not

The boundary temperatufg, increases as the localiza- change its position with increase of the pump current; in the

tion energy of the carriers in the quantum dots increase§econd case it is shifted toward higher enerdfés,
when a wider-band material is used as the matrix. This ex- I qt_Jantum-dot StT“C“”?S and lasers based on
plains the fact that the region of negatiVg is more distinct them were considered theoretically in Refs. 119-124.
when vertically coupled quantum dots in a AlGaAs matrix
are used in comparison with GaAs. 4.8. Vertically emitting quantum-dot lasers
Surface emitting quantum-dot lasers operating with op-
tical excitation at low temperatures through the quantum-dot
ground state were constructed by Scatral?® Injection
Good dynamic characteristics of quantum-dot lasers foldasers in vertically stacked, isolated quantum dots were made
low from short relaxation times of the carriers to the groundby Saitoet al?® The threshold current density at room tem-
state and large differential gaif®:'*°Direct measurements perature was~500 A/cn?, and lasing took place through
of the cutoff frequency of quantum-dot lasers give a value orquantum-dot excited states. Using structures with anv-
the order of 10 GHZRef. 102. aperture in aluminum oxide to reduce the current injection

4.6. Dynamics of quantum-dot lasers
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Align| o size, shape, and spacing and suitable for use as the active
. Light out \ ﬁ region of injection heterolasers, and in the study of the prop-
Intracavity | #° erties of quantum-dot lasers. Further progress in the area of
metal contacts pemsm— QD .. . .
— quantum-dot heterostructures is tied up with an extension of
poe—— Energy Energy their range of applications in various devices of micro- and
AlO 1751 (p) GaAs spacer 1 A thick cavity active region opto-electronics and with fabricating yet more uniform quan-
QD cavity Gahs tum dots, which will make possible a qualitative improve-

— ment in the operating characteristics of the majority of
- present-day devices.

AlGaAs/AlO0 DBR

InGaAs QD Original works of the authors, mentioned in this review,
GaAs substrate were supported by the Russian Fund for Fundamental Re-
search, the Volkswagen Foundation, INTAS, the Soros

FIG. 17. Diagram of a surface-emitting laser based on InGaAs quantum dotEgyndation, and the German and Russian Ministries of Sci-
in a GaAs matrix. For comparison, the inset on the upper right shows theence

optical gain spectra for a quantum-well structure and a quantum-dot struc- . L
ture. The inset on the lower right shows a cross section of the active region. W€ €xpress our deep gratitude to these organizations.
One of the authorgN. N. Ledentsoy also expresses his
gratitude to the Alexander von Humboldt Foundation.
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An attempt has been made to relate the origin ofthband in the DLTS spectrum of neutron-
irradiated GaAs with the knowR2 andP3 defects localized near disordered regions. The
shape and temperature position of 2 andP3 peaks in the DLTS spectra are assumed to vary
as a result of the influence of the electric field of these disordered regions on the rate of
electron emission from the defect levels. The DLTS spectrdPfrandP3 centers located in
regions with internal electric fields have been calculated. A comparison of the total

calculated spectrum fdP2 andP3 centers with &) band reveals satisfactory agreement with
experiment. ©1998 American Institute of Physids$1063-782@8)00204-X]

It is well known that whem-type GaAs is bombarded iting value of the potential difference, which is associated
by « particles, protongwith energyE>10 MeV), and neu- with the limiting position of the Fermi levél. It is therefore
trons a wide band, called tHg band, appears on the deep- possible that a tendency toward an increase in the shift and
level transient spectroscodPLTS) curves. The nature of half-width of the peaks with increase in the mass of the bom-
this band has not been determined unambiguously, althougdbarding high-energy particle was observed in Ref. 8.
there are some conjectures about its origin. Our goal in this study was to calculate the DLTS signal

In the present work we have made an effort to link thefor the P2 and P3 deep centers localized in the electric
appearance of the band with the known radiation defects fields of the disordered regions and to compare it withlthe
P2 andP3 (Ref. 2. Here we have assumed that the defectdand inn-type GaAs irradiated with neutrons in a pulsed
are localized in the electric fields of the disordered regiongeactor. The neutron irradiation dose wad,=6.3
(DR) and the electric field of the disordered regions alters the< 10'3 cm™2. For samples we used Schottky-barrier diodes.
shape of theP2 and P3 peaks and their position in the The Schottky barrier was created in a GaAs layer grown by
DLTS spectrum. That th& band may be due tB2 andP3  vapor-phase epitaxy on a heavily doped substrate. The free
defects is supported by the following data in the literature. Inelectron concentration in the layer was 850" cm™2.

Ref. 3 it was shown that upon annealingTat 770 K theU We used the following model picture. The disordered
band splits into two peaks. It follows from Ref. 4 that the regions consist of a central part with radius with a high
amplitude of theU band varies slightly upon annealing at defect densityN;=10"-10" cm 2 (Ref. 9, in which the
T=500 K. Therefore, the defects responsible for the formaFermi level is pinned at the limiting position, and a spherical
tion of the U band should have high thermal stabilifgl ~ layer in which the defect concentratidiy(r) falls off with
—E5 defects are annealed outTat 500 K (Ref. 2. The P2 distancer from the center of the disordered region according
andP3 traps that were observed in electron anifradiated ~ t0 & Gaussian law

samples have significantly greater thermal stability, but a low _ 2/5 2

incorporation raté. They are observed after tH®4 andE5 Nr(1)=Nro exp(=r/20%), @
centers masking them have been annealed out or after highthere o is the variance of the distribution. The spherical
temperature electron irradiatidn. However, there are defect layer is found in a semiconductor matrix in which the
grounds to assume that the fractionRif andP3 traps inthe free carrier concentration is equallkh . Between the matrix
total number of radiation defects grows abruptly with in- and the central part of the disordered region there is a contact
crease in the recoil energy of the atofnicreased recoil potential differencep., and defects located in the spherical
energy of the atoms leads to the formation of disorderedayer are found in the electric fieldFig. 1). Traps located a
regions. The presence of an electric field in the vicinity ofdistancer from the center of the disordered regiop<r

the disordered regions leads to an increase in the electrosar, are destroyed even without the application of an exter-
emission rate from the deep levels. Therefore, the superpamal electric field and do not participate in the formation of
sition of P2 and P3 peaks in the DLTS spectra is shifted the DLTS spectrum. Here, is the radius of the spherical
toward lower temperatures. The larger the recoil energy ofurface on which the Fermi lev&l: intersects the deep trap
the atoms, the larger the degree of compensation in the darfevel. The shallower the trap levEl, the less the number of
aged regions and the larger the contact potential differencaps of the given sort will participate in the formation of the
between these regions and the crystal mattiere is a lim-  corresponding DLTS peak. The internal electric field in-

1063-7826/98/32(4)/6/$15.00 366 © 1998 American Institute of Physics
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creases the relative electron emission ratieom the levels X fr rexp(—r</2o°)[exp( — aty)
due to the Poole—Frenkel’ effect and tunneling in which 0
phonons participate. Since the electric field intensitys a —exp(— at,)]dr. 4

function of the distance from the center of the disordered
region, the emission rate also dependsroherefore, the
larger isE¢, the wider will be the interval of values f for
the traps participating in the recharging and the greater wil
be the influence of the internal field on the half-width of the

In the present paper we take into account only the
Poole—Frenkel' effect. In this case the expression for the
]femission rate in the presence of an electric field has the

12
orm

corresponding DLTS peak. a(r,T)=agY(Ep.T), 6)
The expression for the DLTS signal has the f&tm where
w, ao=bon,T? exp(—Ena/KT), (6)
R(T)==— f XNy exp — aty) —exp — at,) ]dX,
WiN2 Jw, Y(Ep, T)=(KT/Ep)*{1+[(Ep/KT)—1]

2

@ X exp(Ep/kT)}+0.5, (7
wheret; andt, are the gate times of relaxation of the ca-
pacitance] is the temperaturd)V, is the length of the space Ep=BVI[F(n)]. (8)
charge regior(SCR) of the Schottky barrier at the time of ere 4, is the relative emission rate in the absence of an
action of the filling pulse, anw/; andC are the length of the  glactric field, b is a constant characterizing the
space charge region and the capacitance of the Schottky bafamiconductot! o, is the apparent cross section for elec-
rier in the absence of the filling pulse. The quantitws,  (on capture at the trap levef,,,= (E,+Eq) is the ioniza-
Wi, andC are related by well-known relations 1, to the jon energy of a trap in the absence of an electric fialtere
voltageU applied to the diode, and to the contact potentialg s the electron capture barrier of the tra) is a function
difference pscy of the Schottky barriet. Calculation of the  nat allows for the influence of the electric field on the emis-
integral in Eq.(2) presents certain difficulties since the dis- gjon rate, andg is a coefficient that is equal t@= 8,
tancex is reckoned from the surface of the semiconductor,_ 2eels in the case of capture of an electron at a singly
while the distance in the distribution of deep centers and positively charged center. Heeeis the charge of the elec-
electric fieldsF (r) is reckoned from the centers of the dis- t5n ande is the absolute dielectric constant of the semicon-
ordered regions. However, expressi@ can be simplified,  §,ctor.
bearing in mind_ the foIIowing_. In the vicinity of the poinx_s Let us briefly analyze expressig4). It can be seen from
at which the disordered regions are found, changes in th@xpressior(4) that the height of the DLTS peak is directly

emission rate due to the field take place at short i”tervalﬁroportional to the trap concentratidthe same as in the
[ro,30], reckoned from the centers of the disordered réaseN (x) = const andF =0]. However, for the same traps,

gions. The lengths of such intervals 600 A) are negligible  yeeping their concentration fixed, the height of the peak in
in comparison with the distanoeover essentially the entire o case of formation of a disordered region is always less
integration interval[Wo,W,]. Therefore, for a sufficiently han in the case of a uniform defect distribution. This is so
large concentration of disordered regions it may be assumeg; wyo reasons. The first is that traps located in the region
that at any poink the macroscopic concentration of trd@g  r<r in all the disordered regions are excluded from the
does not depend oxand the discrete value of the emission recharging process. The second consists in peak broadening
rate(for T=cons} is split into a band of emission rates with due to the dependence=f(r). It can also be seen from
boundariesa(ro) and (30). The band of emission rates is expressior(4) that the proportionality constant between peak
characterized by a density of states in the bahd/da. height and the trap concentration depends in a complicated
Here the density of states is known if we know the micro-way on the doping level,, the trap parametets,, ando,,
scopic distribution of trapdl+(r) and the dependence of the and the variance of the distributiean Therefore, the ratio of
electric field on distance reckoned from the center of thegyeak heights for different traps is not equal to the ratio of
disordered regionk-(r): their concentrations.
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TABLE |. Parameters of radiation defects. 10+
Center E2 E3 P2 P3 5
Ena, €V 0.16 0.38 0.5 0.72 sk
Opa, CNP 5x 1071 6.2X107% 1.4x1071° 1.4x10° 13 w
N7, cm3 5.7x 10" 3.6x10% 3.3x 108 2.4x 104 >
L4 =
~ b
u -
[ 4 -
> b
To use expressiof¥) for calculations, it is necessary to é 4 C
knowr, and the dependendg,(r). These quantities can be 3 X
obtained by using the potential obtained in the Gossick ap- [
proximation for the disordered regiofsThe potential(in 2+
the Sl systemfor the regionr;<r<r, is L
N,e (3rar—r3—2r3) oL '
<P(F)=6——, ©) 00 200 J00 400 500
& r TX
?

wherer, is the boundary of the space charge region sur- o5 o
rounding the cluster. In the region<@ <r; |¢|=¢.. The tF'i'iff(')‘fg'e‘/t:iégl‘&%afigf peiks(fz'4’%2'\'2:txé3 Clm2 ’
quantityrz_ is qetermined from the bogndary conditiop that _c,lalczulated acczrding toSI.EQjZ),T N+(x) :r:onst,(l):r=0; S,jicalcuiateéi ac-
the potential difference between spherical surfaces with radiording to Eq.(4), o=250 A, 8=0: 5,6—calculated according to E¢4),
r, andr, is equal tog., i.e., r, is a root of the cubic +=250A4, g=3,.
equation
Noe 2r3+r3—3rar, _ , .
lo(rq)] =P T (100  formation about,, is absent, and we have simply assumed
1 Er=E,.. Thus, all the necessary parameters and depen-
In Ref. 7 it was shown thaf,, (see Fig. 1in GaAs is dences used in Ed4) are known. The variable parameters
located 0.6 eV above the top of the valence band. In thisire only the variance of the distribution and the trap concen-
light, the expression fop. can be written as tration. The main fitting parameter here is the variance since
ep.—Ey— (0.6 eV+Ep), (11) its variation leads to a chgnge in the hei_ght, shape, and tem-
perature of the peak maximum, and variation\af changes
whereEg is the width of the band gap. only the height.
The radiusrg of the spherical boundary separating the  Figure 2 shows the effect on the DLTS curves of the
filled from the unfilled traps is found from the condition that g|ectric fields of the disordered regions for the caséaf

the quantity E;—Eg)/e and the potential difference be- qp3 centers, whose concentrations are the save; 1
tween the points, andr, should be equal, i.ery is aroot 1414 c 113 and which are created in GaAs with doping

of the cubic equation level N,=1x 10" cm 3. Curves1 and 2 were calculated
N,e (2r§+r8—3r§ro) according to the classical formula obtained from E2)
lo(ro)|=(Er—Eg)/e= Be p . (12 whenN+(x)=const andF =0. In this case the half-width of
0 the peaks and their positions in the spectrum correspond to

. Note thatr, andry dep_end onT sincee., Ey, andEg ~ the experimentally observel2 andP3 peaks in electron-
in Egs.(10)—(12) are functions of temperature. The electric jrradiated GaAs. Curve8 and4 were obtained from Eq4)
field intensity in the vicinity of the disordered region are for the hypothetical case in whiah=250 A, 8=0 [for ex-

found by differentiating expressio(9): act equality8=0 expressior(7) is undefined In this case
Nye [ [r,)3 the P2 andP3 centers are localized in regions with electric
[F(r)|= 36 —) - }r (13) fields, but the field does not have any effect on the emission
& r rate, only varying the number of traps that participate in the

Using Eqs(13) and(5), we obtain the dependence of the measurement. It can be seen from Fig. 2 that the half-width
relative emission rate on the distance from the center of thand temperature position of the peaks are the same as before,
disordered region. In order to find, from Eq. (10), it is  but the height of the peaks has changed. As can be seen, the
necessary to know the size of a clugter We used the mean change in the height of the peak is greater for the shallower
cluster sizer;=130 A, obtained from electrical measure- center P2). Curves5 and6 were also calculated from Eq.
ments in Ref. 9 for neutron-irradiated GaAs. The character¢4) for c=250 A andB=8,. In this case the built-in fields
istics E,, and o, of radiation defects in GaAs are well increase the electron emission rate from B2 andP3 lev-
knowr?® and are given in Table I. els as they do from the deep donor levels. It can be seen that

To determine the radiusg, it is necessary to know the the shape and temperature position of the peaks have
depthE+ of the trap level. In Ref. 14 the height of the barrier changed. The height of the peaks has also changed due to
to electron capture to thE3 level was determined to be broadening. Thus, formuléd) indeed gives the results that
E,=0.08 eV, which give€;=0.3 eV. For other centers in- were expected above on the basis of physical arguments.
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FIG. 3. Experimental(1l) and calculated2—6) DLTS spectra.N,=5.5
X10% em 3 t,/t,=4x10 °s/2x10%s. o=250A. 1—D,=6.3
X 10 cm™% 2—total spectrum of the calculateB2, E3, P2, and P3
peaks; 3—P3, N;=24x10"cm™3, pB=B,; 4—P2, N;=33
x10%¥ em 3, B=pB,; 5—E3, N;=3.6x10%cm™3, B=0; 6—E2, N
=5.7x10" cm3, B=0.

Figure 3 shows an experimentally obtairedrvel) and
a calculated DLTS spectrufourve?) for GaAs irradiated by
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FIG. 4. Total spectra of the calculat&, P2, andP3 peaks in GaAs with
different doping levelst; /t,=4x107°s/2x107%s. N,, cm 3 1—10%,
2—5.5x10'% 3—10" cm ™3 N, cm 3 E3—3.6x10'% P2—3.3x 103,
P3—2.4x 10" 0=250 A.

good agreement with the experimental spectrum.

It is interesting to compare the total average concentra-
tion Nt=10" cm 2 (see Table ) of all the detected deep
electron traps in a sample irradiated with a dose equal to

fast neutrons. The experimental spectrum was obtained fag.3x 10'3 cm~2 with the data in Ref. 9. It follows from Ref.

amplitude of the filling pulseU,=6V, reverse bias
Up=6V, rate windowt, /t,=40/200[ us/us] and duration

of the filling pulset,=50 us. The contact diameter of the
diode wasd=180 um, the contact potential difference of

the Ti/GaAs Schottky barrier wags=0.7 V, and the free
electron concentration was %30 cm 3. From Fig. 3
(curvel) it can be seen that the peaks associated witliEthe

and E3 centers, and also thé band, are observed in the

spectrum. To calculate the spectrum according to(&qwe
calculated thee2, E3, P2, andP3 peaks(curves3-6), and
then summed them ufturve 2). We assumed tha®2 and
P3 are donors, i.e=Bq. In the fitting of curve2 to the

9 that for D,=4.2x10' cm 2 the concentration of disor-
dered regions iy, =5.6x 10'° cm™3, and each disordered
region contains roughly 1000 displaced atoms. Thus, for lin-
ear kinetics of accumulation of disordered regions the aver-
age concentration of displaced atoms in our samples should
be ~6.3x 10" cm™3. If we take into account that the dis-
placed atoms along with the deep electron traps can form
other types of defects invisible to DLTS mtype GaAs with
a Schottky barrier, in particular, hole traps, then the agree-
ment of our data with those of Ref. 9 is seen to be satisfac-
tory.

It was shown in Ref. 15 that as the doping level of

experimental spectrurfcurve 1), we varied two parameters: neutron-irradiated GaAs is increased, the half-width ofihe
Nt and o. The variance was assumed to be the same for alband increases. Here the increase in the half-width takes
the centers. This equality of the variance is neither necessaplace mainly on account of the low-temperature edge of the

nor obvious. However, the best fit of cur@eto curvel in
the region of thdJ band is obtained when the values®oin
the distributions of theP2 and P3 centers coincide:

U band. Figure 4 shows the superposition of the calculated
E3, P2, andP3 peaks in GaAs witiN,=10, 5.5x 10",
and 13" cm 3. To obtain these spectra, we used values of

o=250 A. The magnitude of the Poole—Frenkel’ effect de-the trap concentrations and variance of the distribution ob-
pends on what kind of trap is present in the given conductained above by comparing the spectra in Fig. 3. It can be
tivity type of material, i.e., on whether it is a donor or ac- seen from the figure that the nature of the change in the
ceptor. Coincidence of curvdsand2 in the region of thde2 half-width of the calculated spectrum in response to changes
andE3 peaks is achieved only f@=0. The weak effect of in the doping level correlates with the experimental data of
the electric field is possibly due to the acceptor nature of thd&kef. 15.

E2 andE3 centers. FoB=0 variation ofo affects only the Note that the derivation of expressitt) disregarded the
height of the peaks, which leads to an indeterminacy in thelectric field created during the DLTS measurements. Below
choice of the value of the variance. Therefore, for®and we present estimates of the consequence of ignoring the
E3 centers the value=250 A was chosen only by analogy magnitude of the external field. Since the value of the field
with the P2 andP3 centers. The values of the concentra-intensity is important from the viewpoint of increasing the
tions of the traps, which form spectrugnare given in Table emission ratey, it is necessary to compare the values of the
. It can be seen from Fig. 3 that the calculated spectrum is ifnternal and external fields in those space charge regions of
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1.0
Ld
Pl
§ FIG. 5. Dependence of the external electric field intensity
- (1,) in the space charge region of the Schottky barrier,
E and of the field intensitie€,2') and defect concentration
E* Nt of two disordered regions(3,3) on distance.
§'~ a—Center of the disordered region x}; b—center of

the disordered region &t .
g

the Schottky barrier where) Hefects are located and de-  dominates, to the total number of defects in this region tak-
fects can be recharged during the measurement. In the almg part in the recharging

sence of disordered regions in the DLTS measurements only ) 30

those traps can participate that are located in the space q:J f47-rr2NT(r)dr/J’ Amr2Ny(r)dr

charge region of the Schottky barrier between the poigts "o o

=Wy—\ andx,;=W;—\. Herexg is the coordinate of the

2 2
. . : . . . r r 30 r
intersection point of the defect level with the Fermi level in :f fr2 exp( - —2)df/ f r2 ex;{ - —z)df-
a diode without reverse bias, ang is the coordinate of the To 20 o 20
intersection point with the Fermi quasilevel in a reverse- (14)

biased diode. In the presence of built-in fields in the disor- . )

dered regions not all traps located in this interval participate oM EQ. (14) we find that whenxq=x, (Fig. 5a,

in the measurement. At the poirg the intensity of the ex- d=0-315, and forxy;=x, (Fig. Sb q=0.91. Thus,q de-
ternal field having an effect om at the time the traps are pends on the coordinate of the center of the disordered re-

being destroyed has the most significance. Therefore, w@ion. We write for the space charge region of the Schottky
should first compare the fields in the vicinity of the disor- Parrier the ratidQ of the number of defects being recharged

dered region whose center is located at the pajr(Fig. 53. N the dominant fields of all the disordered regions, to the
Since it was shown above that tR8 peak dominates in the total number of defects participating in the recharging

makeup of theJ band, we used the characteristics of B2 X1 X1

center in our calculations. We calculated fof,=5.5 sz SNdrq(Xdr)dXdr/ f SNyrdXgy

X 10'° cm™23 since quantitative values of the variance and *o X0

defect concentration were obtained from the experimentally X1

obtained spectra, and for the valugs ¢sq,, Uy, o, and the = JXO d(Xgr)dXqy / X1~ Xo, (15

temperature of the maximum of tHe3 peak, which were

used or found above in the calculations of the spectra. WavhereS is the area of the metal-semiconductor contact. We
obtained the following values:,=1.553<10"/, r,=1.472 used numerical methods to obtain the dependences
X108, x,=3.784<108, x;=9.156x10 7, Wy=4.192 q="f(x4) on the intervalg xq,x;] for different values of
X107, W;=1.297<10" ¢ m. N,. Substituting these dependences into Edp), we ob-

It turned out that forx=xy+rg, starting at which de- tained the following values o: 0.85, 0.55, 0.45, and 0.16
fects of the given disordered region can be recharged, thior N,=1Xx10%, 5.5x10'% 1x10% 1x107cm™3 re-
internal field is~4.62 times larger than the external field and spectively. Thus, Eq(4) (from the viewpoint of neglecting
is equal to 4.5& 10" V/m. The field of the disordered region the external fielilgives a good qualitative description of the
(curve?) falls off faster than the external fieldurvel) and  spectrum forN,=10" cm™3, a satisfactory description for
atx;=6.94x 10 8 m the fields become equal. It can be seenN,=(5.5—10)x 10'° cm™3, and only a qualitative descrip-
from Fig. 5 that the coordinate=xg4, of the center of the tion for N,=10" cm™3, with the necessary inclusion, in the
disordered region is linked by the relatisp—x4,=r¢, from  last case, of peculiarities arising as a result of a nonuniform
which we can find ;, which is equal to the distance from the defect distribution. Note that the quanti€y is not a direct
field intersection point to the center of the disordered regionmeasure of the presence of defects, although it is related to it.
For x>x; the external field dominates; however, with in- For example,Q=55% means that 100%Q=45% of the
crease of the distance from the center of the disordered relefects actually form the spectrum for values of the external
gion the defect concentratiqourve 3) decreases. For a spe- electric field corresponding to curvdsand 1’ for x>Xx; in
cific disordered region we write the ratipof the number of  Fig. 5, but Eq.(4) treats these defects as forming the spec-
defects being recharged in that part of the disordered regiottum in the closer field of the disordered regi@urves2 and
where the field of the disordered regidte internal field 2’ for x>X; in Fig. 5).
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The dependence of the boron distribution on the initial boron concentration in the range

(1—9)x 10" cm 3 was investigated by secondary-ion mass-spectrom&iMS) after heat

treatment of boron-ion implanted silicon at 900 °C. It was found that when the initial

boron concentration exceeds the solubility limit at the annealing temperature used, two additional
peaks arise in the boron concentration profiles at the boundaries of the ion-implantation
disordered region. It is suggested that their appearance in these regions at high doping levels is
due to clustering of excess interstitial impurity atoms not built into the lattice sites

following displacement of boron atoms from the lattice sites by intrinsic interstitials that leave

the disordered region. €998 American Institute of Physid$1063-7828)00304-4

INTRODUCTION The samples were then bombarded by 180-K&B'*

In Refs. 1 and 2 it was found that the boron concentra-ionS at.a dose of £0crr ™. -In every case the thickness of

tion profileé obtained as a result of annealing at 900 ° the region affected by the implantation process was smaller
C[han the thickness of the pre-dopéd the above-indicated

sfamples of si(l)iconiignitially doped with boron. to a+qoncentra-boron concentrationssurface regions. After bombardment
tion of 2x 10°? cm? and then bombarded withiB* ions at the samples were annealed at 900 °€ foh in aninert

a dose of 18 cm 2 with energies of 180 or 400 eV are edium
nonmonotonic and have five maxima. Processes that can lead The boron isotope distribution with deptk in the

to the formation of such spatial distributions for such highsamples was studied by secondary-ion mass-spectroscopy

initial impurity concentrations are discussed in Ref. 2. (SIMS) on an MIQ-256 setudCAMECA-RIBER), which
Since such an effect is not observed in samples with #heasured the yields dfB* and 1B* secondary i,ons. The

low initial doping level (see, e.g., Ref.)3it might be ex- O primary beam ions had an energy of 13 keV. The scan-

pected that one of the main reasons for its appearance f’ﬁ%g area of the focused primary ion beam wa<.4

precisely a high initial doping Ievgl. . . . X 0.6 mnf. The etch rate was-0.5 nm/s, and its constancy
The aim of the present work is to investigate the |nflu—during the measurements was monitored by ¥8&i* sec-

ence of the initial level of boron doping of silicon on the ondary ion yield. To eliminate the contribution of secondary

nature of the impurity depth profiles arising as a_result Ofboron ions knocked out of the walls of the crater, the ana-
heat treatment of samples bombarded with boron ions.

lyzed signal was taken from the central part of the crater
making up 10% of the scanning area of the primary ion
beam.
Control measurements in which a primary beam of ce-
As our starting samples, we used samples of silicon wittsium ions was used and the vyield @f®Si*B)~ and
(100 surface orientation, boron doped in the concentrationf?®Si*'B)~ secondary ions was recorded gave the same re-
interval from 18° to 9x 10" cm™3. Samples with boron sults as the measurements with a primary beam of oxygen
concentration 1% cm™2 were prepared from KDB-0.006 ions.
silicon wafers and contained both isotopes of bordfB—
anql 1B in a concentration ratio of~1':4 corresponding 10 PERIMENTAL RESULTS
their natural abundance. Samples with boron concentrations
Ng=3X 10" 6x 10" and 9x 10" cm 3 were prepared by The measurements on the samples with the lowest initial
ion doping. The!®B™ ions with energyE=300 keV were boron doping leveNg=10'° cm 2 showed(Fig. 1) that the
implanted in KDB-10 silicon wafers at dose levdls=5  shape of the depth profile of tH@B isotope, formed as a
X 10%, 10, and 1.5¢10' cm 2 on an HVEE-400 setup. result of annealing, faithfully tracked the boron profiles ob-
The bombarded wafers were annealed at 1075 °C fotained in Ref. 3 under similar conditions of bombardment
100 min (10 min in dry oxygen+90 min in dry nitrogeh  (E=70 keV, D=10% cm 2 and annealing(T=900 °C,
As a result, regions of thickness1 um were created in t=35, 70, and 105 minin silicon that had not been pre-
surface regions of the wafers, doped to the indicated concemtoped with boron. The impurity attached to a segment in the
trations with only one isotope of boron. region of the distribution maximum of the implanted boron,

EXPERIMENT

1063-7826/98/32(4)/3/$15.00 372 © 1998 American Institute of Physics
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FIG. 1. Concentration profilesN) of boron isotopes in silicon with initial ~ FIG. 2. Concentration profiled\) of the isotope'®B in silicon with differ-
boron concentratioNg= 10" cm~3, resulting from°B ion implantation ~ ent initial dopant levelsNg, resulting from °B jon implantation
(E=180 keV,D =10 cm™?) and annealing at 900 °C for 1 h—'B, 2— (E=180 keV,D =10 cm™?) and annealing at 900 °C for 1 Ng, cm %

YB. Dashed curves—before annealing, solid curves—after annealingl—6x 10, 2—9x 10'°.

B, =6x 10" cm3—maximum solubility of boron at substitution sites at

T=900 °C.

~6x10* cm™3, along with a gathering of boron into the
region adjacent to the maximum of the implanted impurity
distribution, two inflection points are observed in the wings
of the profile(Fig. 2, curvel). As the initial doping level is
increased to~9x 10'° cm™3, additional maxima appear in

where its concentration is greater tharéx 10'° cm™3, the
limiting solubility of boron atoms at the lattice siteB/() at
T=900 °C(Refs. 4 and § a broadening of the profile be-

yond the bounds of this regiofthe inflection points of the place of these inflection point&ig. 2, curve).

profile, indicated in the figupeis also observed_. Such an Thus, features appear in the impurity concentration pro-
attachment of the boron atoms was also experimentally obgjaq only when the initial doping level roughly coincides
served earlier under other conditions of bombardment an%ith or exceeds the limiting boron solubility for the anneal-

femnealing?’,'.“’6 but only in those cases in which the amount of ;o temperature used.

implanted impurity created an excess boron atom concentra-

tion relative to its limiting solubility at substitution sites for

fche temperatures used_. In Refs. 3and 4 the_ relative |mmob|bISCUSSION

ity of the boron atoms in this segment was tied to the attach-

ment to immobile boron-containing clusters of an excess of The results obtained by us can be explained within the
impurity which was not built into the sites due to the limita- framework of the approach proposed in Ref. 2, which is
tion of the solubility limit. based on the following assumptions:

Changes in thé'B isotope profile, observed after an- —during implantation of boron ions in the bombarded
nealing at 900 °C, showFig. 1) that on the segment in the region, along with the accumulation of boron atoms, a sig-
region of the maximum of the implanted boron distribution nificant fraction of which do not occupy regular lattice sites,
there takes place not only an attachment but also an accumthere also takes place an accumulation of defect complexes
lation of impurity, distinctly revealed in the appearance of acontaining interstitial silicon atomd ) and vacancies\();
maximum on the initially flat profile of the isotogéB. Con- —the region where the main fraction of implanted boron
sequently, if the observed attachment of boron atoms is to bis located and the region where the main fraction of primary
tied to the formation of boron-containing clustéfsthen the  radiation defects are generated essentially coincide; as a re-
latter can serve as sinks for the mobile boron componensult, the boron concentration at substitution positions) (iB
which maintain the impurity flux in the region of the maxi- this common region is lower than the initial doping level.
mum of the implanted boron distribution. —at the initial stage of annealing the defect complexes

As the initial doping level is increased, the boron atomdecay, which leads to a liberation of interstitial silicon atoms
depth profiles resulting frof’B* ion implantation and sub- and vacancies; boron atoms are also liberated from defect—

sequent annealing change their shape. impurity associates and then show up at interstitial sites
Whereas for an initial boron concentration of (B));
~3x 10" cm2 the resulting profile mimics th&B profile —the liberated vacancies participate in reactions associ-

obtained in samples with an initial concentration of ated with incorporation of boron atoms into lattice sites, and
10°cm3  already at boron concentrations of in annihilation reactions with intrinsic interstitials; the intrin-
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sic interstitials also take part in reactions displacing the boimplantation-disturbed region, takes part in reactighand

ron atoms from the lattice sitéthe Watkins reaction’? occupies lattice sites where under the conditions of the ex-
Consequently, at the initial stage of annealing the mosperiment it is relatively immobile. This course of events
probable reactions are manifests itself in the formation of “wings” which escape,

(1) as it were, outward from under the limiting solubility level
(the %B profile after annealing in Fig. 1, and also the data in

B,+V—Bsg, (2 Refs. 3 and #

Thus, the experimentally observed array of boron atom

V+I-0. 3 profiles in silicon, depending as it does on the initial doping

Relaxation of nonequilibrium elementary defects insidelevel, can be consistently explained, in our opinion, on the
the implantation-affected region due to reactighs—(3) is  basis of the well-known reactior®—(4) without invoking
accompanied by their diffusive spreading. Since in the ionany additional mechanisms.
implantation-disturbed region thg Bndl concentrations are
large, the propagation of vacancies is initially limited by re-
actions(2) and(3), and the vacancies are localized inside this
region. At the same time, the propagation of intrinsic inter-
stitials in this region is limited only by the annihilation reac- CONCLUSIONS
tion (3) since the B concentration is small and the efficiency
of reaction(1) is reduced. 1. We have shown that the distribution of boron atoms

As a result of this circumstance, the unreacted intrinsigvith depth in silicon bombarded with 180-keV boron ions at
interstitials, in concentration significantly exceeding that ofa dose of 1& cm™2 and annealed at 900 °Crfa h depends
the vacancies, diffuse out from the implantation-disturbed®n the initial boron concentration. At the initial doping level
region. They pass beyond the nominal boundaries of thiéls>6x 10" cm™3, which exceeds the limiting solubility of
region and penetrate into the silicon, where the boron conboron at the annealing temperature, along with aggregation
centration at the substitution sites is close to the initial dopand attachment of boron atoms in the region near the maxi-
ing level, where they displace boron atoms from the latticenum of the implanted-impurity distribution, additional
sites. maxima appear in the impurity concentration profiles.

In the case where the initial doping level exceeds the 2. We believe that the formation of additional maximum
boron solubility limit, not all the boron atoms displaced from in the region near the boundaries of the implantation-
lattice sites can again occupy positions in the silicon latticedisturbed region is connected with clustering of the excess of
i.e., the excess of mobile boron atoms at interstitial sitednterstitial boron atoms and the flow-off to these newly
cannot be removed by just the one reacti@n Thus it can formed clusters of the mobile boron component. The excess
be assumed that it is simultaneously removed by a chain gfoncentration of interstitial boron atoms is created in this
clustering reactions: segments due to the reaction which displaces boron atoms
from the sites of intrinsic interstitial atoms that escape the
implantation-disturbed region.
whereP; is an immobile cluster that containdoron atoms. We wish to thank V. G. Seryapin and B. I. Fomin for
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Single-crystal samples of aluminum-doped silicon implanted with hydrogerB8atK were

examined by electron spin resonan&SR. Two new ESR spectra labeled Si-AA15 and

Si-AA16 were observed. The hyperfine structure of the spectra unambiguously reveals that two
aluminum atoms and one aluminum atom are incorporated in the AA15 and AA16 defects,
respectively. Observation of Al-Al pairgshe AA15 defect is evidence in favor of long-range
migration of aluminum atoms. The migration occurring in the experimeiit=a200 K

cannot be normal or recombination-enhan@egection-enhanceddiffusion. Tentative models
including Al-Al interstitial pairs as well as a hydrogen—enhanced migration mechanism

are discussed. €1998 American Institute of PhysidsS1063-782808)00404-9

INTRODUCTION formation of an Al-Al pair can take place only in the pres-
ence of diffusion of aluminum atoms. Such migration, which
It is well known' that the migration rate of interstitial takes place in our experiments at least at temperatlires
atoms can be radically increased as the result of various 200 K, cannot be recombination-enhanced diffusion. The
physical processes. For example, isolated interstitial aluminecessity of implanting hydrogen atoms in the samples to
num atoms Al, which correspond to the ESR spectrum des-form Al-Al pairs is evidence of hydrogen-enhanced diffu-
ignated Si-G18Refs. 1 and , are stable at 500 K; however, sion.
under conditions of nonequilibrium free carrier injection they
anneal out at 300 K and the activation energy of the diffusion
process decreases from 1.2 to 0.3(@&ef. 3. The annealing EXPERIMENT
temperature of interstitial boron; BRef. 4 and carbon atoms Samples of float-zone silicaffr Z-Si) doped with alumi-
Ci (Refs. 5 and Bis also reduced by more than 100 K undernum to a concentration of 3610 cm™2 were studied.
carrier injection conditions. Intrinsic interstitial atoms are Samples with dimensions ¥51 X 0.5 mm were cut from a
mobile under conditions of electron bombardment even asilicon wafer oriented in thgl11} plane, where the long side
4.2 K1?In all these cases the energy necessary for activatioof the samples corresponded to #tH1) axis. A hydrogen
of the migration process is transferred to the interstitial atomimpurity was implanted in the samples in two ways: by ion-
upon recombination of the nonequilibrium electrons andimplantation of protons and by annealing in water vapor. In
holes by means of different electron—phonon interactiorthe first case the samples were bombarded by 30-MeV pro-
mechanisms. tons. The ion beam was directed perpendicular to the plane
Another example of enhanced diffusion is hydrogen-of the sample. Since the mean free path of 30-MeV protons
enhanced diffusion. When samples were subjected tin silicon is ~5mm, to dope the samples with hydrogen
hydrogen-plasma treatment at temperature350 K more  atoms an aluminum absorber of thicknesst mm was
rapid formation of oxygen thermal donors was obsefvedplaced in front of the sample. To obtain a more uniform
than for thermal annealing at the same temperature. Aproton distribution over the sample, additional aluminum
analogous effect was observed in samples annealed in a hfgils of different thicknes$50—300um) were placed in front
drogen atmosphere af~900-1300 °C with subsequent of the sample during bombardment. Allowing for the strag-
quenching at room temperatdt@hese results are evidence gling width of 30-MeV protons in silicon £ 150 um) and
of the catalytic action of hydrogen atoms on the diffusion offor the typical total dose 8 10'° cm 2, the mean volume
interstitial oxygen. Theoretical models have been proposedoncentration of hydrogen after implantation is found to be
to explain the microscopic mechanism of hydrogen-~5x10Y cm™ 3. Implantation was performed at a tempera-
enhanced diffusion of an oxygen impurity® ture of ~80 K, after which the samples were transported
In the present paper we report the observation of enwithout intermediate heating into a cryostat for the ESR
hanced diffusion of aluminum atoms in hydrogen-doped sili-measurements. In the second method of implanting hydrogen
con. Migration of aluminum atoms was inferred from the atoms in the samples the starting samples were placed in a
appearance of a previously unknown ESR specttdesig- sealed quartz cell containing a few milligrams of water and
nated as Si-AAlparising from a defect whose structure con- were annealed at-1200 °C for roughly an hour at room
tains two almost equivalent aluminum atoms. Of course, theemperature. Such a heat treatment leads to doping of the

1063-7826/98/32(4)/7/$15.00 375 © 1998 American Institute of Physics
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trum indicates that two nucldic and B) with spin | =5/2,
natural abundance 100%, and similar hyperfine interaction
(HFI) parameters enter into the makeup of the AA15 center.
AAlS ] Such nuclei in our samples can belong only?*{al atoms.
Each group of lines corresponds to a certain value of the
G1s | projectionm; of the total nuclear spih=1,+1,. The spec-
trum AA16 can be described as arising from the anisotropic
4 symmetry defecC,y, by the spin Hamiltonian

H=pugHgS+ X SAl;, D
iZa.p

ESR signal intensity, arb. units

where the first term describes the electron Zeeman interac-
320 tion, and the second term describes the hyperfine interaction.
As was noted, the hyperfine interaction parameters of the
nuclei are similar but not equal. The nonequivalence ofthe

FIG. 1. Temperature region of formation and annealing of AA15 and AA16 e il ;
) ) : X and B nuclei is clearly visible from the structure of the inter-
centers in aFZ-Si(Al) sample implanted at 80 K with a dose of protons B y

corresponding to a volume concentration of hydrogen equal to 5nalI groups of the lines correspondingrg=4, 3, and 2. In

X 1047 em 3. the case of equivalent nuclei, splitting within each group
would arise due to removal of degeneracy for lines with dif-
ferent values of the total nuclear sginand the lines within

samples with hydrogen to a concentration 00" cm™ each group would not be equivalent and the shift of each line

(Ref. 11). These samples together with control samples wergvould be proportional té(l +1)—m?. In our case the posi-

bombarded at-80 K by protons without the absorber. Since tions of the lines are satisfactorily described by a formula

the mean free path of 30-MeV protons is almost an order ofvhich takes second-order corrections into account

magnitude greater than the thickness of the sample, all theeparatel}? for the « and 8 nuclei:

protons braked beyond the sample and bombardment intro-

duced only radiation defects uniformly distributed through- . 2 2

out the volume of the sample. We also used samples bo _,8H=hv0 j;aﬁ (A m;+ (A2 BRI+ 1) mj 1}

barded with ~40-MeV « particles as controls. All ESR 2

measurements were performed at a sample temperature

77 K at a frequency of-37 GHz in the absorption regime.

2

&rlhereﬂ is the Bohr magneton ang, is the frequency of the
microwave field; therefore, splitting inside the groups is due
to the difference in the hyperfine interaction tensofs;-and
Ag. From an analysis of the experimental angular depen-

After hydrogen implantation at 80 K and before anneal-dence of the AA15 spectrum we determined the principal
ing, only known centers are present in the ESR spectra. Imalues and axes of thg A,, andA, tensors, shown in Fig.
contrast to the case of electron bombardmérESR spectra 3 and in Table I. All three tensors have symmefy, . The
of interstitial aluminum Si-G18 were not observed immedi-maximum discrepancy between the calculate). 2b and
ately after hydrogen bombardment or implantation in eitheexperimental angular dependence of the AA15 spectrum is
the hydrogen-doped samples or the control samples. Isoclvbserved foH[I(111) and amounts te-0.3 mT. The angu-
ronous annealing in hydrogen-doped samples in the temper&ar dependence of thg-factor and the hyperfine splitting for
ture range 180-200 K led to the appearance of previousldifferent equivalent positions of the AA15 center, calculated
unknown spectra, denoted as Si—AA15 and Si—AAER).  using the constants of tlgeandA tensors, is shown in Fig. 4.
1). The intensities of these spectra were higher in samples ifthe maximum values 0k, andAg lie on the(011) axis; i.e.,
which hydrogen had been introduced by ion implantation tathe corresponding molecular orbitals are oriented perpen-
a concentration of~(1-5)x10 cm 3, and increased in dicular to the symmetry plane of the defect.
proportion to the hydrogen concentration. In samples satu- The hyperfine interaction data were analyzed in the same
rated with hydrogen at high temperaturesith hydrogen way as was done for other defects in siliddin the approxi-
concentration~ 10'® cm™3), the intensity of the AA15 and mation of linear combination of thés, 3p) orbitals for the
AAL16 spectra was roughly 3—5 times lower, did not dependwvave function of the paramagnetic electron of the AA15 cen-
on the quenching regime, and was the same for both thter. Noting the parameters of the wave function of the alu-
air-cooled and water-quenched samples. The AA15 anehinum atom:|y;4(0)|?=20.4< 107 cm 2 and(r;)=8.95
AA16 spectra are absent in samples that had not been sub-10?* cm™3 (Ref. 13, we calculated that the degree of lo-
jected to a preliminary heat treatment in water vapor atalization of the wave function at the and 8 nuclei is
~1200 °C and were bombarded withparticles or protons roughly 18 and 10%, respectively, and the contribution of the
without an absorber. 3s state is~50% (see Table)l

The AA15 spectrum consists of 11 groups of lines. Fig-  The ESR spectrum of the AA16 center consists of six
ure 2a shows two groups of lines: on the low-field side andyroups of lines, which indicates the presence of one alumi-
on the high-field side. The observed structure of the specaum atom in the structure of this defect. Figure 5 shows two

EXPERIMENTAL RESULTS
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FIG. 2. a—ESR spectra of Si-AA15 inf@Z-Si(Al) sample implanted with protons at80 K and annealed at 200 K for 10 min. Groups of lines with total

nuclear spin projectiorm;=5 and 4 (lower-magnetic-field side of the spectrurand —5, —4 (higher-magnetic-field side of the spectrurior three

orientations of the sample. Measurement temperature 77 K. The nuclear spin projection values indicated assume that the hyperfine interaction constant is
positive. b—experimental valugpointy and calculated angular dependergselid curve$ of line positions of the AA15 spectrum witm,=5 and -5

(calculated with the constants of tlge and A-tensors from Table)l c—general form of the spectrum for the orientatidii(100), obtained using the
parameters from Table I.

of the six groups of lines on the low-field and high-field nucleus is~30%, and the contribution of thes3state is
sides. For the AA16 spectrum it was found that tiéactor  ~80%.

has a weak anisotropy with mean valge 2.0035; the hy- The signal-to-noise ratio for the AA15 and AA16 spectra
perfine interaction tensor has trigonal symmegsge Table was insufficient to record forbidden transitions and to ac-
I). The degree of localization of the wave function at the Alcount for the contribution of the quadrupole interaction for
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FIG. 3. Principal values and orientations of the axes ofghé\,-, andAg
tensors for one of the equivalent positiqa® in Fig. 4) of the AA15 defect.

the?’Al nuclei. Ignoring this contribution to the Hamiltonian
probably is the cause of the noticeabte .3 mT) discrep-

ancy between the calculated and experimental angular deyf the defect may be an indication that the AA16 center is an

pendences of the AA15 and AA16 spectra. However, if Weintermediate or metastable state of the defect in the forma-
take into account that for the magnetic field oriented alongtion of the Al-Al pairs(the AA15 center.

say, thg111] axis in the(011) crystal plane the AA15 spec-

trum breaks up into 108 lines, then it turns out that the in-
tensity of the AA15 spectrum is dominant in comparison

Gorelkinskil et al.

TABLE |. Parameters of the ESR spectra of the AA15 and AA16 centers
and coefficients of the molecular wave functidar>—isotropic part,
B?—anisotropic part of the hyperfine interactiojf—degree of localization

of the wave functioh

ESR Spectrum g(=0.0003) A, MHz a® B2 P
27Inl, A,=276.8
g,=2.0008 A,=3180 035 065 0.18
AA15 g,=2.0025 A3;=290.1
9;=2.0035 ©=20+1°
®=70x1°

ZAl; A;=267.3
A,=2855 057 043 0.10
A3=277.5
0=33x1°
AA16 g=2.0035 *Al Aj=823 0.80 020 0.29
A, =836

260—-280 K, and no correlation is observed in the behavior of
the Si-AA15 and Si-G18 centers. As was noted above, the
AA16 spectrum appears after annealing at 200 K simulta-
neously with the AA15 spectrum. However, repeated heating
of the sample to 200 K leads to irreversible disappearance of
the spectrum. Such a narrow temperature region of existence

DISCUSSION

with the other defects. The amplitude of the spectrum does Formation of the AA15 defect, which includes two Al
not vary up to the annealing temperature 300 K. After animpurity atoms in its structure, is proof that migration of the
nealing at room temperature the AA15 spectrum disappear#\l atoms by a distance greater than 100 lattice constants
Note that in both the hydrogen-doped and the controtakes place at temperatures below 200 K. The experimental
samples the Si-G18 (Al spectrum appears after annealing atdata provide evidence of the important role of the hydrogen
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FIG. 4. Calculated curves of the angular dependence oftfator (&) and hyperfine splittingA=A,+Ap) (b) for the AA15 center.
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of a hydrogen-enhanced mechanism of aluminum atom mi-

Si-AAl6 gration. Diffusion probably occurs in the form of the-AH
m, 4572 -52 complex. It is well knowf* that hydrogen can be captured
by acceptors of a third grou(B, Al, Ga) situated at lattice
<100> sites, and that it can passivate their electrical activity, form-

ing Als;+H complexes. However, there are no reports in the
literature of the capacity of AlrH complexes for diffusion.

Therefore, it is obvious that aluminum diffusion proceeds via
interstitial positions. In this case, hydrogen is probably
bound to the interstitial aluminum atom, forming the com-
plex Ali+H. The absence of interstitial Ahtoms(the G18

spectrum leads us to the necessity of assuming that the

AA15 complex is formed not in two steps, i.e., after reaction
<011> (3) and
WN\/J\/\/\»/\.\ /W Al +H—(Al—H); , (4

but directly as a result of the reaction

1404 (Si+H); + Al — Sic+ (Al +H), . (5)

1

At pd

1400
Magnetic field, mT As is well known, interstitial Siatoms possess a very high
FIG. 5. High-field and low-field parts of the Si-AA16 spectrum for an Mobility in p-Si under conditions of electron bombardmént,
FZ-Si(Al) sample implanted with protons at 80 K and annealed at 190 K.and the interstitial impurity defects Al B;, and G are ob-
The nucle_ear spip projection values assume that the hyperfine interactiogerved directly after Iow-temperatu(é.z K) bombardment.
constant is posmve. . . .
However, when bombarding with protons eparticles the
Al; and G centers, monitored by ESR and deep-level relax-
ation spectroscopy (deep-level transient spectroscopy,
atoms in this process. Although bombardment of the sampl®LTS), appear only after annealing the-Si samples at
with high-energy particles generates nonequilibrium elec—280 K.*>*° This does not mean that;Sitoms are immo-
trons and holes, the long mean-free-path migration of alumibile under conditions of proton as-particle bombardment
num atoms which we have observed cannot be injectionsince, as we have showhjmmediately after proton bom-
enhanced. Even assuming that during bombardment thgardment at~80 K (Si—O); centers are observed imtype
conditions of saturation of the annealing rate of thegdin-  as well asp-type samples, which is evidence of migration of
ters for the given injection rate are achieved, the characteiSi; defects. Of course, for the formation of interstitial impu-
istic anneal time for the interstitial aluminum atoms, accord-fity defects it is necessary that two conditions be satisfied:
ing to the data of Ref. 2, is-10° h at~80 K. On the other not only the possibility of migration of intrinsic interstitials,
hand, the characteristic time during which injection-but also the overcoming of an energy barrier to force an
enhanced diffusion can take place cannot exceed the bonmpurity atom into an interstitial position. The striking dif-
bardment time, i.e., in our caselh. Consequently, the ference inthe behavior of interstitial impurity centers may be
injection-enhanced mechanism cannot be the reason for dift consequence of the energy barrier for a substitution reac-
fusion of aluminum atoms. Diffusion also cannot betion. The energy barrier depends on the chemical nature of
bombardment-enhanced since the AA15 center was not otthe impurity and on its charge state, i.e., on the Fermi level.
served in the control samples bombarded witparticles or ~ As confirmation of this assertion we may cite the results of
protons. Which mechanism is then responsible for the enstudies ofFZ-Si samples bombarded with electrons, where
hanced diffusion of the aluminum impurity? interstitial carbon atoms (L appear during low-temperature
As is well known, A]—Alg impurity pairs(G19 and G20 bombardment irp-type samples, whereas mtype samples
centerd) are formed as a result of displacement by intrinsicthey appear only after annealing at 163%/ Note that the
interstitials (Sji) of the Al lattice-site atoms into thdy injection level, which is different for different types of bom-
interstices according to the substitution reaction bardment(e.g., for electron and proton bombardmeand
. . which depends on the energy and intensity of the beam, can
Sii+Als— Sl Al ®) also influence the defect distribution via the charge states and
and subsequent migration and capture gf @&dnters by Al  thereby the efficiency of formation of the interstitial impurity
lattice-site atoms at temperatures500 K. In our case, the centers.
temperature at which Al-Al impurity pair&he AA15 de- Thus, in the absence of hydrogen atoms the substitution
fect) are formed is substantially low€Fig. 1). The structure reaction(3) takes place at 260—280 K under conditions of
of the AA15 defect also differs radically from the familiar proton anda-particle bombardment, but hydrogen catalyzes
G19 and G20 centers since it includes almost-equivalent alutthe reaction and substantially lowers the temperature at
minum atoms. Aldefects, which always precede the appearwhich the A| centers are formed. However, as a result of
ance of the familiar A+ Al impurity pairs, are not observed. reaction(5), the Al centers are bound up with hydrogen in
The necessity for the presence of hydrogen atoms is evidendbe (Al+H); complex. This reaction can occur during im-

1250 1254
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plantation at~80 K. However, it is more probable that it
proceeds during thermal annealingaR00 K. As is well
known?® at these temperatures the hydrogen atoms occupy-
ing positions at the bondB(C) become mobile and, conse-
qguently, can form complexes with defects and impurities. To
explain the fact of the formation of Al-Al pairghe AA15
centey, it is necessary to assume that {&l); and (Al—H);
complexes are mobile at these temperatures.

Note that the AA16 center is a good candidate for the
role of the (Al-H;) defect. The different width of the lines
of the AA16 spectrum for different equivalent positions of
the defec(Fig. 5 may be a consequence of a weak hyperfine
interaction at the hydrogen nucleus. The nature of the hyper-
fine interaction at theé?’Al nucleus for the AA16 center
shows that the degree of localization of the wave function of O - Si
the paramagnetic electron on the Al atom is similar to the
case of an Al center at aTy interstice(Si—G18 and the FIG. 6. Tentative model of an AA15 centdf11)-split interstitial.
wave function has a preferentiallys&haracter. Thus, the Al
atom in the AA16 defect is found in the Al charge state as
in the defects G18—-G2@Ref. 1). The insignificant contribu- the two Al atoms should lie symmetrically about ta,
tion of the P state indicates a perturbation shifts the Al {011} plane. Therefore, the possible interstitial variants of the
atom away from theTy interstice. Such a perturbation can model of the AA15 complex are restricted to centers based at
create, for example, a negative hydrogen ion {Hwhich is  two types of split interstices/011) and (001), whose sym-
located at a neighboringy interstice. Note that the (AlH); metry is lowered taC,;, by the additional perturbation.
defect can be efficiently formed as a result of the long-range In the case of §001)-split interstice it may be expected
Coulomb attraction between the components forming thighat the paramagnetic electron will be localized mainly on
complex. The absence of a strong hyperfine interaction at théne 3p orbital. This follows from a comparison with thg C
H nucleus can be caused by weak localization of the wavéSi-G12, C—Si—-C, (Si-G1), and G-O (Si—-G15
function at the hydrogen atom. In the given model it is nec-centers®~?2in which the paramagnetic electron is situated at
essary to explain the capability of this defect for migration.a molecular orbital,~95% of which comes from the 2
Theoretical studies of the process of enhanced migration adrbital of the carbon atom. Therefore, the model gbal)-

Al, atomg® shows that the energy barrier for diffusion is split interstice is in poor agreement with the HFI data for the
lowered from 1.3 eV for the charge state*Alo 0.5 eV for  AA15 center. In contrast, in the case of {@ 1)-split inter-

Al ~. Therefore, electron injection leads to recharging of thestice modelFig. 6) it is easy to construct a molecular orbital
Al; centers and a substantial enhancement of the process fwbm a mixture of the 8 and 3p, orbitals of the aluminum
migration. Of course, the given mechanism is inapplicable imtom. Here the andp, orbitals form the Al—-Al bond, the,

our case. Further studies will be directed at a more carefudnd p, orbitals form the bonds with the neighboring silicon
examination of the AA16 defect and the process of diffusionatoms, and the E orbital, formed from tpe ands states, is
enhancement with hydrogen participation. occupied by the paramagnetic electron. Therefore, the hyper-

Let us discuss a possible model for the AA15 centerfine interaction in the direction perpendicular to the symme-
The familiar ESR centers G19 and G20, identified astry plane of the defect is maximum, in agreement with ex-
Al;— Al pairs, have a significantly different degree of local- periment. Figure 6 shows one possible model of the AA15
ization of the wave function on the Adnd AL atoms. At an  center, whose structure contains one pair of Al atoms. The
aluminum atom located at By interstice, the localization of symmetry C,,) of such a center can be lowered@qy, by
the wave function is~38%), whereas at a lattice-site alumi- the presence of a hydrogen atom on the periphery of the
num atom the degree of localization of the wave function isdefect or by the Jahn—Teller distortigif hydrogen is not
~3-4%. Thus, at G19 and G20 centers substantially differentrained in the structure of the defedlote that the sym-
ent positions of the Al atoms entrained in the Al-Al pair are metry of the hyperfine interaction with two almost equivalent
clearly manifested. In the case of the AA15 center the Alaluminum atoms observed for the AA15 center can also be
atoms are almost equivalent and have the same symmetry obtained in the model of a complex, whose nucleus is a
the hyperfine interaction@;;,). It can be assumed that the vacancy with two lattice-site aluminum atoms or a pair of Al
aluminum atoms are found at positions that are equivalent imtoms in aTy interstice. The symmetry of such complexes
the undamaged lattice, and the lowering of the symmetryC,,) can be lowered t&,,, by an additional perturbation.
from C,, to Cy,, is due either to the Jahn—Teller effect or to However, the formation of such a complex requires the in-
the presence of some additional defect located on the peripleraction of more than one radiation defect with each other,
ery of the structure of the AA15 centdAlthough hyperfine  which renders its formation improbable. Further studies are
splitting from hydrogen was not observed in the AA15 spec+equired to establish the exact structure of the AA15 center.
trum, we cannot completely rule out the participation of the  Note that theoretical calculatiofigive similar values of
hydrogen atom in the structure of this defedh addition, the defect energy in the case of trigorfahl;— Al pairs and
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The temperature dependence of the specific volume of melts of Ill-V compounds has been
studied thermometrically and with penetratipgadiation. The thermal expansion of these melts
has been estimated at various temperatures. Based on the similarity of the structure of the
melts and the elastic continuum, the characteristic Debye temperatures and rms dynamic
displacements of the atoms in the close-range-order structure of these melts have been
calculated from the estimated thermal expansion. A considerable change in the indicated
characteristics is observed at the transition from the solid state to the liquid state, indicating
significant changes in the vibrational spectrum of I1lI-V compounds upon melting. The

thermal expansion of the melts is observed to increase upon heating, indicating a further loss of
strength of the interatomic bonds in the melts with growth of temperature19@8

American Institute of Physic§S1063-7828)00504-3

The electrical and magnetic properties indicate that the The density of the meltswith the exception of GaAs
melting of IlI-V semiconductor compounds is accompaniedwas determined thermometrically, by tracking the level of
by an abrupt increase in the charge-carrier concentration. Aiie melt in a calibrated, specially shaped quartz cell. In the
a result, the electrical conductivity reaches a value that isase of AISb the cell was coated on the inside by a mirror
typical of molten metals and according to Regel’s classificalayer of pyrocarbon. The density of GaAs was determined by
tion, II-V compounds melt according to the type penetrationy radiation. The design of the devices and the
semiconductor—metar4 technique of the experiments are described in more detail in

The high-temperature properties of 1lI-V compoundsRefs. 4 and 6.
have not been studied in adequate detail. At the same time, Figure 1 plots the temperature dependence of the specific
the results of such studies are of interest in connection wityolume (Vsp) for the investigated compounds.
the development of technology and instrumentation for ob-  1h€ measurement results were reduced by the least-

taining samples of compounds in the form of single crystaiSauares method, which made it possible to represent them in
and epitaxial structures. the form of first-degree interpolation formulas characterizing

Specifically, the results of studies of the bulk propertiesthe temperature dependence of the density over the investi-

and thermal expansion can be used in thermal-physical cagatEd temperature interval

culations of the design characteristic of reactors in view of

the anomalou$of. water 'type} bulk chapggs of llI-V com- ' V—=d=A+ B(T-Ty. (1)
pounds upon their transition from the liquid state to the solid sp

state” HereT,, is the melting temperature. Table | lists the values
The density of 1ll-V compounds in a wide temperature of the coefficientsA andB in equations such &4) for all the

range, including the liquid phase, have been studieghyestigated Il1-V compounds.

extensively'> However, the high-temperature region, espe-  On the basis of the obtained results we calculated the

cially that for gallium and indium arsenides, received inad-thermal expansion coefficients from the equation

equate attention. To obtain a deeper understanding of the

physical-chemical nature of melts of these compounds, ade- 1 [dV,

tailed study was undertaken of the temperature dependence @~ 3Vsp | T P'

of the specific volume of their melts with subsequent calcu-

lation of such characteristics of the strength of the inter-The temperature dependence of the thermal expansion of

atomic bond as the thermal expansion coefficient, the chamelts of the investigated compounds is plotted in Fig. 2.

acteristic Debye temperature, and the rms dynamic From the thermal expansion data we calculated the char-

displacements of atoms from their equilibrium positions. ~ acteristic Debye temperatures, using for this purpose a rela-
To solve this problem, we synthesized the compoundsion obtained by Sirot4,which combines the Lindeman-—

InSb, GaSb, AISb, InAs, and GaAs. In our experiments weBorellius and Graeisen equations:

used macrocrystallinéGaAs, InAg or single-crystalInSh, _

GaSh, AlSh samples of these compounds. 0=19.3TAVi a) 12 (©)

@
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FIG. 1. Temperature dependence of the specific volume of 1lI-V alloys:FIG. 2. Temperature dependence of the thermal expansion of 1l1-V alloys:
a—AISb, GaSb, and InSb; b—GaAs and InAs. a—AISb, GaSb, and InSb; b—GaAs and InAs.

D(6/T)
oIT

HereA is the rms atomic weight, andy, is the molecular displacements of the atoms from their equilibrium positions
volume. in the melt. For these calculations we used the Debye—
It should be noted that the calculation of the Debye temwaller relation
peratures using Ed3), according to Refs. 8 and 9, is com-
pIeﬂter appllcab_le to melts since the Lmdeman—Bore_Ihys and R=43x1 1{ + } / A6, @)
Gruneisen relations, like the concept of a characteristic tem- 4
perature, were derived for an elastic isotropic continuum, ) ) )
which has much more in common with a liquid than with a WhereD(6/T) is the Debye function, whose values are given
crystal even with cubic structure. Knowing the values of the'n Ref. 10. o _
Debye temperatures allowed us to calculate the rms dynamic 't Should be noted that in a rigorous approach expression
(4) can be used for comparatively low temperatures
(T<6/8). For higher temperatures TE1.66) the

N . expressiotf

TABLE I. Values of the coefficients in equations of typ® for the tem-
perature dependence of the density of alloys of 1ll-V compounds. UZZ 1.52% 10~ 2. T(Vl/3E)_1 (5)
Compound A+AA —(BxAB)X10° . -

P ( ) is recommended to calculate the rms dynamic displacements
InSb 6.466-0.0212 0.675:0.128 of the atoms from their equilibrium positions. Heveis the
InAs 5.880:0.024 1.1530.251 molar (atomig volume, andE is the elasticity modulus,
Gasb 6.0330.016 0.582:0.082 whose determination for a melt is problematic
GaAs 5.71=0.0016 1.06+0.039 rion for h -
AlSb 4.75 +0.081 2.27+0.643 At the same time, it is well knOV\}H that YOUng s modu-

lus is related to the Debye temperature by the relation
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TABLE . Values of the thermal expansion coefficients, Debye tempera-the melts also grow considerably. All these facts indicate a
tL_Jr‘es, gnd rms dynamic displacements of atoms from their equilibrium PO bstantial weakening of the cohesive forces between the
sitions in alloys of Ill-V compounds. . . . .
particles upon transition of the considered materials from the
ax10h 0., agcl® 6, @& mer10® solid state to_ the |IQUId. sta_lte. Th(_a thermal expansion in-
Compound K1 K K1 K A rK2 creases considerably with increasing temperatfig. 2).
This indicates a further decrease in the strength of the inter-

:Eig g_'ggg 1;65 5529 ;252 8‘?67‘;} f.fe?o atomic bonds in the melts of these compounds upon heating.
Gasb 0320 135 2.4 274 0.484 2.90 The substantial differences in the characteristics of the
GaAs 0.620 124 5.6 476  0.764 1.84 strength of the interatomic bond in the solid and liquid
AlSb 1.59 62 4.9 341 1319 0.484 phases indicate that melting produces very serious changes
in the nature of the vibrational spectrum of the atoms of the
considered materials.
In summary, our studies of thermal expansion of melts
1.68% 10°. \/E of !IITV compounds have aIIO\_Ned us to. estimate the charap—
g=—_——"- - (6) teristics of the strength of the interatomic bond and to obtain

Alge values of the average Debye temperatures, the thermal ex-

— ) ) ) ) pansion, and the rms dynamic displacements of the atoms
where A is the rms atomic weight, and is the density. fom their equilibrium positions in the close-range-order

Determining the value of Young’s modulus from expressiongyycture. These results, especially when compared with the
(6) and substituting it in Eq(S) gives corresponding values for the crystalline materials at low tem-

peratures, shed some light on the physical nature of the

—, 4.29¢ 10T ! : _
Uus=——-- (7) changes taking place during the crystal-melt phase transi-
Ab6? tion.
) 2.
_NOte t_hat Eqs'(4) a_nd @) yleld the rms Value\/u:’ 1A. R. Regel, inStructure and Physical Properties of Materials in the
obviously it should be different for the subsysteAgandB. Liquid State[in Russiaf (Kiev State Univ., Kiev, 1954 p. 117.

However, noting the small differences in the atomic massesA. R. Regel' and V. M. GlazovPeriodic Law and Physical Properties of

; ; ; ; _Electronic Alloys[in Russiar (Nauka, Moscow, 1978
of the atoms in the investigated compounds, we ignore oS3, o Regel’ and N. P. Mokrovski Zh. Tekh. Fiz.22, 1281 (1952,

sible differences in the values Q)f? 4V. M. Glazov, S. N. Chizhevskaya, and N. N. Glagoleliuid Semicon-

We al im he val f th mu_'gz which ductors[in Russian (Nauka, Moscow, 1967
e also estimated the values of the qua ! ¢ 5V. M. Glazov, S. N. Chizhevskaya, and S. B. Evgen’ev, Zh. Fiz. Khim.

characterizes the energetics of the close-range-order structurgs 37g(1969.
of the corresponding melts. V. M. Glazov, M. Vobst, and V. I. Timoshenkd/ethods of Studying the

Results of our calculations using Eg&)—(7) at the Properties of Liquid Metals and Semiconductdis Russian (Metal-
lurgiya, Moscow, 1988

meltlng temper_ature of the correspondmg -V .compounds7N. N. Sirota and S. N. ChizhevskayRhysics and Physical-Chemical
are presented in Table Il. Note that the calculations/af Analysis[in Russian (Gosstrdgizdat, Moscow, 1957 p. 138.

using Egs.(4) and(7) give practically identical results. 8\1/é '\g-o %ﬁg\;g “/EéKassF/)ngova,Sand A EéRlelggtz'(,llg%]Tekh- Poluprovodn.
. . . , ov. Phys. Semicond.3, .

. Comparison of t_hese data with the corresponding quan-QV. M. Glazov and O. D. Shchelikov, Fiz. Tekh. Poluprovod 662

tities for the crystalline 111-V compo.und.s at rogm.tempera—_ (1984 [Sov. Phys. Semicond.8, 411 (1984].

ture shows that the thermal expansion in the liquid phase i¥I. N. Frantsevich, inQuestions of Powder Metallurgy and Strength of

significantly greater and the Debye temperature is signifi- Materials [in Russian (Izdat. Akad. Nauk SSSR, Kiev, 195dssue No.

cantly smaller than in the solid phase. The rms dynamic dis- . p-

placements of the atoms from their equilibrium positions inTranslated by Paul F. Schippnick
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Thin polycrystalline films of CulgGa, _,Se, (0<x=<1) were fabricated by pulsed laser
evaporation. Results of measurements of the optical properties, photocurrent polarization
indicatrices, and spectral dependence of the photoconversion quantum yield of
In—p-CulnGa _,Se structures are discussed. A window effect in the photosensitivity has been
observed, and it is concluded that it is possible to use @4dn ,Se thin films as

photoconverters of solar radiation. €998 American Institute of Physics.
[S1063-782608)00604-9

Ternary chalcogenide compounds and solid solutionshese variations are due to variations in the optical quality
based on them are finding ever wider use in the constructioand homogeneity of the films. For higher-quality films
of high-efficiency solar photoconvertelst On the basis of R=30% for all values ok from 0 to 1. Therefore, we took
such compounds it has been possible to fabricate such struthis value as our basis in the analysis of the absorption data
tures with efficiencies as high as 17®ef. 4), and further  as it turned out to be close to the known valueRofor bulk
progress in this area lies on the path of expanding studies @frystals of similar atomic compositidn.
the fundamental properties of these materials closely linked As can be seen from Fig. 1, in the spectral range shown
with variations in the conditions of their fabrication. We re- there is no clear manifestation of interference in the curves,
port here the results of such a study of thin films in thewhile at photon energiesw>1 eV in the films withx=1
system CulpGa _,Se, which by way of controlling its and 0.8, and also fokw>1.25 eV for films withx=0.6 a
atomic composition offers the possibility of a smooth “fit” sudden exponential decreaseTofippears. This decrease is
of its parameters to the requirements of specific applicationarobably due to the appearance of interband optical transi-

Polycrystalline films of this system were fabricated bytions. The shift of the exponential edde toward shorter
pulsed laser sputtering of a target consisting of a singlewavelengths as the composition is varied fram1 and 0.8
phase material with the required ratio of indium and galliumto x=0.6 can be attributed to an increase in the width of the
concentrations. The films were deposited on a heated glag@nd gap of the solid solutiorts.Comparison of the spectral
substrate, whose temperature could be varied within theurves for the two films wittkx=0.8 (Fig. 1, curve2 and3),
rang€ 300—500 °C. which were deposited on substrates with different tempera-

Let us examine the results of studies of the optical propiure Ts allows us to conclude that the optical transmittance is
erties of films of several compositions. The films had an aregensitive to this parameter. On the basis of these spectral
of 1x3 cn? and possessed good adhesion to the glass sugurves(T), taking multiple reflection into account, we calcu-
face. lated the optical absorption of Cylda _,Se films using

1. Studies of the optical transmittan@eand reflectance the standard formufe
R were carried out in natural and linearly polarized radiation.

Figure 1 shows typical spectral curves of the optical 1 [(1-R)? [(1-R?
transmittance of films of several compositions; their param- ¢~ aln 2T + 2T TR
eters are given in Table I. For films with thicknesses in the
ranged=1 um a rather high transmittance=30-50% in Spectral curves ao# for the investigated films are shown
the transparency region is typical. Variations in the value ofin Fig. 2. They are typical for bulk and film samples of
T for fixed values ofx in the range 25—-30% is common for ternary chalcogenidé$ and are characteristic of semicon-
these films and does not have a direct link with the temperaductors with direct optical transitions; they are straight lines
ture of the deposition proceds; (see Table)l Most likely,  in the coordinates ¢z w)?—#%w (Fig. 3). By extrapolating

1063-7826/98/32(4)/4/$15.00 385 © 1998 American Institute of Physics
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FIG. 2. Spectral dependence of the optical absorption of @Gdn ,Se, at
T=300 K (notation the same as in Fig).1
o.001

remain direct, whereas the width of the band gap in the solid-
solution films depends on the conditions of deposition and
grows asx is lowered below 0.8. The observed decrease of
hw,eV E¢ for the films withx=0.8 relative to the films withx=1
(see Fig. 3 and Table may also be evidence of fluctuations

FIG. 1. Spectral dependence of the optical transmittance of thin films of thqn the atomic composition of the film relative to the starting
system CulpGa _,Se at T=300 K in natural light(1—sample 2,2—

sample 33—sample 44—sample 5. bulk r_nate”al' o . L
Since reports of achieving a high degree of texturization

can be found in a number of works on laser-deposited
the quantity @4 w)? to zero we determined the width of the films.2° we made an effort to observe the optical absorption
band garE of the investigated films from the intercept on the anisotropy commonly encountered in chalcopyrite semicon-
energy axigsee Table)l These values are similar to known ductors. If the films are textured in such a way that the crys-
values for films based on ternary chalcogenitiesnd the tals in the film are oriented preferentially in th&12) crys-
observed overshoot of the known value of the width of thetallographic plane, then on the basis of Ref. 10 one should
band gapEg=1.03 eV for CulnSgreflects the dependence €Xxpect anisotropy in their edge absorption. Figure 4 shows
of this parameter on the temperature and other conditions dypical polarization indicatrice$ for one of the investigated
deposition, established by many authbiBhis is probably films for four values of the photon energy. Such dependences
the reason why the width of the band gap was similar in thedre observed in the transparency region and deep in the fun-
films with x=1 and 0.8. Our main conclusion, which follows damental absorption region and are characteristic of all the
from the data of Fig. 3, is that changesximio not affect the ~€xamined compositions. From these results we may assume
structure of the band spectrum and the interband transitiori§at texturing is not manifested in our films, and that the
absence of a polarization effect on the optical absorption
may be a consequence of the polycrystalline structure of
Culn,Ga, _,Se thin films obtained by laser evaporation.

2. In addition to the optical absorption of these thin

Sample d, T, % Eg, eV . . .
No. o T,,°C  um  (he=08eV) (ahw)?—0 films, we also examined the photosensitivity of structures
based on them. With this goal in mind, we deposited semi-

05 10

TABLE |. Optical properties of CulfGa _,Se, films.

; és 22% 11?5 ‘;3 i-t‘; transparent layers of indiun=1 um) through a template. A
4 08 490 12 o7 110 diagram of the structures obtained in this way is shown in the
5 0.6 490 14 49 136 inset in Fig. 5. To make it possible to determine the homo-

geneity of the photosensitivity, we created several
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FIG. 3. Spectral dependence ofa#{w)? for films of the system
CulnGa _,Se at T=300 K (x: 1—1,2,3—0.8,4—0.6.Tg, °C: 1,2—380,
3,4—490).

In/CulnGg _,Se structures on the film each having an area

of 2X2 mm.

The structures were illuminated both with natural and

with linearly polarized light normal to their photodetector

plane from the side with the indium layer. The photosensi-

tivity was measured in the short-circuit photocurrent re-

gime, where the photoresponse is proportional to the flux
density of the incident light. The photocurrent spectra were
scaled to the number of incident photons and are therefor
equal to the relative quantum efficiency of photoconversion
7. For the better structures the maximum absolute photosen

sitivity reached 3 mA/W aff=300 K and mainly for the
films with x=0.6.

Typical spectral curves ok are shown in Fig. 5 and
their main features can be described as follows.
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FIG. 4. Polarization indicatrices of the optical transmittance of the
Culny (G&, sSe film (1-3) and short-circuit photocurrefd) of the structure
In/p-Culny G 4,Se at T=300 K for illumination by linearly polarized
light. (Sample 5.fw, eV: 1—0.7, 2—1.2, 3,4—1.4. lllumination of the
structure In/CulpGa, ,Se from the side of the barrier contact along the
normal to the photodetector plahe.
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The long-wavelength edge of the photosensitivity for therig. 5. Spectral dependence of the relative quantum yigldof

fabricated surface-barrier structures is exponential and

ig/p-CulnGa,_,Se surface-barrier structures in natural light &t

formed in the interband absorption region of the film mate-=300 K. 1,2—structures on different segments of film 2<(1); 3—

rial. Its slopes= §(In 7)/&hw) turns out to be quite high,
reaching 25—60 eV4, and reflects the direct nature of the
interband optical transitions. Spectral curvessofor struc-

structure on film 4 x=0.8); 5,6—structures on different segments of film 5
(x=0.6). T, °C: 1-3—380,4—6—490. Inset: diagram of illumination and
design of structurest—substrate2—film, 3—energy barrier4—movable
diaphragm.
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tures fabricated on different segments of the CGla _,Se CulnGa _,Se films which can be used to build high-

films usually reveal some differences in their spectral shapefficient solar photoconverters, where the photoactive ab-

(Fig. 5, curvesl and2 and also curveS and6), although the  sorption region can be controlled by the atomic composition

energy position of their features are usually well reproducedof the film.

From a comparison of the spectral curves mffor films )

deposited at different substrate temperatufes (Fig. 5, This work was supported by INTASGrant No. 94-

curves3 and4) it is possible to conclude that the observed 3998.

differences are not large and of the same order as those en-

countered in scanning different segments of the film. On the1 ) '

whole, the obtained spectra seem to indicate that the phOtO-E'iSJe'lei?d”f?c’,rLﬁhLatfﬁmsz IfA"k’ @r;‘fiosr@"nvi?erlﬁiff]1§s%pper e

sensitivity of the surface-barrier structures is determined by., Bougnot, S. Bochemin, aanM. Savelli, Sol. Cell§ 221 (1986.

the energy spectrum of Cul@a, _,Se. The absence of a 3H.-w. Schock, Appl. Surf. Sci92, 606 (1996.

short-wavelength falloff in the spectral curves of all the “V-kNade'\r/l]auhD.kEralGng;n }3- HaRriSKS(;)SH '\;lfieifaisDer, chn'ngbli’ Awglff:rr-
; HRRE acker, M. Ruckh, U. Ruhle, R. Schaffler, D. id, T. ,

lﬂ;??;g"g?;arssezz jg;g;?t:ii(l;:gl di, S((:)lfli;j\i/-eszzlu t?())r:r:‘ﬂlrﬁitgf the i Zv_veig_art, and H.-W. Schock, iRrogress in Photovoltaic Research and

pplications Vol. 3, p. 363(1995.
given system of adequately high quality. 5V. F. Gremenok, E. P. Zaretskaya, |. V. Bodnar, Yu. V. Rud, and M. A.
The photosensitivity of the surface-barrier structures is Magomedov, Thin Solid Film@32 139(1993. _ '

in complete agreement with the optical transmittance polar- zﬁéukauagizm ?g%ia' Properties of Semiconductof$n Russian

ization data and is also isotropic. The polarization indicatri- 7, s Gorban’,Optics[in Russiai (Vishcha Shkola, Kiev, 1979

ces of the photocurrerit, of such structures for normally ®E. Armed, A. E. Hill, J. Leppavouti, R. D. Pilkington, R. D. Tomlinson,

incident, linearly polarized lightFig. 4, curved) are straight J. Levoska, and O. Kusmartseva, Adv. Mater. Opt. Electyn423

lines. The established insensitivity of the photocurrent to theggigighamoto T. Yamaguchi, Y. Demiru, T. Tanaka, A. Ganjao, and

orientation of the polarization plane, defined by the azi- A voshida, inProc. 10th Intl. Conf. on T,ernary and ;\/Iultinary Com-

muthal anglep, accords with the above-stated conclusion of pounds(Stuttgart, 1995

the absence of texture in the laser-deposited films. 101, v. Bodnar', A. A. Vaipolin, V. Yu. Rud’, and Yu. V. Rud’, Fiz. Tekh.

In summary, the method of pulsed-laser depos?tion Poluprovodn28, 1332(1994 [Semiconductor®8, 748 (1994].

allows one to obtain homogeneous polycrystallineTranslated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 32, NUMBER 4 APRIL 1998
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The photoconductivity and photoelectromagnetic effect was measured under conditions of
uniaxial elastic deformation in-type CdHg, _,Te crystals. The increase in the current-carrier
lifetime in the low-temperature rangd £ 40— 50 K) is shown to be due to trapping of

minority current carriergholeg in shallow acceptor-type attachment levels rather than interband
Auger recombination. ©1998 American Institute of Physids$§1063-78208)00704-3

Recombination mechanisms in the narrow-gap semiconhand, and the valence band and acceptor levels, associated
ductors CgHg, _,Te (x=0.2—0.3) — materials of infrared with it, on the other, in crystals with cubic symmetry. In-
(IR) photoelectronics for the range 3-5 and 104 —  deed, a uniaxial stress has virtually no effect on the conduc-
have now been well studie@Gee, for example, the review tion band, if the small anisotropy introduced is neglected.
article). Specifically, this refers tm-type material and the Donors associated with the conduction band are likewise vir-
conventional working temperature range of photodetectorgually unaffected by deformation. The situation is completely
(77-300 K. The results are not so clear for low temperatureddifferent in the case of the valence band, which in the ab-
(4.2-50 K. In particular, there exist different points of view sence of deformation is degenerate at the pbin0 — the
concerning the reasons for the rapid increase of the currenoint of tangency of the heavy- and light-hole bands. A
carrier lifetime = with decreasing temperatufe<40 K in  uniaxial stress lifts the degeneracy of the valence band by
n-type crystals. The increase incan be explainegust as in lowering the symmetry of the (_:rystal. As_ aresult, a fourfold_
the intrinsic conductivity regionby predomination by inter- degenerate valence band, which takes into account the spin,

band Auger recombinatich® This stems from the fact that splits into two subbands with anisotropic hole effective
7A(T) contains an exponential factor exp((+b) masses.The magnitude of the splitting between the bands at

- (e4/kT)), which ensures that the laws of conservation ofthe pointk=0 is
energy and momentum are satisfied in recombination transi-
tions. Hereb=m,/m, is the ratio of the effective masses of

1
. =— — . for deformation direction
heavy holes and conduction-band electrons. p 4|b|(Sll S12)° X

On the other hand, trapping of minority current carriers x/|[ 100,
(holes in shallow acceptor-type attachment levels can also 1 . L
lead to rapid growth of-.* Sp:ﬁ |d|saax for deformation direction
Simultaneous measurement of the photoconductivity y[111].

(PO and photomagnetic effedPME) in the same sample

could be helpful for determining the recombination mecha-H
nism in the case described. Indeednitype materialp), is
close to the lifetime of minority current carriet$oles, the magnitude of the uniaxial stress.

while 7 obtained from measurements of thg P& &) corre- For weak deformations, wheBp<E,, a fourfold de-
sponds to the electron lifetime. The large difference betweeQenerate acceptor level likewise splits into two levels, and
the values ofrpc and 7y (Tpm<T7pc always being salis- the magnitude of the splitting, is of the order of the split-
fied) rules out interband Auger recombination as the mainjng of the valence band. In ordinary semiconductors, for
mechanism of relaxation of the nonequilibrium current car-example, Ge and Si, because of the small ragidm, of the
rier density. However, the fact that the valuesmly and  heavy- and light-hole effective masses, a uniaxial deforma-
Tpc are not the same is still not an indication of the existencgjgn has only a very small effect on the parameters of the
of attachment of minority carriers, since the relationvalence band and acceptor levels. For ,ldgi_,Te
Tpm<Tpc Can also be explained by the fact that the electron(x=0.20) m,/m,>50. For this reason, the splitting of the
and hole trapping cross sections of a deep recombinatiosubbands, the change in the hole effective masses in the
level are different in the Shockley—Read model. bands, and the change in the depth of the acceptors for the
To obtain an unequivocal result it may be helpful in this same values of the deformation are much strofigedeed,
situation to apply to the crystal a mechanical uniaxial stresseven fory=1 kbar the splitting of the bands =12 meV
This suggestion is based on the selective character of thler deformation along directiof100]. This is greater than
effect of a directed elastic deformation on the electronicthe depth of the shallow acceptors in the initial crystal. In
states in the conduction band and donor levels, on the onthis case, at low temperatures the carriers occupy only the

ereb andd are constants in the deformation potents,
are the components of the elastic compliance tensoryaad

1063-7826/98/32(4)/3/$15.00 389 © 1998 American Institute of Physics
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upper subband of the split valence subbands, while the L
ground state of the acceptor is formed by the energy states at -
the top of this band. The energy of the acceptor can be K
sought as the energy of a Coulomb center in a simple aniso-

tropic band with effective masses 10-¢

T T T

m\|:(71+2;)m0 and m, =(y,—y)mp. @

Here 1y, ?=72=y3 are the Luttinger parameters.
The heavy-hole mass in the initial crystal is - 2

my=(y1—27%) Imy. Since the average effective mass of the
upper subband of the split subbands is much less iyam 1077
the initial crystal, this increases the Bohr radiasof the
acceptor center and decreases the ionization energy of the
center. For zero deformationy=%(2m;,-£,) Y2 In the ' |
limit of infinite deformationa..=#4[(2m?m).,]712 T R S
If the acceptor denstiy in GHlg,_,Te is sufficiently 7-%10°, K7
high (N5>10™ cm™3), then uniaxial compressior4 kbar o _
can induce a Mott transitio(provided thatN§=0.02).6 At FIG. 1. Temperature dependences of the lifetirrdetermined from PQ1)
. and PME(2) for an-Cd,Hg,_,Te sample.
the same time the ground state energy of the acceptor van-
ishes. For us it is important that a uniaxial stress results in a

rapid decrease in the ionization energy of the acceptor. As a

result, the acceptor level is no longer an effective hole trapSurrent carrierstholes in n-type crystals at low tempera-
res. The residence time of minority carriers in an attach-

ping center, since the thermal exchange of carriers betwed! ) i
ent level starts to decrease as the elastic stress increases.

the level and the valence band accelerates sharply. It wggent _
shown earlier that application of a uniaxial stress is a convel NiS IS due to the decrease in the defhof the correspond-

nient method for distinguishing interband recombination'"d acceptor. _
mechanisms — radiative and AugeRs a result of a de- In summary, the trapping of holes on shallow acceptors,

crease in the hole effective mass in the upper subband, t{&ther than Auger recombination, leads to the observed
Auger recombination rate decreases, while the radiative ratél,thh of 7 with decregsmg temperature in the range
conversely, increases. As one can see from the estimates pie=0_ 40 K. Onthe basis of the temperature dependences of
sented above, a uniaxial stress can reveal trapping centers PC in t_he 'nd_'C_Qted range, the ionization energy of the_se
minority current carriers — holes in-CdHgTe, and in the acceptors in the initial state for the experimental samples lies
limit it can eliminate the trapping mechanism itself.

Experimental measurements of the PC and PME in a
stationary regime under conditions of uniaxial elastic defor-
mation were performed on a numberretype samples. The
experimental procedures for performing the measurements
and preparing the samples are described in Ref. 8.

A characteristic feature of the experimental samples was
the rapid growth of rp¢c in the temperature range
T<30—-40 K. The complete temperature dependencesef
was obtained fon-Cd,Hg; ,Te samples in the range 10—
300 K (Fig. 1). The temperature dependences of the PME
were also recorded for some samples. As one can see from
the figure, the increase in the PC and the simultaneous de-
crease of the PME at low temperatures can reliably attest to
an impurity and not an interband character of recombination
in the indicated temperature range.

Figures 2 and 3 show the deformation dependences of
the PC and PME at different temperatures. A LG-126 laser
(A\=0.63, 1.15, and 3.39m) was used as the radiation
source. Qualitatively similar dependences are observed for
all experimental n-CdHg, ,Te samples at least at
T=10-30 K: As voltage increases, the PC signal decreases P, kbxr
and the PME increases. Changing the wavelength of the e>|<:-IG 2. Deformation dependenceéP)/ vy for n-Cd.Hay. . Te samples de
citing radiation does not change the form of these depen, >~ {200 O FZ’) s PC(3‘T4°)_ e ?(lﬂx[loo]. 1?4 ¢
dences. In our view, the deformation dependences presentgd 220 n=3.16x 10 cm 3, u,=1.13x 10° cn?/(V-9), 2, 3 — same
attest unequivocally to the presence of trapping of minoritysample as in Fig. 1.

1 TrTrTrTT
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deformation becomes the same, as expected. Indeed, in this
temperature range the lifetime of the current carriers is de-
termined by interband impact recombinatiGhuger recom-
bination, and 7pc=7py . In this case,;r increases because
the hole effective mass in the upper band of the split valence
bands decreases. As a result, the thresholds for Auger pro-
cesses increase.
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The short-wavelengtf400—700 nm photoluminescencéPL) spectra of SiQ layers implanted

with Si*, Ge*, and Ar' ions in the dose range 3<210*—1.2x 10" cm™2 are compared.

After Ar* implantation an extremely weak luminescence, which vanishes completely after
annealing for 30 min at 400 °C or 20 ms at 1050 °C, was observed. After implantation of
group-1V elements the luminescence intensities were 1 to 2 orders of magnitude higher, and the
luminescence remained not only with annealings but it could also increase. The dose and
heating dependences of the luminescence show that it is due to the formation of impurity clusters
and this process is more likely to be of a percolation than a diffusion character. For both
group-1V impurities an intense blue band and a weaker band in the orange part of the spectrum
were observed immediately after implantation. The ratio of the excitation and emission

energies of the blue luminescence is characteristic of oxygen vacancies.initSiProperties are
determined by the direct interaction of group-1V atoms. On this basis it is believed that the
centers of blue PL are chains of @r Ge atoms embedded in S}OThe orange luminescence
remained after annealings only in the case of Baplantation. This is attributed directly

to the nonphase precipitates of Si in the form of strongly developed nanometer-size clusters.
© 1998 American Institute of PhysidsS1063-782@08)00804-7

1. INTRODUCTION porous Si and is most likely due to size quantization in the
nanocrystals formed after annealing. Sources of the second
The recently discovered capability of structures based Ofype emit shorter-wavelength lightx €700 nm of lower
porous Si to give strong visible-range emission has attracteﬁl]tensity' their formation does not require annealing, and the
extraordinary attention because of its great scientific angejaxation times lie in the submicrosecond range. The nature

practical value. Different methods of constructing light- ot centers of this radiation is less certain, since it is observed
emitting nanostructures of indirect-gap Si and Ge, which dlf-in Si0,1415 and after bombardment of SjQwith inert-gas

fer advantageously from procedures used to fabricate POroU§ ) ms andy-rays®'®and as a result of introducing excess Si
Si by the absence of “wet” processes and by their compat-or Ge into the oxid&%Y Depending on temperature and
ibility with modern semiconductor technology, have recently

been developed and are now being successfully refiné€d. Sv‘;r;‘lif:e_g‘?LJm annealings, it can both intensify and

Ordinarily, they are based on the decomposition of solid so- The difficulties in identifving th f short
lutions of Si and Ge in Si© At the same time, the physical | € r'] |cud.|e§ InI ! er|1 ifying ; € Soﬁm?s 0 h S or: "~
nature of the sources of visible-range luminescence is stifavelength radiation largely stem from the fact that their

not entirely clear and continues to be a subject of debdfe. Nature is most often judged according to the appearance of

Quantum-well Si and Ge crystals, defects in the surroundingMinescence bands, without regard for the intensity and ex-

named as sources. compare data from different studies, since the emission spec-

Two types of radiation sources can now be quite defiira are recorded under different conditions, while the inten-
nitely distinguished. The sources of the first type emit pre-sities are given in relative units. To obtain more complete
dominantly in the long-wavelength part of the spectrumand objective information about the short-wavelength lumi-
(A>700 nm, they are formed after high-temperature nescence from implanted SjQayers we bombarded these
(T>900 °Q annealings, and they have relaxation times up tdayers by St, Ge", and Ar" ions under comparable condi-
103 s. Their luminescence is similar to the red radiation oftions and then subjected them to identical heat treatment,

1063-7826/98/32(4)/5/$15.00 392 © 1998 American Institute of Physics
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FIG. 1. Photoluminescence spectra of the initial Si&yers(1) and of the FIG. 2. Si" dose dependence of the photoluminescence spectra. Total doses,
same layers after Ar (2), Si* (3), and G€ (4) implantation. Total doses, 10®cm 21— 4.8,2—6.7,3 — 12.
10" cm 2 2 — 45,3 — 4.8,4— 6.6.

scales are graduated in the same units, and 250 nm radiation

while the spectra were recorded on the same apparatus in tieused for excitation.
entire range of interest at a fixed excitation level.
3. RESULTS

Figure 1 shows on a logarithmic scale the PL spectra
before and after implantation of SiGe", and Ar" doses in

Si*, Ge', and Ar* ions were implanted in 500-nm-thick SiO,, which are comparable with respect to the doping level
SiO, layers grown thermally on §i00). Implantation was and defect formation. One should note first and foremost that
performed with two energies in order to produce a regiorthere is a large difference in the PL intensities between the
with a relatively uniform impurity distribution at the center results of implantation of Siand Gé&', on the one hand, and
of the SiQ layer. The energies were chosen on the basi#r*, on the other. For example, the peak in the blue band
of range calculations: 200 and 100 keV for"Si250 and after G& implantation is 100 times higher than after "Ar
170 keV for Ar", and 350 and 200 keV for Ge The doses implantation. In general, implantation of &80 cm?2
at the high and low energies were in the ratio 1:0.6. The totahr™ ions gives a very small increase in PL; in addition, the
Si* and G€ doses varied from 3210 cm 2 up to  bands near 460 and 650 nm, which are present in the grown
1.2x 107 cm™2, ensuring approximately the same volume SiO, layers initially, grow(Fig. 1, curvesl and?2). Second,
densities for both elements. The total’Adose was taken to there is an appreciable difference between the results 6f Ge
be 4.5<10' cm™2 in order that the number of atomic dis- and Si” implantation. In the first case a very bright band at
placements produced in SjQvould be comparable to the 420 nm dominates. The other ba(&80 nmj is almost three
effect of Si* and G€ ions. Implantations were times weaker than the first band. Such a strong domination of
performed at low temperaturégom —150 °C to—100 °O, one band does not occur after implantation of . Siumines-
with the exception of the cases mentioned. The response @kence with approximately an order of magnitude higher in-
the irradiated samples to heating was studied eithetensity than after implantation of Aris observed in the en-
by 30-min anneals in a furnace at 400 °C or by exposing théire visible region. It clearly consists of several lines, the
samples to short heat pulses of 900 and 1050 °C for 20 mstrongest of which lies near 480 nm. We underscore that the
The photoluminescencéPL) spectra were recorded on a differences between §j Get, and Ar* are observed after
Spex Fluoromax apparatus in the wavelength rangdow-temperature implantation and without heating the
400-700 nm at 20 °C. The source of exciting radiation wasamples above 20 °C.
an ultraviolet lamp, whose required line was filtered out  The Si" dose dependence of PL is shown in Fig. 2. The
with a monochromator. A photomultiplier was used luminescence is observed for doses abov® téh 2, and
as a detector. The fact that the spectra were recorded undadditional annealing is not required for it to appear. After
identical conditions makes it possible to comparetotal doses of 4.8 10" cm 2 and 6.7 10 cm™ 2 the lumi-
guantitatively the PL intensities in Figs. 1-4, where thenescence spectrum is broadened over the entire experimental

2. PROCEDURE
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FIG. 3. Effect of annealings and implantation temperature on photoluminest!G- 4. Effect of annealings on the photoluminescence of, $a@ers after

cence with implantation of 4:810'° cm™2 Si*. (1) — Immediately after implantation of 6.6¢ 10 cm 2 Ge*. Dot-dashed curve — immediately
implantation. Annealings: 400 °C, 30 mif2); 900 °C, 20 ms(3); and after implantation; dashed and solid curves — 900 and 1050 °C for 20 ms,
1050 °C, 20 mg4). Dashed line — implantation at 20 °C. respectively.

ion implanted and was of an edge character. As the annealing
. temperature increases, sharp peaks appear instead of “edge”
near 450 nm and the weaker orange band acquire a praycitation, and the spectrum depends on the impurity. For Ge
nounced intensity. this was a single band with a maximum at 240 nm and at

. A S|m|Iar. transfqrmatlon ,Of the PL spef:trum also OCCUTS|aast three bands could be distinguished after Si implanta-
if ms:ea_d of increasing the Sidose, annealing for 30 minat ion- 2 dominant band with =250 nm and two weaker
400 °C is performedFig. 3, curvesl and2). A narrow in- bands near 215 and 280 nm.

tense peak of blue PL and a weaker and broadened orange

pand appear. With further annealing, the ratio of the |r_1ten3|21' DISCUSSION
ties between the blue and orange PL starts to change in favor
of the orange PL and both bands shift in the direction of = Comparing the PL intensities of layers in Si@fter im-
short wavelengths. One can also see from Fig. 3 that a simplglantation of St, Ge", and Ar" ions shows unequivocally
transition from low-temperature to room-temperature im-that implantation of group-IV elements does not simply re-
plantation intensifies the blue emission without any addi-duce to the formation of radiation damage. According to Ref.
tional heat treatments. 19, an increase of the density of PL centers introduced in

The transformation of the spectra accompanying annealSiO, by bombardment with Af ions is observed in the dose
ings after Gé implantation is shown in Fig. 4. The intense range 18°— 10 cm 2, after which the process saturates.
blue band seen immediately after implantation is intensifiedfhe Ar" doses which we investigated gave a fortyfold dis-
even more by annealings. The second band, however, dglacement of the matrix atoms, but the increment to the PL
creases rapidly with heating and vanishes completely aftawas nonetheless extremely small compared with the effect
annealing for 20 ms at 1050 °C. The PL centers introducegroduced by Si and Ge implantation. Moreover, the centers
by Art ions also vanish completely with annealings atintroduced by inert-gas atoms are easily annealed, while after
400 °C for 30 min and at 1050 °C for 20 ms. The'Adata  implantation of group-IV impurity growth of the intensity
are not shown in the annealing pldtEigs. 3 and #because and transformation of the PL spectra are also possible with
of the initial weakness of the signéFig. 1). heating(Figs. 1, 3, and #

In addition to the PL spectra, we also investigated the PL  The dose dependence of the PL and the response of the
excitation spectra. Figure 5 shows such spectra for the bluemission to annealing make it possible to understand better
emission lines after Siand Gé& implantation. In both cases the mechanism leading to the appearance of centers. Indeed,
the processes develop similarly. Before annealings the emigenters form at doses that give an impurity density greater
sion intensities start to increase rapidly when the wavelengtthan 16* cm™2, which corresponds to an average interatomic
of the exciting line becomes shorter — 230 nm. The behavdistance of less than 1 nm. If the PL centers were individual
ior of these curves was virtually independent of the type ofSi or Ge atoms, then emission would have grown gradually

range. When the dose is increased tox112'’ cm™ 2, band
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5 metric SiQ. The segregation process is thermally activat-

able, but at low temperatures it is not a diffusion process. It
occurs by means of single hops of impurity atoms to the
nearest atoms of the growing percolation cluster. After the
layers implanted with Si are annealed the direct sources of
the blue PL are centers which absotb-eV photons and
emit in the region~2.7 eV (Fig. 5. Such centers have been
observed many times in SjQand ordinarily they were at-
tributed to an oxygen deficiency and the formation of oxygen
vacancie<:**!° Similar centers also appear in SiGontain-
ing Ge. They absorb and emit, respectively, ab and
~3.1 eV21?23nd their nature is attributed to the presence of
Ge and a deficiency of oxygen. In Si@ith a O deficiency
the oxygen vacancies materialize in the form of directly in-
teracting(no intermediate Pnearest-neighbor Si atoms with
formation of Si—Si bonds. In the presence of Ge Si—Ge
(vacancy—impurity compleéxand Ge—Ge pairs are possible.
The sharp intensification of the short-wavelength lumines-
cence accompanying implantation of high doses of Si and Ge
and the obvious similarity in transformation of the PL exci-
200 250 300 tation spectrdFig. 5) allow us to conclude that in both cases
wavelength (nm) known vacancy-type defects are formed in Si®his is es-

o _ _ ~ sentially a direct closure of bonds between excess atoms with
e e S cect'S S meneten omation of impurty chains inside SIO According fo
implantation at 20 °C 1 — Immediately after implantatior2 — annealing calculations? the formation of such bonds introduces in the
at 900 °C for 20 ms3 and dashed curve — annealing at 1050 °C for 20 ms.band gap of SiQ local levels whose position is determined

mainly by the interacting pair with a small contribution from
the six nearest peripheral oxygen atoms.

with increasing dose. In our case, however, a rapid growth of ~ Of the three types of ions, only implantation ofSpre-
the PL intensity occurred when interaction between impurityserved and even increased emission in the orange region of
atoms became possible. Therefore, the formation of PL certhe spectra after annealingrig. 3 and 4. It is natural to
ters is due to clustering of impurities. The sharp intensifica-attribute it directly to developed clusters of segregated Si.
tion of the blue band in the preannealing spectra as tfie SiWe note that there are greater possibilities for development
dose is increased by less than a factor of 2 supports thisf silicon clusters in SiQ), since one third of the matrix itself
argument(Fig. 2). consists of Si. This can explain the diffuseness of the PL

The number and size of impurity clusters clearly in- spectra after Si implantation and the presence of a large num-
creases not as a result of the diffusion of impurity atomsber of lines. In the case of Ge implantation orange lumines-
toward sinks. Our experiments showed that the processe®nce is observed only before annealing and is apparently
occur even in the case of low-temperature implantation with-due to mixed clusters of Ge atoms and silicon displaced from
out additional annealing, if a definite doping level has beerSiO,. Heating restores the Sjhetwork, while for germa-
reached. Nonetheless, increasing the implantation temperaium atoms the percolation radii are shorter and, correspond-
ture to room temperature transforms the spectrum, intensifyingly, the clusters will be smaller and of more uniform size.
ing the blue bandFig. 3). Therefore, thermal activation oc- This corresponds to the fact that when the orange band in
curs, as is also indicated by data from annealifiigs. 3 and Ge-implanted layers vanishes as a result of annealing, the
4). If annealings are compared with respect to the computethtensity of the blue band increases at the same (g 4).
diffusion displacement =(Dt)Y? of excess Si atoms in The luminescence in the orange and adjoining regions of
SiO,, then using the value dd from Ref. 20, we obtain the the spectrun{500 nm=<A=<700 nm has been attributed in
minimum distancd =102 nm for 400 °C and 30 min and many studies to the formation of different nanosize objects
the maximum distance=10"2 nm for 1050 °C and 20 ms. associated with excess &®’In keeping with this conclu-
In the case where diffusion displacement is much shortesion, our results make it possible to specify to a high degree
than the single atomic hopping lengths and the distance behe nature and behavior of the silicon precipitates. Being
tween the impurity atoms is of the order of this length, thedeveloped percolation clusters, they consist of nonphase pre-
formation of impurity complexes and clusters will be most cipitates of Si, since they do not possess sharp phase bound-
likely of a percolation character. aries. The number and sizes of such clusters at first grow

We assume that in the case of $ind G€ implantation  with annealing; this promotes an increase in the PL intensity.
the shortest-wavelength PI bands which arise are due to thdowever, the branching nonphase precipitates then contract
formation of extremely small percolation clusters of impuri- into nuclei of a Si phase in Sid® The smallest phase pre-
ties (point complexes, atomic chains, and their combinadionscipitates 2 nm) cannot preserve the crystal structure be-
as a result of the displacement of excess atoms from stoichi@ause of the destabilizing influence of the surf&ce. amor-

PL intensity, arb. units




396 Semiconductors 32 (4), April 1998 Kachurin et al.

phous silicon, however, PL is suppressed by nonradiative'H. Tamura, M. Ruckschloss, T. Wirschem, and S. Veprek, Appl. Phys.
recombination centers in the form of dangling bonds. Such Lett. 65 1357(1994.
ideas make it possible to understand the reasons Why the pf_P. Multlti, G.dGhisIotti, S. Be:tonri], L. Bonoldi, G.(F. C;rofolini, L. Meda,
. . . . .E. Grilli, and M. Guzzi, Appl. Phys. Let6, 851(1995.
decreases after increasing, as shown in F.Ig' 3 S.taple S"JJ. G. Zhu, C. W. White, J. D. Budai, S. P. Withraw, and Y. Chen, J. Appl.
nanocrys’gals form (_)nly as a result of d|ﬁu3|9n-llm|ted Phys.78, 4386(1995.
growth with appropriate temperatures and durations of an4q. znang, s. C. Bayliss, and D. A. Hutt, Appl. Phys. L6, 1977
nealing. Because of quantum-well limitations, they emit a (1995.
very strong radiation similar to the red PL of porous °H. Morisaki, H. Hashimoto, F. W. Ping, H. Nozava, and H. Ono, J. Appl.
silicon 26:13.25 Phys.74, 2977(1993.
6T, Shimizu-lwayama, Y. Terao, A. Kamiya, M. Takeda, S. Nakao, and
K. Saitoh, Nucl. Instrum. Methods Phys. Res1B2 214 (1996.
5. CONCLUSIONS 7L.-S. Liao, X.-M. Bao, N.-S. Li, X.-Q. Zheng, and N.-B. Min, J. Lumin.
The appearance of a rather intense short-wavelength P68 199(1996.

(A<700 nm immediately after low-temperature implanta- ,~ K Putta, Appl. Phys. Lett68, 1189(1996.
. . . . h . K. S. Min, K. V. Shcheglov, C. M. Yang, H. A. Atwater, M. L. Brong-
tion of h!gh doses qf Sl and Gé ions in SiQ does not ersma, and A. Polman, Appl. Phys. Le8, 2511 (1996,
reduce simply to radiation damage in the Si@twork. Sec- 10y, kanemitsu, H. Uto, Y. Masumoto, and Y. Maeda, Appl. Phys. L.
ondary damage after implantation of comparable doses of 2187(1992.
Ar* give only a very weak increase in the PL intensity, and*'H. M. Cheong, W. Paul, S. P. Withrow, J. G. Zhu, J. D. Budai, S. W.
moreover this increase is completely removed by annealingg"/hite: and D. M. Hembree, Appl. Phys. Le68, 87 (1996.
at 400 °C for 30 min or 1050 °C for 20 ms. The effects W. Skorupa, R. A. Yankov, L. Rebohle, H. Frob, T. Bohme, K. Leo, I. E.

. . . Tyschenko, and G. A. Kachurin, Nucl. Instrum. Methods Phys. Res. B
produced by implantation of group-IV elements are mani- 119, 106/(1996.
fested at doping levels above’4@m™2, when the average g A Kachurin, I. E. Tyschenko, K. S. Zhuravlev, N. A. Pazdnikov, V. A.
distance between the impurity atoms decreases tonm. Volodin, A. K. Gutakovsky, A. F. Leier, W. Skorupa, and R. A. Yankov,
This circumstance, as well as the intensification or transfor- Nucl. Instrum. Methods Phys. Res. 22 571(1997.
mation of PL spectra accompanying heat treatments, Whicﬁgé Tg;gz’l“ésg Shimogaichi, H. Mizuno, and Y. Ohki, Phys. Rev. Left.
?-Ial_eszii(())r_nzpl;tgd ?IJ']:;?CS:,{)Q (tjrl]i:i ri]n:zlj):itlyF()::Jurlsttyeﬁilogm;g:/;mzliylSH' Nishikawa, T. Shiroyama, R. Nakamura, Y. Ohki, K. Nagasawa, and

o ! . . ” Y. Hama, Phys. Rev. B5, 586(1992.

decisive role, and this process is apparently of a percolatiomy. Nishikawa, E. Watanabe, D. Ito, Y. Sakurai, K. Nagasawa, and
character. The intense blue PL band is due to radiative re-vy. onki, J. Appl. Phys80, 3513(1996.
combination centers with a ratio of excitation and emissionA. J. Kenyon, P. F. Towoga, C. W. Pitt, and G. Rehm, J. Appl. PAgs.
energies that is characteristic of oxygen vacancies in,SiO | 9291(1996.

18 ; i ; i
: e : - f : - G. Ghislotti, B. Nielsen, P. Asoka-Kumar, K. G. Lynn, A. Gambhir, L. E.
Since O vacancies in SiOndicate a direct interaction of the Di Mauro, and C. E. Bottani, J. Appl. Phy&9, 8660(1996.

type Si-Si(or Si-Gs, the centers of blue PL are not phase g Bota, B. Garrido, J. R. Morante, A. Baraban, and P. P. Konorov, Solid-
precipitates but rather chains of group-IV atoms embedded state Electron34, 355 (1996.

in Si0,. The weaker emission in the orange part of the spec?®L. A. Nesbit, Appl. Phys. Lett46, 38 (1985.

trum is preserved after moderate annealings only in the cagéH. Hosono, Y. Abe, D. L. Kinser, R. A. Weeks, K. Muta, and H. Kawa-
of Si* implantation. Therefore, it is due to the Si precipitateszzilloe('sPﬁ‘yst-1 ReV-dB‘S' %31?4?3(198% | phve. Le 2087(199
themselves. It is unlikely that these precipitates are siIicorgsV.'B.asﬁﬁmirV?s. o sfkirlos,r%ﬂ N%?]:Cryii' sgﬁdsa], 2e§o (1&5.
nanocrystals, considering the low thermal budget of anneabk«s . goldstein, Appl. Phys. 42, 33 (1996.

ings employed. It makes more sense to interpret them &SG. A. Kachurin, I. E. Tyschenko, V. Skorupa, R. A. Yankov, K. S.
nonphase nanoprecipitates of Si, segregated from Bithe Zhuravlev, N. A. Pazdnikov, V. A. Volodin, A. K. Gutakovgkiand A. F.
form of strongly developed or merged clusters. Such precipi- Lefer, Fiz. Tekh. Poluprovodr81, 730 (1997 [Semiconductor81, 627
tates are capable of subsequently contracting into nuclei of (1997].

an amorphous Si phase, and after definite sizes are reached

they can form stable silicon nanocrystals. Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 32, NUMBER 4 APRIL 1998

Characteristic features of the defect formation process in Pb 1-xSn,Se(x=<0.06)
A. N. Vels and N. A. Suvorova

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted October 6, 1997; accepted for publication October 9,)1997
Fiz. Tekh. Poluprovodr32, 445—449(April 19998)

The spectral dependences of the absorption coefficient in undoptly _,Sn Se=0.00-0.06)

at T=300 K were investigated. A quasilocal level associated with a chalcogen vacancy was
found in all experimental samples. It is shown that the chalcogen vacancy density in samples with
tin is appreciably different from that in samples without tin, and it increasesitfhe

nature of this phenomenon is discussed. 1@98 American Institute of Physics.
[S1063-78268)00904-1

One of the most unusual properties of the dilute solid  We have accordingly investigated the spectf# ) in
solutions Ph_,SnSex=<0.02) is undoubtedly the pinning Pb,_,SnSe with variable tin concentration<0.06 in the
of the Fermi levelE, which is observed when sodium im- charge, which, however, did not contain any acceptor impu-
purity is introduced, and the accompanying transfer of tinrities. All samples were-type. The aim of the experiments
from the state St into the state SH (Refs. 1-5. These was to reveal in the spect@(fw) of the samples investi-
data were used as the basis of models according to which ttgated additional absorption bands associated Wjthand to
pinning of Eg in Pb,_,SnSe:Na is due either to the charge compare the characteristics of these bands with the corre-
transfer on tin SA" <5 Srf** (Refs. 4 and Bor the binding of  sponding data for “pure’p-type PbSe with no acceptor im-
tin in neutral complexes N&e+ SnSeg (Refs. 2 and 8 An-  purities.
other mechanism of stabilization &g in Pb,_,SnSe:Na We note that the spectra(% w) in “pure” p-type PbSe
(x=<0.02) was proposed by ¥eand SuvoroviThe experi- were studied earlier*?> However, no features associated
ments performed in that study did not permit observing anywith V., were found in these spectra. For this reason, the
localized or quasilocalized states associated with tin or withphoton energy range in which the optical absorption in pure
complexes which include tin. Just as in Ref. 7, only the an{p-PbSe was investigated, was much wider than in Refs. 11
ionic vacancied/ ., which, however, are in different charge and 12. All experiments were performedTat 300 K.
states, were manifested in the optical absorption spectf The objects of investigation were single crystals and
dilute solid solutions Pp ,Sn,Se:Na. Comparing the results polycrystalline samples. The single crystals were grown by
obtained in Refs. 6 and 7 with data from electrothe Bridgman—Stockbarger method and the polycrystalline
investigationd (see also Ref.)8suggeststhat the pinning of samples were formed by hot pressing. All samples were sub-
Er in the solid solutions studied is due to charge transfer ofjected to homogenizing annealing for 100 hTat 650 °C.
chalcogen vacancievgh‘:vﬁg (the superscript indicates, The composition of the polycrystals is given in terms of the
just as in Ref. 6, the number of electrons localized in a vaload in the charge and that of the single crystals is given with
cancy. Later? the results of Ref. 6 were confirmed in ex- allowance for the data from x-ray crystallographic analysis.
perimental investigations of the specttgfw) in PbSe The experimental results for the single crystals and
doped with acceptor impurities Na or Tl and superstoichiopressed samples were found to be similar. Some of them are
metric lead. According to Ref. 10, anionic vacancies are theshown in Fig. 1. One can see from Fig. 1 that the spectra
dominant type of intrinsic defect in such samples. a(hw) for samples with and without tin are qualitatively

It appears, however, that the investigation of the characeifferent. Characteristic features attesting to the existence of
teristic features of defect formation in the dilute solid solu-localized and quasilocal states are clearly manifested in the
tions P _,Sn,Se should be continued. This is due to the factoptical absorption spectra of the dilute solutions
that the model proposed in Ref. 6 does not reflect the pre?b,_,SnSe. Intense bands of additional absorptian,
ence of unusual features, found in Refs. 4 and 5, in thesMo which have asymmetric spectral curves and a sharp red
bauer spectra of Rb,SnSe:Na, TI. In addition, the model boundary, are present in the long-wavelength region of the
does not permit explaining the reason for the higly den-  experimental spectra of this group of samples. The shape of
sities in the solid solution studied. The experimentally ob-the frequency dependences(%w) attests to the fact that
served increase in the density of anionic vacancies ithe bands studied are associated with optical transitions of
Pb,_,SnSe:Na could be due not only to self-compensationelectrons from allowed states in the valence band into local-
of the acceptor action of sodidftbut also to a specific effect ized statesE; above the valence-band tofsee energy
of tin. For this reason, it is first necessary to establishscheme in Fig. 1 Bell-shaped featurea, are clearly seen
whether or not there exists any relation between the densitggainst their background. These features are due to optical
of V., and the amount of tin in the solid solutions. transitions of electrons between a quasilocal ldugin the
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hw,ev

FIG. 2. Spectral dependences of the additional absorption coeffigigrin
Pb,_,SnSe atT=300 K. Dots — experimenti—3 — correspond to the
sample designations in Fig. .— a,(f®) in sample3 in Fig. 1, lines —
calculations’5-7 — a,(fiw), 8 — as| (Aw).

M . . . .., the expressiom;~(fiw) (ho—EP)Y? and the expres-
4 7 ! 2 F] sion (1) from Ref. 14 was used to calculate,(7w). The
hw,eV computed dependences(% w) are presented in Fig. &olid
FIG. 1. Spectral dependences of the optical absorption coefficieimt lines). The calculation showed that the quantitié%pt and
Pbl,XS@SE etatovivirasieenibol sanF;pIQ, . si‘;gle orystaleps ESP' do not vary appreciably in the range 0:0¢<0.06 and
XlOﬁlS, cm’3 (X)Z 1—3.0 (0106)’ 227 (0.015’ 3— 2.8(0). Sample equal 0054: 0006 al’ld 0205 0020 eV, reSpeCUVer. The
thicknessum: 1 — 9.4 and 2.42 — 9.4,3 — 9.1. Inset: Energy schemes half-widths ", of the quasilocal bands in the experimental
of p-Ph_,SnSe(a) and p-PbSeh). The arrows mark the observed optical samples were found to be the same within the limits of the
transitions. experimental error and equal to 0.610.005 eV. We note
that the values obtained for the energy parameters of local-
ized and quasilocal states in PhSn Se agree well with the

valence band and allowed states of the valence band near iterresponding data from Refs. 6, 7, and 9.
top. The spectral dependenceg# w) for pure p-PbSe, not

The nature of these bands has been investigated in detalbped with acceptor impurities, appear at first glance to be
in Refs. 6, 7, and 9. It was shown there that the bandand  much less rich. Besides the fundamental band edge and ab-
a, are associated with complex and anionic vacancies, resorption by free current carriers, the only componentgf
spectively. clearly manifested in them is due to optical transitions of

The optical charge-transfer energies of Iocaliqupb electrons between nonequivalent extrema of the valence
and quasilocalized B3™) states observed in PbSnSe band §s—L¢) separated by an energy gAf, . However,
were determined by calculating the spectral dependences detailed analysis of the results shows that the dependences
the additional absorption coefficieat,y. Accordingly, we  a,4(fiw) in pure p-PbSe are in fact more complex. This
separated individual components of the additional absorptiononclusion follows from a comparison of the experimental
coefficient from the experimental spect$” w) by the pro-  spectraa,y and the computed dependences (% »), con-
cedure described in detail in Refs. 7 and 13. Some resultstructed, just as in Ref. 12, on the basis of the Hagi—Kimura
obtained in this manner are shown in Fig. 2. The frequencyheory, according to Eq4) of Ref. 15. The corresponding
dependences (% w) were calculated, just as in Ref. 7, from data for one of the experimental samples are shown in Fig. 2.
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The dots(3) in this figure represent the dependengg(# w) 10}
separated from the experimental spectraift ) by sub-
tracting the spectrum extrapolated into the short-wavelength
region of absorption by free current carriers. The [Bewas 5
obtained by calculating the componentaf, . In construct-
ing the curvesas| (fiw) in all experimental samples, the
valueAE,=0.23 eV was used, in accordance with Ref. 12.
As one can see from Fig. 2, good agreement between the
experimental dots and the computed curve is observed in a
wide spectral interval. However, in the long-wavelength re-
gion of the spectruna,y4 the computed curvers| (A w) lies
substantially below the experimental points. Similar results
were also obtained in the other samples of qiebSe. This
shows that besides the componentsagf there is another
component in the spectral dependences of the additional ab-
sorption in purep-PbSe.

This component was separated from the experimental 0
curves by subtracting the computed valuesxgf . One re- 2-10%
sult obtained in this manner is shown in Fig(@irve 4). It

FIG. 3. Ratio of the total absorption cross secti@sn the bandsy, to the

was found that this component of the Speatig of pure Hall hole densit in Pb,_,SnSe versus the tin concentration at
p-PbSe is bell-shaped with sharply defined red and short;_ 55« YPH -

wavelength boundaries. This makes it possible to attribute it
to optical transitions of electrons from a quasilocal level in
the valence band into allowed states of the valence band near
its top. The agreement between the energy position of thigensities oV, in Pl _,Sn.Se:Na could be due to not only
feature and the data for Pb,SnSe (Fig. 2) indicates that self-compensation of the acceptor action of sodium but also a
the component of the spectra of pyréPbSe, which we are restructuring in the subsystem of isoelectronic impurity at-
discussing, is attributable to anionic vacancies. This is alsems. According to Refs. 2 and 3, such a restructuring occurs
indicated by the results of calculations of the frequency dein the subsystem of tin atoms as a result of the formation of
pendences of the absorption coefficient in the bands studiethe complexes N&e:SnSg whose concentration can be
which was performed, just as in the case of BlSnSe, comparable tx. However, the samples investigated in the
using Eqg.(1) of Ref. 14. The calculation showed that the present work do not contain sodium impurity, and complexes
energy parameters of the center responsible for the appeawith the indicated composition cannot be formed in them. As
ance of the bell-shaped features in the speefraw) of pure  shown earlier in Ref. 7, other complexes which could contain
p-PbSe E°P'=0.190+0.025 eV andl’=0.010+0.005 eV intrinsic defects arise in such samples. But, according to the
correspond to the data of Refs. 6, 7, and 9V¥Qp, in lead  data in Ref. 7, the concentration of these complexes does not
selenide and dilute lead-selenide-based solid solutions witbxceed 18— 10'® cm™2. For this reason, the appearance of
different composition of the master alloy. moderately high concentrations am 2 and higher of
To compare the experimental data for different samplesnionic vacancies in Rb,SnSe with no electrically active
the ratio of the total absorption cross sect®nin the band  impurities cannot be attributed to their formation. This shows
a, (S~ [5a,d(hw)) to the Hall hole densitypy was de- that some other rearrangement mechanism, which gives rise
termined for each of them. The functi®(x)/py obtained to the appearance of moderately high concentrationg.gf
in this manner is shown in Fig. 3. One can see from thematerializes in the subsystem of tin atoms in the solid solu-
figure that the ratidS,/py in samples with tin differs sub- tion studied.
stantially from that in samples without tin and it tends to Specifically, it cannot be ruled out that in PRSnSe
increase with the tin content in the charge. tin can occupy two nonequivalent crystallographic positions:
The decrease in the band g&p in the experimental sites of the metal sublattice and tetrahedral voids of the chal-
samples attests to the increase in the tin density in the solidogen sublattice. On the basis of this assumption it is pos-
solutions with increasing amount of tin in the charge. Insible not only to explain the characteristic features of the
accordance with the results of Ref. 16, the quantiigsvere ~ Mossbauer spectra of Pb,SnSe, but also to indicate the
determined according to the intercept of the curwééh w) likely reason why moderately hig¥i.;, concentrations arise
on the abscissa. It was found thatjasncreases, the band in these compounds.
gaps E4 decrease from 0.290.01 eV in PbSe to 0.245 Indeed, some sites in the metal sublattice should be free
+0.010 eV in Phg,SngeSe, as should happen in solid so- as a result of such a restructuring in the subsystem of tin
lutions of lead and tin selenidés. atoms. Since the electrical activity of the cationic vacancies
The functionS,(x)/py shown in Fig. 3 indicates that in (doubly charged acceptdfs?) is different from that of in-
Pb,_,SnSe (x<0.06) there does indeed exist a relation be-terstitial metal atomssingly charged donot$, one would
tween the amount of tin in the charge and the density oExpect that the hole density will increase substantially as a
anionic vacancies. This suggests in turn that the rather higtesult of the transfer of some tin atoms into interstices. In

(Sg /py)* 10”,cmz-ev
L
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The far-IR transmission and photoconductivity in the semimagnetic aflelg); _,Mn,Te
(x=0.20-0.22) at temperatures 2—7 K were investigated at fixed frequencies of optically pumped
molecular lasers in the region 49—-31n. We report the observation of photoexcitation of

acceptors from the ground into excited states under conditions when the direct interaction of the
magnetic moments of the manganese ions becomes substantial and results in the formation

of a spin-glass phase. It was found that the internal field produced by the spontaneous and external
polarizations of the magnetic moments of the ¥irions in the spin-glass temperature range
influences the energy spectrum of acceptors in a magnetic fieldl99B American Institute of
Physics[S1063-782808)01004-7

1. INTRODUCTION The radiation source were submillimeter ¢BH and
) i i ) CH;0D vapor gas lasers with optical pumping by a tunable
Inzs+e_m|magnet|c seml_conductors, the.mggneuc momentéoz laser. The measurements were performed in the Faraday
of Mn“™ ions produce an internal magnetic field. As a result cometry (1B, whereq is the wave vector of the radiation
of this field, the ground state energy of acceptors decreasa?rsrCident on thé sample ar@lis the external magnetic field

with increasing external magnetic fieldn Ref. 2 it is shown .
that the internal field has the effect that if the ground stategnd the Voigt geometryq(|| B). The spectra were recorded

energy of an acceptor in the absence of an external magnetle/ scanning the magnetic field up to 6.5 T with fixed laser

field is of the order of the heavy-hole Bohr energy, then in awavelength. The samples were cooled down to the measure-

sufficiently strong magnetic field it is of the order of the ment temperature in magnetic fields wplt T and without a

i field.
light-hole Bohr energy. . .
In Refs. 3 and 4 we reported on laser magnetooptic spec- Figures 1 and 2 show the transmission and photoconduc-

troscopy investigations of the energy spectrum of acceptorgVlty spectra of a Hg7gMng 2;Te sample recorded at a tem-_
perature 62 K for the cases where the sample was cooled in

in the narrow-gap semiconductors Hg_,CdMn,Te in a e : )
A magnetic fieldB.,,=0.6 T (curve 3 and without a field

magnetic field. In the present paper we report the results i .
similar investigations for the solid solutiopgsHg, ,Mn,Te  (Curve b. One can see by comparing the spectra that in the

(x=0.20-0.22). In these materials a spin-glass phase, corasé where the sample is cooled to the measurement tem-
sisting of a disordered magnet in which the exchange interPerature in a magnetic field the lines become sparser and are
action energy varies randomly over the volume of theshifted in the direction of weaker magnetic fields. The dis-
sample, is observed at temperatufes5 K. We show how Placement of the lines in the spectra dependsBgg, and

this circumstance gives rise to characteristic features in theeaches a maximum value 8o, =0.6 T.

photoexcitation spectrum of acceptors as a result of restruc- Figure 3 shows the photoconductivity spectra of the
turing of their energy spectrum in a magnetic field at a transame sample recorded at temperaflire6 K. At this tem-
sition into a spin-glass phase. perature the shape of the lines in the spectra does not depend

on the cooling method. Shifting of the lines likewise is not
observed when the sample is cooled in a magnetic field.

To analyze the spectra and identify the lines we con-
structed plots of the energies of the observed transitions ver-

The far-IR photoconductivity and transmission of SUS the magnetic field. were constructed. Figure 4 shows the
p-Hg,_,Mn,Te (x=0.20-0.22) samples in the range of magnetic field dependence of the energies of the transmis-
photon energies 4—27 meV at temperatures 2—7 K were irsion peaks aff=2 K. The dashed lines show the depen-
vestigated. Bulk crystals were grown by the Bridgmandences for g-Hg, ;gVing ,oTe sample cooled to temperature
method. The experimental samples were oriented in the di2 K in a magnetic field, while the solid lines are for the case
rection of the crystallographic axi§¢111). The density of zero field cooling. When these curves are extrapolated to
of acceptors of unidentified nature was zero magnetic field, the energy of the observed optical tran-
Nao—Np=(1—-6)%x10" cm 3. These values were obtained sitions does not vanish. This makes it possible to attribute
from Hall coefficient measurements Bt 77 K. The param- them to intracenter excitation of the acceptors, since the ex-
eters of the experimental samples are presented in Table Iperimental samples werp-type and the spectra were re-

2. EXPERIMENTAL METHODS AND RESULTS
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TABLE I|. Parameters of the experimental samples.

EA(0), meV EA(0), meV
Sample Eq. eV (calculation (measurements NoB, eV Bine, T
Hgo gMng sTe 0.72 11.0 11.2 0.850.05 0.52-0.03
Hgo 7MnNg 25Te 0.75 11.1 11.4 0.850.05 0.52-0.03

corded in the absence of interband illumination. Since twaof the modified Pidgeon—Brown HamiItoniérEp:18.3 ev,
curves were obtained, and since it is assumed that at the=1 eV, y;=0.5,K=0.1, andNga= —0.45 eV.
measurement temperature the acceptor ground state is popu-

lated by holes, the observed magnetic resonances can be gt scyssion

tributed to transitions from the ground state into two excited
states. Of special interest among the results which we obtained

As follows from the plot of the magnetic field depen- is the shift of the transmission and photoconductivity lines in
dences of the transition energies, the maximum shift of théhe spectra in the direction of weaker magnetic fields when
lines in a magnetic field idB=0.50+0.05 T. The energy the sample is cooled to the measurement temperature in a
difference between the corresponding curves obtained witfyagnetic field. Analysis of the spectra of all experimental
the sample cooled in the absence and presence of a magnet@mples showed that the magnitude of the shift depends on
field is AE= 0.4+ 0.05 meV. the Mr?* ion density and on the magnitude of the applied

In contrast to narrow-gap semimagnetic semiconductordield during cooling. For each sample, the shift of the lines
the curves of the transition energies versus the magnetic fiekgached the maximum magnitude at a definite value of the
do not show anticrossing of the energy levels of acceptors igxternal field. For example, for the GiggMing .Te sample
a magnetic field. This is explained by the fact that the depth this shifts isAB=0.50=0.05 T. As the magnetic field in-
of the acceptor is greater and the Zeeman splitting of it§reased further during cooling of the sample, no changes
ground state is substantially smaller in the experimentalvere observed in the spectra. Moreover, it is interesting that
samples as a result of the larger band gap. The calculatioryéhen the samples are cooled in the absence of an external
of the ground state energies of the acceptor assumed that tAeagnetic field, the lines in the spectra are much wider and
static permittivity e =18, while the effective heavy-hole are not Gaussian.
mass ism’ =0.4m,, wheremy is the mass of a free electron. ~ These results can be explained, in our opinion, as fol-
Analysis of the magnetic field dependences of the transitiotoWs. When an external magnetic field is switched on and the
energies showed that the ground state energy of the accept@mperature of the sample is higher than that required for the

in the experimental samples in a figdd=0 is ~11 meV, in ~ formation of a spin-glass phase, the magnetic moments of
good agreement with the calculations. the Mr?™ ions are partially oriented along the external field.

To determine the exchange integrdh3 for valence As the external field increases, the number of “oriented”
band states the magnetic field dependences of the transitidhoments of the magnetic ions also increases until all ions are
energies were calculated for temperatures of 2 and 6 K. Theriented.
method for calculatindN,/3 is described in Ref. 4. The com- As the sample is cooled, when the spin-glass phase ap-
putational results for the experimental samples are present®ars, the magnetic moments of the Mrions remain ori-
in Table I. We note that in the calculations the following
values were used for the parameters appearing in the matrix

a 2
-
o I
+ -
.g fa-
o 2
5 b 3
5 S a
3 3
2 I3
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FIG. 2. p-Hgy,dMng,oTe photoconductivity spectra with excitation by
FIG. 1. p-Hgy 7,éMng 25T e transmission spectra for photon energy 7.27 meV 7.27-meV photons &=2 K: a — Cooling in a magnetic fielB.,,=0.6 T;
atT=2 K: a — Cooling in a magnetic fiel8.,,=0.6 T; b —B,,=0. b — Bcoo=0.
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FIG. 3. p-Hgo7dMno.Te photoconductivity spectra with excitation by F|G. 4. position of transmission minima in a magnetic field versus photon
7.27-meV photons af=6 K. energy in the case of cooling in zero magnetic figddlid line) and in a
magnetic fieldB=0.6 T (dashed ling

ented even after the external field is removed. An internal
magnetic field is thereby produced. This field restructuregleviations from the average vajuén this case the photoex-
somewhat the energy spectrum of the acceptor. When th@tation lines in the spectra become narrower.
transmission or photoconductivity spectra are recorded in a Returning to the experimentally obtained magnetic field
magnetic field oriented in the same direction as the internaflependences of the transition energigig. 4), we call atten-
field (as in the present experimentthe lines corresponding tion to the fact that these dependences are almost linear for
to transitions of an acceptor from the ground state to théoth methods of cooling. This shows that in the present
excited states undergo a shift in the direction of decreasiny/ide-gap semimagnetic semiconductors the binding energy
applied field by an amount of the internal field. As expectedOf @ magnetopolaron on an acceptor should be very small. If
the magnitude of the internal field depends on the magnetitf is assumed for a given sample that this energy can be
ion density(see Table)l determined as/=2AE (Ref. 4, where AE is the energy
The narrowing of lines in the spectra of the samplessplitting between the curves shown in Fig. 4, then we obtain
cooled in a magnetic field is just as interesting. This resul/=0.8 meV. For comparison, we note that in the samples
can be interpreted as follows. When the sample is cooled iith a lower manganese concentration the binding energy,
a zero field, the magnetic moments of the Mrions freeze ~ paradoxically, is appreciably largg¥=2.8 meV(Ref. 4].
in random directions. For this reason, the local fields pro-
duced by the Mfifions around individual acceptors have 1, Mycielsky and J. Micielski, J. Phys. Soc. Jgi@ (Suppl), 807 (1980.
different magnitudes. Therefore, the energy spectra of pho?A. D, Bykhovski, E. M. Vakhabova, B. L. Gel'mont, and I. A. Merkulov,
toexcited acceptors in an external magnetic field differ some—SEh-JEkég-orT?g; F\i/z-?“vl\}:r?cf&i’gg-sk“ o1 Tevoishia. and V. A. Kiar
what from one aniother. In the spectra this corresponds _tocheﬁko, InSJ. Infrared Millim. Waves3 '15'5(13;3%2. ' o
wide lines with a diffuse peak. However, when the sample is4y. |. vanov-Omski, V. A. Kharchenko, and D. I. Tsypishka, Fiz. Tekh.
cooled in a magnetic field and the magnetic moments of Poluprovodn26, 1728(1992 [Sov. Phys. Semicon@6, 967 (1992)].
almost all M?* ions are oriented in the direction of the °G:Bastard, C. Rigaux, J. Guidner, and A. Mycielski, J. de PysB@7
field, the internal fields around the acceptors all have almost (1978.
the same magnitudegsample inhomogeneity can cause someTranslated by M. E. Alferieff
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Indirect electronic transitions in semiconductors occurring as a result of scattering of
charge carriers by dislocations in a quantizing magnetic field

E. M. Kazaryan and K. A. Mkhoyan
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(Submitted July 17, 1997; accepted for publication October 13,)1997
Fiz. Tekh. Poluprovodr32, 453—454(April 1998)

The light absorption due to indirect electronic transitions in a semiconductor in a quantizing
magnetic field is calculated under the assumption that an edge dislocation plays the role of a third
body. The characteristic light frequency and magnetic field dependences of the absorption
coefficient are determined for the mechanism considered19@8 American Institute of Physics.
[S1063-78268)01104-1

Indirect interband transitions in a semiconductor with a 22
dislocation mechanism for scattering of charge carriers v0=§f. ©)
(CCs9 under certain conditions imposed on the temperature
and dislocation density can compete with indirect transitionsHere a is the distance between the dangling borfdis the

due to the phonon scattering mechanisin. bond filling factor, anc:g is the permittivity of the semicon-
In the present paper we study indirect interband transigyctor.

tions of CCs in a semiconductor in a uniform magnetic field  Calculation of the matrix elememt®'S with the poten-

with edge dislocations playing the role of a third body. tial (2) shows that when the line of the dislocation is perpen-
The light absorptiorfAC) associated with indirect elec- dicular to the magnetic field, we obt&irthe following ex-

tronic transitions in an external magnetic field can be calcupression forM 'S:

lated in second-order perturbation theory as

2 v
2mwhc npS 27 MPIS= 0 ) (4)
= —_— . — 2 " ’ 2 N!’N!I,
a(le) nr(l) |AO|2 ﬁV LyLz)\ +|k _k |
|MPHOTIZ|\DIS|2 wherelL, and Lz. are _the Ijnear dimensions of the sample in
% the corresponding directions.
NK N”.K' N’ K’ [Eg+ sCN,(k;)—s”N(kz)—ﬁw]2 Using the expressio¥) and the well-known expression

for the optical matrix elemenit!""°T and switching in Eq.

X 6(Eq+ 8CN,,(|('Z')—8K,(kZ)—ﬁw), (1) (1) from summation ovek” andk to integration, we finally

where w and A, are the frequency and amplitude of the obtain the following expression for the AC:

incident light waven, is the refractive index of the medium, 27y [ e |2
np is the dislocation density on an argaV is the volume of a(w,h)= — m) (ep,(0))?
the sampleE, is the band gap, arﬂg is the band gap at the r 0
center of the Brillouin zonek=0):Y Since thez axis of the (mtm")¥2 eH
coordinate system is chosen in the direction of the magnetic Xv§ 5 PN
field H, while the vector potentiah= (0, Hx, 0), the state of h (A"+K%)
an electron in the banld(c or v) is characterized by the set 1
N, ky, kg, 1} (ﬁw—Eg— N+§ ﬁwﬁ)
In interactions of an edge dislocation with CCs the elec- XD - (5)
trostatic part of the potential of the dislocation always pre- NCTEOH N+ 1 hou—Ho
i ; ; H
dominates over the deformation part. In calculating the ma- g 2

trix element of the electron-dislocation interactidtP'S we . _ .
can therefore restrict the discussion to the electrostatic parf/heremc is the electron effective mass at the pokqt of
This potential in the dangling-bond approximation has the"€ main minimum,

form®
_eH 1 1 N _eH 1 1
V(p)=voKo(Ap), 2 OR=" ﬁ"'ﬁ and  wy=-— m_ﬁ+@
wherep is the two-dimensional radius vector perpendicular
to the line of the dislocationKy(x) is the modified Bessel are reduced cyclotron frequencies.
function of order O\ is the reciprocal of the Debye screen- As one can see from E), the dependence of(w, H)
ing length, and onfw—Ey for an indirect-gap conductor is of a step char-

1063-7826/98/32(4)/2/$15.00 404 © 1998 American Institute of Physics
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acter at the fundamental absorption edge. The jumps corraetic field H~10? G, the dislocation mechanism can com-
spond to values of w, for which transitions between ener- pete with the phonon mechanism even at temperaiure
getically more distant levels are excited. ~100 K.

In contrast to the generally accepted phonon
mechanisnt, the main characteristic features of the light ab-
sorption mechanism, studied here, in a semiconductor in alirpe expressior(1) takes into account the fact that the valence band is
external magnetic field are as follows: completely filled, while the conduction band is empty.

1. a(w,H)~H, i.e., the absorption coefficient for light At i§ easy to sho_V\_/ that dislocations oriented paralleitdo not contribute
is directly proportional to the magnetic field, in contrast to © indirect transitions.
the phonon mechanism where the dependence is quadratic:

2. The absorption depends strongly on the momentum
transfersik, (a~ 1/k%), which can give an additional possi- *A- A. *fifakf\?si’anAyliV'aKNKUIZ“Z‘SW&’]’ *é_-zfg- gﬂo'éh%’gnv and A. A. Sarki-
bility of Qetermlnlng experlme_ntally the displacement of the 2SE).lal\;I‘r Kz;l-zarsasri, K.aA.- Miﬁoyarrrzrr?clj' HI. A,. Sarliisya?; Thin Solid Films
conduction-band bottom relative to the valence-band top. 7, 302(1997.

3. The absorption coefficient is proportional to the den- 3v. L. Bonch-Bruevich and V. B. Glasko, Fiz. Tverd. Teleeningrad 3,

4 . .
The numerical estimates presented here show that, forE: -3 @nd S Zwerding, Prog. Semicori§. 221 (1960.

example, for GaP with densityp=3x10" cm 2 and mag-  Translated by M. E. Alferieff
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We have found that the zero-phonon line of the donor excitopd¥é] and its vibrational
repetitions in the electroabsorption spectrum depend strongly on the composition of the solid
solution ZnSe_,S, :Ni (y<20%). Using the idea of an intermediate virtgeP}* state,

we interpret this on the basis of the adiabatic potential model as an interaction df the
configuration with the nearest-neighbor environment and nonradiative tunneling
recombinatiorfd’e]— (d®)*. © 1998 American Institute of Physid$S1063-7828)01204-§

In 11-VI compounds Ni atoms isovalently replace of high energies in accordance with the increase in the band

group-1l atoms and possessdé configuration. Transitions gap Egy. is observed. The decrease in the amplitude of this
between multielectronic energy states in this configuratiorpeak attests to broadening of the free-exciton line for this
are manifested in the absorption and photoluminescenceomposition of the solid solution. The zero-phonon Ni DE
spectra. For ZnSe:Ni hydrogen-like Ni states are also obline and its first vibrational repetitions are not observed. The
served at the edge of the photoionization band ofweak feature on the low-energy side of the large peak can be
Ni d®—[d°h] (acceptor exciton — AEand in the photoion- explained as the manifestation of the most intense repetitions
ization band of Nid®—[d’e] (donor exciton — DE!  of the zero-phonon line of the Ni DE, since it vanishes at 77
Phonon-free transitions associated with Ni AE and DE inK. For this sample, the free-exciton line is observed well in
[I-VI compounds depend very strongly on the temperaturethe reflection spectrum at 77 K. Its positiolig=2.845 e\
This has been noted by many authors and has been investitakes it possible to estimate the composition of the solid
gated in greater detail in the electroabsorption spa&irg solution quite reliably. The EA spectrum for the sample with
for CdS:Ni (Ref. 2 and in the excitation spectra of intrac- y=20% consists of a positive peak with the energy of the
enter photoluminescence of ZnS:Nin the present paper we maximum determined by the influence of the field on the
report that disordering of the solid solution ZnSgS, :Ni free-exciton line whose position is determined according to
strongly influences the zero-phonon transitions associatetthe character of the dropoff in the reflection spectrum at
with Ni DE. 77 K.

The EA spectra were ordinarily recordddr samples of Of the diverse changes occurring in the EA spectrum
the solid solutions ZnSe S, :Ni obtained from melt in the with increasingy, we note only the obvious weakening of
composition range corresponding to 0s0<20% at tem- the zero-phonon Ni DE line. It is due to broadening of the
peratures 4.2 and 77 K in electric fields 5—20 kV/cm. The Nizero-phonon Ni DE line. As a result, the line and its first
density was equal to approximately £B)x 10" cm 3. vibrational repetitions become unobservable for samples
Figures 1 and 2 show the EA spectra for three samples frorwith y near 10%. This sharp dependence of the line intensity
the indicated range of compositions. The EA spectra foon the composition of the solid solution contrasts with the
these samples are due to the effect of an electric field on theeak dependence of the free-exciton line on the composition
zero-phonon Ni DE liné2.64 eV}, its vibrational repetitions, of the solid solution ZnSe ,S, :Ni in our electroabsorption
and the free-exciton line, as follows from the fact that theseand reflection spectra, as well as in the photoluminescence
spectra undergo a definite transformation with increasing sulspectrd and of the N AE line A line) in the solid solutions
fur content in the solid solution, temperature, and amplitudeGaPl_yAsy:N.5 Thus, we can state that the hydrogen-like
E\ of the ac electric field. The EA spectrum for the sampleexcited states of Ni in 11-VI solid solutions depend much
with y=0.05% at 4.2 K is very similar to the EA spectrum more strongly on the composition of the solid solution than
of ZnSe:Ni, but the peaks are smaller and slightly broadenedree-exciton states and hydrogen-like excited states of simple
The spectrum consists of a zero-phonon Ni DE li@e64 isoelectronic impurities. In many ways this is reminiscent of
eV), its vibrational repetitions, and a large positive peak duehe sharp difference between the effect of temperature on the
to the effect of an electric field on the free-exciton line. Forno-phonon Ni DE line, on the one hand, and on the free-
the sample withy=1% at 4.2 K the peaks are broadenedexciton line and thé\ line in GaP:N, on the other.
even more and slightly shifted in the direction of high ener-  The broadening of the no-phonon Ni DE line could be
gies. At 77 K only a large positive peak, due to the effect ofdue to the effect of the disordering of the solid solution both
an electric field on the free-exciton line, is recorded. The EAon the hydrogen-like states and on tthahell. In our view,
spectrum for the sample with=12% at 4.2 K changes very the fluctuation relief of the conduction-band bottom does not
radically. Only a large positive peak, shifted in the directionexplain the strong effect of the disordering of the solid solu-

1063-7826/98/32(4)/3/$15.00 406 © 1998 American Institute of Physics
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FIG. 2. Spectral dependence of the amplitagdeof the second harmonic of
electroabsorption for samples wigh=0.05% (1) andy=12% (2, 3). Mea-
surement regimesl — T=4.2 K, F,=15 kV/icm; 2 — T=4.2 K,
Fn=21.4 kVicm;3 — T=77 K, F,=21 kV/cm. The positive peak marked

by the asterisk is decreased by a factor of 10; the vertical bar on the right-
hand side shows the position of the free-exciton line for the sample with
y=12% at 77 K.

FIG. 1. Spectral dependence of the amplitadeof the second harmonic of
electroabsorption for samples with=0.05% (1) andy=1% (2, 3). Mea-
surement regimesl — T=4.2 K, F,=10 kV/icm; 2 — T=4.2 K,
Fn=14 kVicm; 3 — T=77 K, F,=16.1 kV/icm. The positive peaks
marked by the asterisk are decreased by a factor of 10.

tion on the hydrogen-like excited states of Ni impurity at-
oms. The free-exciton line, clearly observed in the reflectiophotonz wy into the zeroth electronic-vibrational state at the
and electroabsorption spectra of solid solutions with12  bottom of the adiabatic potential for Ni DEhe transition
and 20%, should be broadened as a result of fluctuations @®+#%wy—[d’e]).> In the solid solution ZnSe S, :Ni
both the valence-band top\E,) and the conduction-band with smally all Ni atoms are surrounded mainly by four Se
bottom (AE.). The Ni DE line broadens only as a result of atoms and the relative fraction of Nig& clusters is very
fluctuations of the conduction-band bottom, which are muctsmall. Asy increases, the lattice constaamtdecreases sys-
weaker, since in the solid solution ZnSgS, :Ni the change tematically in accordance with Vegard's law=a,—Ky,
AE,. equals 1/3 of the changkE, , while the electron mass which results in an additional change in the impurity—
is less than the heavy-hole mass (Gnm7and 0.70n,).°  nearest-neighbor distance for all NjSgusters. The configu-
Broadening of the€0/+) level, i.e., a shift of thed® andd’  ration curve for thgd’e] state will undergo a shift relative
configuration states as a result of large-scale fluctuations, ® the curves for the excited states of & configuration
unlikely. The formation of an appreciable fraction of (Fig. 3), since thed’ configuration, which corresponds to the
NiSe,S; clusters should result in the appearance of a newNi" ion, is more sensitive to a displacement of the nearest-
zero-phonon Ni DE line similarly to the appearance of sev-neighbor ions. We believe that the process which we term
eral A lines in accordance with the different number of As tunneling annihilation of a Ni DE intensifies with the shift.
atoms in the second coordination sphere for the solid soluAt the pointB a transformatiorfd’e]—{d®}* into one of
tions Gali_yAsy:N.5 New no-phonon Ni DE lines did not the excited states of ttd® configuration without a change in
appear in the solid solutions ZnSgS; :Ni. the coordinateQ occurs. This transformation could be
The sharp decrease in the amplitude of the Ni DE peaksaused by nonadiabaticity terms containing derivatives of the
with increasingy for small values ofy can be understood as electronic wave function with respect to the normal coordi-
the result of a decrease in the Ni DE lifetime, which is de-nate. Asy increases, the slope of the curve fdfe] and the
scribed in the adiabatic-potential model, similarly to thecorresponding derivatives increase. After the transformation
strong temperature dependerideFigure 3 shows the con- the nearest-neighbor environment undergoes restructuring
figuration diagrams for two excited states of tifeconfigu-  and an intermediate virtual stafd®}* transforms into a nor-
ration and for the Ni DE statgd’e]. The no-phonon Ni DE  mal excited stated®)* of thed® configuration. The resulting
line is due to transitions occurring under the influence of aransition is shown by the arrow in Fig. 3. After the transition
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FIG. 3. Configuration curves for thel® states of the Ni* ion in

ZnSq_,S,:Ni and for the Ni DE states[d’e] in ZnSe:Ni and
ZnSeq_,S, :Ni. The rightward displacement of the Ni DE curve with in-
creasingy is shown schematically. The arrow at the poiitshows the
tunneling transition from the Ni DE state into the state afaonfiguration.

V. I. Sokolov and O. V. Dolzhenkov

In summary, we have shown that the disordering of the
solid solution ZnSgySy:Ni strongly influences the no-
phonon Ni DE line[d’e]. This occurs through thd’ con-
figuration accompanying a change in the lattice constant with
increasingy of the solid solution and not via the electron in
a hydrogen-like orbit, which corresponds to the ideas of
Refs. 7 and 8. This influence gives rise to a tunneling tran-
sition [d’e]—(d®) in the configuration-curve model. The
novelty here as compared with Ref. 2 lies in the application
of the idea of an intermediate virtual stgteé®}*. The very
strong dependence of th# configuration on the nearest-
neighbor environment potentially could be helpful for inves-
tigating local nonuniformities of Ni-doped I[I-VI solid
solutionst

We thank A. Tsunger for a helpful discussion of the
problem of 3 impurities in solid solutions of semiconduc-
tors.
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Thin films of the solid solutions CuliigSg _,), (0<x<1) exhibiting chalcopyrite structure

were obtained by the method of laser deposition. Using half-transmitting indium layers,

Schottky diodes were prepared on the basis of the films obtained. The spectral dependence of the
sensitivity as a function of the ratio between Te and Se was investigated by illuminating the
structures through the In contact. Analysis of the experimental results showed that the region of
spectral sensitivity of such thin-film structures depends on the tellurium content in the
Culn(Te,Sg _,), layers. © 1998 American Institute of Physids$$1063-78208)01304-(

1. INTRODUCTION to 0.4-1.2um, depending on the number of pulses. Large-
block, 12—16 mm in diameter, Culfe,Se _,), ingots were

Ternary chalcopyrite semiconductors ABCA — Cu,  ;sed as the targets for sputtering.

Ag; B— Al, Ga, In; C — S, Se, Teare now being closely

scrutinized by investigators as promising materials for pro-

ducing different optoelectronic devicés> The most interest- 3. RESULTS AND DISCUSSION

ing compound in this class is copper selenoindiate, which . . .
has been used to develop and fabricate solar cells which have The h;)mo((i:;ebnetlay of the f|Im;sha3d the strulgt;rgli %?\;aanf d
an efficiency above 16%Ref. 4 and which are more stable was monitored by the x-ray method using a - "=

and show a higher radiation resistance than similar CeII%ractometer with Cukk radiation and a nickel filter. The dif-
based on silicon and gallium arsenile raction patterns of the solid solutions contained a system of

A number of investigators have also shown that filmsImes that corresponds to the chalcopyrite structure character-

based on the solid solutions C(Te,Se ), can be suc- istic of the ternary compounds CulnSand CulnTeg form-
cessfully used as active layers in thermophotovoltaic syste

n{gg this system. The observed resolution of the high-angle
for converting radiation in the spectral range 0.5—1.0°8%/. ines indicates that the films obtained were quite homoge-
In the present paper we report the results of investiganeous' . . . .
tions of the photosensitivity of thin-film structures . The atomic composition of th_e films was determined
based on laser-deposited layers of the solid solution ith a JEOL scanning electron MICTOSCOPE. The results of
Culn(Te, S _y) . these _mt_aasureme_nts are presented_m Tgble I. One can see
that within the limits of accuracy attained in these measure-
ments &4%) the composition of the films corresponds sat-
isfactorily to that of the source material.
2. FILM PREPARATION Uniform films of the solid solutions Cu[ﬁexsq,X)Z
were used as the initial films for producing photosensitive
A GOS-1001 laser operating in the free-lasing mode astructures of several types. One consisted of an optical con-
wavelengthh =1.06 um with pulse duration=10"% s was tact which was produced by clamping the surfaces of the
used to obtain the films. Following the procedure describedilms of the solid solutions to the natural cleavage surfaces of
earlier> ' the films were deposited on glass substrates wittthe layered semiconductorsinSe andn-GaSe. Such struc-
T,=430-470 °C and pressure in the chambertures exhibited sufficiently high  photosensitivity
(2—4)x 10 ° Torr by a series of 180 to 200-J pulses with (=10° V/W) under illumination on the IlI-VI semiconduc-
energy flux density at the target £3)x10° J/cnf. The tor side. The photosensitivity of these anisotypic structures
thickness of the films on the active are® cn? was equal dominated in the fundamental absorption region of the

1063-7826/98/32(4)/3/$15.00 409 © 1998 American Institute of Physics



410 Semiconductors 32 (4), April 1998 Bodnar’ et al.

TABLE |. Results of analysis of the composition of the compounds Cuylre8el CulnTe and the solid
solutions CulSe _,Te,),.

Copper, at. % Indium, at. % Tellurium, at. % Selenium, at. %
calc. exp. calc. exp. calc. exp. calc. exp.
crystal  film crystal  film crystal  film crystal  film

25.00 2485 2542 25.00 25.07 2462 5000 50.33 50.82 — — —
25.00 2532 26.84 25.00 25.61 25.07 4251 4200 4122 7.50 7.18 6.77
25.00 2488 25.02 25.00 25.00 2523 2454 2512 2470 25.00 2430 26.02
25.00 2529 2473 25.00 24.63 25.08 15.00 1499 1520 35.00 35.08 35.80
25.00 2465 2542 25.00 25.20 24.98 — — — 50.00 50.10 49.77

[I-VI crystals. This is due to their higher resistance with creased, a stefwurvesl and?2) or kink (curves3-5) forms
respect to films of the solid solutions Cilre,Se _,), and, in the spectral curveg (% w) at a definite value ohw for
correspondingly, localization of the space charge layeeach composition of the solid solution. The inset in Fig. 1
mainly in the volume of the InSe and GaSe crystals. For thishows the position of these features on the energy axis versus
reason, such structures did not make it possible to obsernthe composition of the films in comparison with the dashed
photosensitivity in the fundamental absorption region ofline connecting the values of the band gaps of the ternary
Culn(Te,Se _,)». compounds CulnSeand CulnTe.?!? In the composition
The structures of the second type were surface-barrierangex>0.3 the features in the quantum efficiency spectra
structures obtained on the exteriok2-mm surface of the fall on the dashed line, making it possible to relate the long-
half-transmitting indium layers by thermal deposition wavelength exponential edge af(7% ) with interband ab-
through a mask. When such structures were illuminated osorption in the semiconductor film with the corresponding
the metal/semiconductor barrier side as well as on the solidvalue ofx. As x is lowered,x<0.3, these features in the
solution film side, the barrier contact always became negaspectral curvep(% w) start to shift relative to the dashed line
tively charged and the sign of the charge remained uninto the low-energy region, which could indicate that the
changed under all possible illumination geometries in thdong-wavelength photosensitivity edge is due to an increase
entire region of photosensitivity of the structures obtainedin the contribution of shallow defect levels to photoactive
This shows that the observed photovoltaic effect is deterabsorption. It should also be noted that despite such a strong
mined by separation of photogenerated pairs in a single ac-
tive region arising on the indium/semiconductor boundary.
As a rule, the photosensitivity dominates when these struc- A
tures are illuminated on the barrier contact side. For the best
structures, which we were able to obtain on films with a
tellurium content in the range 30—50 mole%, the maximum
current photosensitivity reaches 1 mA/W &t&300 K. It
should also be noted that the obtained spectral dependences
of the short-circuit photocurrent, which was proportional to
the flux density of the incident radiation, was converted into 0
an equal number of incident photons, so that they actually
reflect the relative quantum efficiency of the photoconver-
sion of natural radiation by means of such elements. When
the surface of the barrier contact was scanned, the photoelec-
tric parameters were reproduced well from point to point.
This shows that the films of the solid solutions obtained ol 24 3
are quite uniform (the diameter of the light probe is 0 “" Z g
0.2-0.4 mm. M L SR
Figure 1 shows for the In/Culfie,Se _,), structures i 10 05 0
obtained the typical i 4 CulnTe CulnSe,
ypical spectral dependences of the relative 2 z.mol %
guantum efficiencyyp of photoconversion at room tempera- Il
ture and under illumination by natural light in a direction
normal to the photoreceiving plane. It is evident from the 10 ! 1 L L L
figure that despite the changes in the atomic composition of 10 ho.eV 20 af
the solid solutions, the photosensitivity curves remain similar ’
in the entire concentration range. As photon energy increasasc. 1. Spectral dependences of the relative quantum efficignaf/ pho-
above 0.8 eV, the photosensitivity follows an exponentialtoconversion in Ind-Culn(Te,Se _,), structures aff=300 K; x, mol%:

; — ~20— 1 ; ; 1—0,2—0.7,3—0.5,4— 0.3,5— 0.15. Inset: Band gap of the solid
law with slope S= 5(In»)/dAhw)=30-50 eV, which is solutions versus compositiof6 — position of the features of the long-

cons_istent with the _assumption that the bands in the _ﬁ"_n/vavelength edge on the energy axis in the relative quantum efficiency spec-
studied possess a simple structure. As photon energy is ifra, 7 — band gaps of ternary compounds according to Refs. 2 and 13
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variation in composition of the filmsxE0—1), the long-  ?Fax: (379-(172-310914; e-mail: cit@micro.rei.minsk.by
wavelength edge of; shifts relatively little, which is attrib-
utable, correspondingly, to the small effect of the positional
substitution of selenium for tellurium atoms on the band gap
of the solid solutions which we obtainéd? As one can see
from the figure, for all film compositions the photosensitivity *J. L. Shay and J. H. WemickTernary Chalcopyrite Semiconductors:
increases as photon energy increases further. Therefore, re®rowth, Electronic Properties and ApplicatignBergamon Press, N. Y.,
oS i L 975.

combination _at the surface of th_e solid-solution fllms can bex; Coutts, L. L. Kamerskii, S. WagnéEds], Copper Indium Dis-
suppressed in the surface-barrier structures. This fact alsoglenide for Photovoltaic Applicationgémsterdam, 1985.
shows at the same time that the proposed laser-depositiofir. J. Coutts and J. O. MeakiEds], Current Topics in Semiconductor
regime makes it possible to obtain films of solid solutions Photovoltaics Academic Press, N. Y., Vols. 1-3, 1875-19#ussian
with a quite perfectfrom the standpoint of carrier recombi- ,ra"siation, Mir, Moscow, 1983

1aquitep , pomni - “H.-W. Schock, Sol. Energy Mater. Sol. CeBé, 19 (1994
nation exterior surface without resorting to any additional Sg. s, vera, J. J. Laferskii, and N. Spitzer, Rroceedings of the 4th
treatment. The increase of photosensitivity in the fundamen- European International Conference on Photovoltaic Solar Energy Con-
tal absorption region of the solid solutions C(ile,Se, _ version ltaly, 1996, p. 659.
.. F't Hi 9 t with th t I(Jdex e_de)z EM. Quitero and J. C. Wooley, J. Appl. Phys5, 15 (1984.
IS In ql!a' alive ag_reemen _V\_" " € Spec re_\ _eper21 1§?fe OFg. Diaz, M. Leonard, and F. Ruenda, J. Vac. Sci. Technol0A3295
the optical absorption coefficient in CulnStin films=* (1992.
Therefore, there are grounds for judging on the basis of thé€M. Leonard, R. Diaz, and F. Ruenda, J. Vac. Sci. Technol2A3082

y T (1994.

observed short \.Navelength growth o.f the photos_ensmwty OfgV. F. Gremenok, E. P. Zaretskaya, I. V. Badnar, Yu. V. Rud’, and M. A.
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tion of high-efficiency, thin-film solar cells. 12Reference Data on the Physical and Chemical Properties of Semiconduc-
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could be due to the polycrystalline structure of the films, '(:1%'9 ;‘]fkh- Poluprovodn26, 558 (1992 [Sov. Phys. Semicon®6, 317
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We have developed a technology for producimtype Ggln,_,N/p-Si heterostructures by
combined pyrolysis of indium and gallium monoammoniate chlorides, making it possible to obtain
heterolayers with composition varying over wide limifsom GaN up to InN. The

composition and basic electric and optical characteristics of nitride films were determined. The
electric and photoelectric properties of the heterostructures wighnGgN films of

different composition were investigated. It was shown that the anisotypic heterojunction
n-Galn;_,N/p-Si is a promising photosensitive element for detecting visible-range radiation.
The maximum values of the specific detectivity we&&=1.2x 10'* HZ2.W~1! at 290

K. A band diagram of the heterojunction was constructed.1998 American Institute of Physics.
[S1063-782628)01404-3

The solid solutions of the semiconductor compoundscontaining initial reagents continue to be used and give fairly
Ga/ln;_,N possess unique properties, which are of great ingood resultg!~
terest for applications in optoelectronic deviéet these Our objective in the present work is to develop a tech-
direct-gap materials, depending on the composition, the bandology for producing heterostructures of the type
gapE, varies continuously from 1.9 to 3.4 eV, covering the Galn; _xN/Si that permits varying the composition of the
entire visible and part of the UV range of photon energiesheterolayer over wide limitéfrom GaN to InN as well as
Together with the progress made in recent years in their usgtudying the basic electrical and optical properties of films
in light-emitting device$® nitrides hold promise for applica- and the photoelectric characteristics of the heterostructures.
tions in photoreceiving devices, for example, in solar cells, ~ The nitride films were obtained by chemical vapor depo-
photodiodes, and phototransistors. Heterostructures formetition, based on combined pyrolysis of gallium monoammo-
by deposition of a material with a large band gap on a semibia chloride (GAC) and indium monoammonia chloride
conductor substrate are usually characterized by a highd/AC)- The process was conducted in a nitrogen—ammonia
photosensitivity because of the so-called “window effeét.” &tmosphere in a continuous-flow system. The deposition pro-
Moreover, in the case where a wide-gap semiconductor x2S Was conducted at atmospheric pressure and substrate
hibits comparatively high electrical conductivity, as in thetempgratgre 550 (_’C' The gal_llum and indium ratio in Fhe
case of gallium and indium nitrides as a result of deviationgdWINY film was fixed by varying the GAC and IAC ratio in

of their composition from stoichiometry in the direction of the initial charge. The ratio of the molar flow rate of ammo-

. e nia to the total molar flow rate of the metal containing re-
excess metal, a higher photosensitivity can be expected on

. . . agents(V/Ill ratio) at the reactor entrance was varied within
account of a decrease in the series resistance of the struct 8 o )

: . e limits 10-100. The growth rate of the films was in the
as a whole. If the heterolayer is formed by chemically stablerange 0.8—1um/h and their thickness was equal toum

and radiation-resistant material, which is also characteristig ;3 optical quality quartz and KDB-10100) Si wafers
of nitrides, the photosensitive structure does not require for\'/vere used as substrates. The reactor layout and the film
mation of additional protective coatings on the surface.

) e ) deposition procedure are described in Ref. 15.
On this basis it can be assumed tha{l8a.,N/Si struc- The films obtained consist of polycrystalline deposits

tures, being cheap, should exhibit characteristics comparab|gii, good adhesion and continuity. The color varies with
and even exceeding those of existing photodetectors. Unfofpncreasing indium content in the load from almost transpar-
tunately, such heterostructures have not been adequately igpt (pure GaN to reddish-brown. The results of an analysis
vestigated, apparently because of technological problems agf the transmission and reflection spectra of the films in the
sociated with the formation of perfect layers of nitride solid wavelength range 300—1200 nm, in the course of which the
solutions? Molecular-beam epitaxyMBE) and chemical va-  optical band gafE>™ was determined and the values of the
por deposition using metalorganic compoun@$OCVD)  optical constantgabsorption coefficienk and refractive in-
are successfully used to obtain high-quality films of GaN andiex n) were calculated by the method of Ref. 16, show that
nitride solid solutions Gan;_,N (x=0.7). The technology the layers were single-phase and uniform. The composition
for obtaining INN and solid solutions with a high indium of the Galn;_,N films was estimated from Auger-
content is much less well develop&d?! At the same time, spectroscopy data. The correlation established in the present

chemical vapor depositiofCVD) methods using halogen- work between the values cEfgpt and x agree satisfactorily

1063-7826/98/32(4)/5/$15.00 412 © 1998 American Institute of Physics
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TABLE |I. Technological production parameters and properties of TABLE Il. Basic parameters of the heterojunctionsGaln,_,N/p-Si at
Galn; _«N films deposited on quartz substrates. T=290 K.

Sample Molar fraction of  V/IlI EP, k n Sample Film E". Ro. Vo, Voo, T E,,
No. GAC in the charge  ratio x eV A=0.8um No. composition eV R eV eV um eV

1 1.0 10 1.00 34 0018 192 1 GaN 3.40 20 1.0 0.44 300 0.29
2 0.37 70 085 305 0.044 203 2 Gagdng: N 305 5 12 036 50 028
3 0.23 100 064 225 0050 208 3 GayednosN 225 2 08 013 20 0.26

with the results of a study cEgp‘(x) for solid solutions in the  tial on the Galn, _,N film side, 7 is the photoresponse time,
system GaN-InN:*’ andE_ is the activation energy of the photoresponse time.
All films obtained aren-type. The current carrier density All the heterojunctions which we investigated in this
determined from Hall effect measurements at 300 K wastudy are photosensitive in the temperature raige80
equal to 16’10 cm™3, increasing with In concentration —290 K. At each temperature the magnitude of the photore-
in the solution. The Hall electron mobility in the films did sponse signal depends on the composition of the nitride film.
not exceed 10 cAi(V-s) at 300 K. The electrical resistance The highest photo-emf was recorded for heterojunctions with
of the films depended largely on their indium content anda film of the material with the largest band gap — GaN. For
varied at room temperature from100 K2, characteristic for this sample the specific detectivity at 290 K ¥ =1.2
pure GaN, down to values~500 Q measured for Xx10" HzY2.W~'.cm. As the indium content in the film
Ga) sdng 3¢\ films. The basic parameters of the films grown increases, the photosensitivity decreases by almost an order
on quartz substrates are presented in Table I. of magnitude(Table Il, sample B The temperature depen-
Anisotropic heterojunctionsn-Ga/ln;_,N/p-Si were dences of the photoresponse sigBare nonmonotonic. As
prepared in the above-described experiments on growing nthe temperature is lowered from 290 K, the
tride films. Deposition was done both on naturally oxidizedphotoresponse signal in all the heterojunctions increases,
silicon surfaces and on surfaces from which oxide was rereaches maximum values in the temperature range
moved by gas etching in a HCI flow. It should be noted that200—250 K, and then decreases. For some hetero-
the precleaning of the silicon surface had no effect on any ofunctions the sensitivity at the maximum of the tempera-
the parameters of the heterojunctions investigated. This fadtire dependence is more than an order of magnitude high-
apparently reflects a specific feature of the film depositiorer than at 290 K: For example, for the heterojunction
method: The feature associated with the presence of hydra-Ga, gdng ;N/p-Si D*=2x 10 HzY?. W™ ! cm at
gen chloride in the reaction gas mixture in the depositionT =200 K. The values of the photo-emf at 80 and 290 K are
zone, resulting in the removal of oxide at the initial stages ofapproximately the same for all heterojunctions.
the process. The spectral characteristics of the photosensitivity mea-
The heterojunctions obtained were subjected to a battergured afl =290 K (Fig. 1) have the typical form for hetero-
of investigations, including measurement of the currentjunctions. The red edge of the spectral characteristic is de-
voltage characteristics, the photoresponse sigimalthe termined by the band gap of the narrow-gap semiconductor
photo-emf regimgdue to blackbody radiation at 900 K, the — Si. The short-wavelength decrease of the photosensitivity
spectral distribution of the sensitivity, and the photoresponseoincides in energy with the band gap of the wide-gap semi-
time. The measurements were performed at temperatur&@®nductor. AsE, in the nitride film increases, the short-
T=80-290 K. A MDR-23 monochromator was used to wavelength part of the spectral characteristic shifts into the
measure the spectral characteristics. The photoresponse timegion of shorter wavelengths. It should be noted that for all
was determined from the relaxation curves of the photorewavelengths of the incident radiation the sensitivity of a het-
sponse signal. In this case a GaAs LED served as the souregojunction increases with increasirig, of the wide-gap
of radiation. In all experiments the radiation was incident inlayer.
a direction perpendicular to the surface of the heterojunction The maximum photosensitivity for all heterojunctions
through a wide-gap matetia— a Galn;_,N film. The falls in the absorption region of silicon. However, the sensi-
samples had an area of% mn?. tivity distribution, which depends on the film composition, is
Chromium was used as the contact material for investi-observed to be nhonmonotonic in this region of the spectral
gating the electric and photoelectric properties of the heteroeharacteristic. This feature is most clearly seen in the spectral
junctions. It was deposited in the form of a QuBa-thick  characteristics of the photoresponse sigi&,..=f(\) (Fig.
0.7X5-mn¥ strips, as well as in the form of a continuous 2), whereS,,, is the maximum value of the photoresponse
layer on the backside of the silicon by magnetron sputteringn the spectral characteristic of the given sample. As the
onto a wide-gap material. The linearity of the I-V character-indium content in the nitride film increases, an additional
istics of such contacts shows that they are nearly ohmic. long-wavelength sensitivity peak appears at1.1 um,
The basic parameters of the heterojunctions investigatedihich for the heterojunction-Ga, gdng 3dN/p-Si is compa-
at T=290 K are presented in Table Il. HelRy is the differ-  rable in magnitude to the maximumat=0.8 um present in
ential resistance of the junction under zero bidg, is the all heterojunctiongFig. 2, curve3). In the sample with a
total contact potential differenc®,y, is the diffusion poten- lower indium content in the film this peak decreases in mag-
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FIG. 1. Spectral photosensitivity characteristics of heterojunctidns+

GaN/Si,2 — Gay gdng 1N/Si, 3 — Gay gdng 3N/Si.

] ) o ) ) FIG. 3. Current-voltage characteristics of the heterojunction
nitude (Fig. 2, curve2), while it is virtually absent in the Ga,ging sg\N/Si, T, K: 1 — 290,2 — 250,3 — 200, 4 — 150,5 — 80.

heterojunctiomn-GaNjp-Si (Fig. 2, curvel). The described
nonmonotonic variations of the photoresponse signal of het-

erojunctions and their explicit dependence on the cOmMPOSiyngth range. This assumption is entirely justified, since pure
tion of the wide-gap film could be due to a characteristiCingjym nitride has a maximum in the transmission spectra at
feature of the transmission of light by the films in this Wave-\yavelengths close to zm (Ref. 18, while the transmission

of gallium nitride in this part of the spectrum is much lower
and forA>0.8 um the transmission coefficient varies mono-
tonically.

The photoresponse time at= 290 K is 20—30Qus in all
structures investigatedTable Il). The maximum value
7=300 us was observed in the heterojunction GaN/Si. As
we have already noted, this heterojunction exhibits the high-
est photosensitivity. As the temperature is lowered to 200—
250 K, for all heterojunctions the photoresponse time grows
exponentially and the activation energy Es=0.26-0.29
eV. The exponential growth af with the same activation for
all HJs investigated can be attributed to the existence of a
level that determines the lifetime of the minority current car-
riers. The nature of this level is unclear at present. However,
since the values presented for the photoresponse time refer to
the absorption range of silicon, this level can be tentatively
associated with energy stat@efect, impurity either in sili-
con or on the interface of the heterojunction.

All HJs investigated exhibit rectifying properties. Figure
3 shows typical current-voltage characteristics measured at
different temperatures. The direct branches of the |-V char-
acteristics for all HJs investigated have two exponential sec-
0 I 1 i 1 tions (Fig. 4). The first sectior(for low biase$ is described
400 600 2_30” 1000 7200 sagisfactorily by the relation=1,expEU/B,kT) with B;=3

ST —6 at 290 K. The sections of the |-V characteristics with

FIG. 2. Normalized spectral photosensitivity characteristics of heterojuncNigher biases correspond ke zeXp@U). with B,=1/A=1
tions: 1 — GaN/Si,2 — Gay gdN 14N/Si, 3 — Ga, dNg 2d\/Si. —12 atT=290 K. As the temperature is lowered, both sec-
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FIG. 5. Band diagram of the heterojunction dgang 3d\/Si.
0’
| . . . . mismatch between the lattice parameters of the film and sub-
0 : 0.2 - 0.4 0.5 0.8 strate and their density for the heterojunction under study is

u,v ~10" cm™2. The current carrier density in the Galng zdN
' o ~ film was determined from Hall effect measurements to be
(F;'G' |4' D'rfsc_t $ra£.°riei ‘;fgg“; I__\;5(i)h?3raa;r(l)?)tlis Oflghoesheteggunc“onnz2>< 10'® cm™3. The carrier density in the silicon was
ZedNosdV/SI- T, K ’ AR T AR e T e p=1.5x10" cm 3. The total contact potential difference
was determined from the current-voltage characteristics by
extrapolating its linear section to the voltage axis. For the
tions remain but 8; increases andpg, is virtually  present heterojunctioh=0.8 eV. The diffusion potential
temperature-independent. The voltage corresponding to @n the Gggdng3d\ solid solution side was determined from
transition between these two regions decreases with increathe temperature dependence of the differential resistance to
ing temperature. Analysis of the current-voltage characterisbe Vp,=0.13 eV. Such a high value ofp, with current
tics makes it possible to characterize the current flow in thearrier density X 10" cm™2 in the solid solution could be
experimental heterostructures as follows. At low bias voltagedue to the high density of interfacial states. The band dia-
the total current is limited by recombination at the interface.gram of the heterojunction is presented in Fig. 5, where
For high direct biases current passage is determined by tuiVp,=0.67 eV, AE.=0.053 eV, AE,=1.24 eV, Ey
neling. The reverse branches of the 1-V characteristics with=1.12 eV, andg,=2.25 eV.
low voltages(except initia) have a nearly linear power-law In summary, our studies have shown that the anisotypic
dependence. heterojunctiom-GaIn; _,N/p-Si is a promising photosensi-
The differential resistance at zero bid&,J atT=290 K  tive element for detecting visible-range radiation. Improve-
varies, depending on the composition of the wide-gap layermnent of the device characteristics depends directly on the
from 2 to 20 K) (Table Il). As temperature decreases to technology for producing films of solid solutions and, first
~150 K, R, increases exponentially. The activation energyand foremost, on decreasing the current carrier density in
of this process for different structures varied from 0.13 tothem.
0.44 eV. At lower temperatures the differential resistance is
temperature-independent. The_ expone_ntial sectiqn of theg Strite, M. E. Lin, and H. MarkacThin Solid Films231, 197 (1993.
temperature dependence &, is described well in the 25 Nakamura, T. Mukai, and M. Senoh, Appl. Phys. L&4.1687(1994).
recombination—tunneling model with barrier heighit=, °X. H. Yang, T. J. Schmidt, W. Shan, J. J. Song, and B. Goldenberg, Appl.
=0.13-0.44 eV for different heterojunction@able I for ~,Phys. Lett66, 1 (1995. . .
diffusion or thermal-emission currents with current-carrier - G. Milnes and D. L. Feuchtieterjunctions and MetaiSemiconductor
o Junctions Academic Press, N. Y., 197[Russian translation, Moscow,
recombination at the interface. The weak temperature depen-197sg).
dence ofR, at low temperatures could be due to a tunneling °A. Yarr:\amoto, M. Tsujino, M. Ohkubo, and A. Hashimoto, J. Cryst.
mechanism of cur'rent transport. . . . . 6$.r(l\)ﬂm;ttstjj-§lg,4':ll:.5éziiﬁi., and A. Katsui, Optoelectron., Devices Technol.
An energy diagram of the anisotypic heterojunction 531999
N-Gay gdNg 3g\/p-Si was constructed on the basis of the in- 7A. wakahara and T. Tsuchiya, A. Yoshida, J. Cryst. Gro®fh 385
vestigations performed and the published data. The diagrarg(1990- _ '
was constructed in the Anderson model approximation tak- /: E- Hoke, P. J. Lemonias, D. G. Weir, J. Cryst. Grovittd, 1024
ing into account the interfacial states at the metallurgicales syite, . Chandrasekhar, D. J. Smith, J. Sariel, H. Chen, N. Teraguchi,
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LOW-DIMENSIONAL SYSTEMS

Intraband absorption of light in quantum wells induced by electron-electron collisions
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It is shown that in a semiconductor with quantum wells intraband absorption of long-wavelength
radiation due to Coulomb interaction of the electrons is possible as a result of band
nonparabolicity. Analytical expressions for the absorption are found for the limiting cases of
nondegenerate and strongly degenerate, two-dimensional electron, gas. At high carrier densities the
absorption due to electron-electron interaction can be much stronger than absorption due to
electron-phonon interaction. @998 American Institute of Physid$S1063-782608)01504-X

1. INTRODUCTION element of the momentum operator between valence- and

The physical processes occurring in semiconductor hetOnduction-band states, in the Kane model. We assume that

: ; : ._—only the lower quantum-well subband is filled, so that
erostructures with quantum wells are being widely studied.” m/a. Expanding the energs,(q) in powers ofg for small

Numerous experiments show the presence of strong absora_—and replacingj, , by p.., /%, we write the electron Kinetic
y.z y.zl Tt

tion of radiation with photon energyfiw~21—5 meV) ! .
smaller than the splitting between the quantum-well subENereY operator in they(z) plane in the form

bands in such systemsSuch radiation can be absorbed only

as a result of intraband and therefore indirect transitions. In ~ _ F32 y \4 .y
order for the laws of conservation of energy and momentum ~ T= 35—~ (ﬁ) Egp™. (1)
to be satisfied simultaneously in such junctions, an electron 9

which has absorbed a photon must be scattered by a third

particle. Mainly intraband transitions with scattering by pho-Here mc is the electron effective mass in the conduction
tons or with the participation of impurities are studied in theband, which can be easily expressed in termg,ok, and
literature?® In the present paper we study a new mechanisnk. The term proportional tp* gives a correction to the qua-

of intrasubband absorption due to electron-electron scattedratic dispersion relation. Its smallness is determined by the
ing in a free electron gas. This absorption mechanism is nggmaliness  of the parameterqry/Eg<1, where
realized in the case of a quadratic law governing dispersionr=v2m.T/%2 is the characteristic wave number of an elec-
in a subband. In order to calculate this mechanism it is nectron in the case of nondegenerate electron gas. If the gas is
essary to take into account the nonparabolicity arising in thelegenerate, then hegg must be replaced by the Fermi mo-
electron spectrum as a result of interaction of the conductiomentumaqg . We shall solve the problem of finding the ab-
band and the valence band. At high charge carrier densitiesorption coefficient to first order in the nonparabolicity. It is
the absorption mechanism due to electron-electron collisionsasy show that in this case it should be taken into account
can become more effective than the phonon or impurityonly in the operato?\A/opt describing the interaction of elec-

me

mechanism. trons with the photon field, while the effect of the nonpara-
bolicity on the wave functions can be disregarded.
2. TRANSITION MATRIX ELEMENTS The wave function of an electron in the ground state in

_ the well isW o(r) = (1/y/S)€%P¥,(x), wherep is the radius
Let the semiconductor structure be unbounded and Uniocior in the plane of the wellr=(x, p), and ¥ (x)
. . . . . ’ ) X
form in the @/,z)' plane ar!d 'Iet it contain an infinitely deep _ 2/a sinkx in the well andW (x)=0 outside the well is
quantum well with potentiafin the conduction bandU(X)  he wave function of motion along theaxis. Here normal-

=0 in the intervalx < [0, a] andU(x) == outside this in-  j;4tion «in 4 box” with areaS is used. The wave function of
terval (a is the well width. The energy of an electron in the system of two electrons is¥ (F1.r)=(112)
conduction band, measured from the center of the band ga 2t .

IR W o (1) W (1) ~ W (1) W (r1)]. We find the matrix

Eg4. can be calculated in the Kane motiel : ) ] ]
— element of the interaction of this system with the photon
Ec=(k,q)=V(Egl2)*+ y*(k*+0?), field A(r, t). Accordingly, we replace in the Hamiltonign
wherek is the wave number of the motion along thexis, by p+(e/c)A and, taking into account only terms linear in

q=(dy.9,) Iis the wave vector of free motion in the,¢) the field(corresponding to single-photon absorpjione ob-
plane, andy is the parameter, proportional to the matrix tain the interaction operator

1063-7826/98/32(4)/6/$15.00 417 © 1998 American Institute of Physics
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R e . . whereq,=q;—0s=03—0d, is the momentum transfer due
Voptzﬁ[A(rlvt)'pl+A(r21t)'pZ] to Coulomb scattering, and
2
4ey* ~ ~ J f d f dx| W (x)|2€9
~ T (AL PR AP @ (@)= ]84 oy |l
CE4h
For a monochromatic plane wave the vector potential is _ 1] 4—W(q a—1+e %)+ 2ma
A(r,t)=Ageexdi(x-r — ot)], whereA, is the amplitude as- 252 qg P 4k2+q,2)
sociated with the photon volume denshty by the relation
A3=27N#ic?/wn? (n, is the refractive index of the medium 2m(AK*— ) (1—e %)  6m(1—e %?)
at frequencyw), o and x=(x,,x%,) are the frequency and + (4k2+q,2))2qp (4k2+qf,)qp

wave vector of the light, andé=(e,,e,) is the unit polar-
ization vector. In deriving Eq(2) we employed the Landau (7)

gauge¢=0, V-A=0. We shall calculate the matrix element The integralV, can be found by analogy witf,. The factor
between the initial statd;= =¥ q, and the final stateV; [J(Ja;—as| —I(|az—qz])] in the expression for the Cou-
=W, q An integral of the formf,wé"xxl‘lfx(x)lzdx lomb matrix element, equal td,—V;, can be substantially
arises in the integration ovet. It can be assumed that this simplified. The momentum transfey, equals in order of
integral equals 1, since the wave vector of the phaign magnitude the thermal momentusg (in the case of Boltz-
~10* em 1 is much less than 4~10° cm !, and the ex- mann statistics At room temperaturgr~10° cm™2. In the
ponential in the integral equals 1. Integration in thezj  case of degenerate statistics all momenta are comparable to
plane gives a Kronecke# function. Finally, the matrix ele- the Fermi momentungg, which is of the same order of

ment of the electron—photon interaction is magnitude. For a sufficiently narrow quantum waet 100 A
the quantityq,a is less than or of the order of 1 and can be
Vopyi 1=(—i)e” |wt_AO{[ep (Gs+04)] approximated by the difference w(|g;—qs| "1—|q;

—0s|™1Y) to a high degree of accuracy, which increases with
decreasinga. We can then write the Coulomb matrix ele-
ment can be in the form

(27)3e?
Veej f:?5(Q1+ d2—03—Ja)

—bo(&, d3)a5— bo(&, 44) 95}

X (5q1q3 a0, 5q2q3 5q1q4)' ©)

wherebo=4mgy*/4%E; .

Let us now find the matrix element of the electron-
electron interaction. The interaction operator is « 1 _ 1 ®
Vee=e2(e|r1—r,|), wheree is the permittivity of the me- la1—ds| |di—aal/
dium. The matrix element between the stas=¥, o Here thes function expresses the law of conservation of
and \Iff=\Ifq3,q4, which are described by antisymmetric momentum in a collision of two electrons.
wave functions, has the form

3. CALCULATION OF THE ABSORPTION COEFFICIENT

Vee,i t=V2—Vy, . )
The absorption process due to electron-electron colli-
where sions can be calculated in second-order perturbation theory.
e? The number of transitions of a system of two electrons per
Vlzf ‘l”{(rl)qf4(rl)m‘l"§(rz)\If3(r2)d3r1d3r2, unit time per unit area is
1 2
62 W= E 2_772 2 opti mVeem f+ Veej mVopt,m f) 2
V2:J ‘I”l‘(rl)‘lfg(rl)m‘l”g(rz)‘lf4(r2)d3rld3r2. m | em—ei—ho Em™ Ei
1~ 12
(4) X 8(er—ei—fa){f(q)f(a2)[1—f(ds)]
Here, for simplicity, we Write\lfqiz‘Pi. To calculate these X[1—f(q4)]—F(ag) fF(an[1—F(q)I[1—f(qp)]}.
integrals we switch to the Fourier representation. We then 9

obtain the following expression for:
Here the summation extends over all initial, final, and inter-

41re? f [14a)125(—Q) o 5 mediate states of the.particles W=V g, ‘Pf.=\1f93’q4,
(2m)3€ 92 ' and ¥V =V n1 gm2, S is the area of the heterojunctios,

. s o g¢, ande, are the energies, arfdq;), j=1, 2, 3, 4 are the
where 1;;(q) = [W{ (r)¥;(r)€9"d”r. Substituting here the probabilities that the corresponding states are occupied by
explicit expressions for the wave functions, we obtain electrons.

4 (271_) It follows from the form of the matrix elemeM ¢ mm1

8(q, (6) (3) that the matrix element assumes nonzero values only for
(2m)%€ 82 four intermediate states, which to within a transposition of

Vl:

1=
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2T

the indices are |dent|cgl to the initial or fm_al state. It is easy Wn, 21073 nz)\g e T2 Eg

to see that on summing over these indices the terms not G= Ne  7c > 7

containing the coefficienby, which describes the nonpara- ¢ Ne C (fw)? (o)

bolicity of the spectrum, cancel as a result of the law of 5% ho

conservation of momentung; +g,=0s+q,. This means X 1+—) 1—exp(—7”, (12

that the absorption mechanism we are studying is not real-

ized in the case of a quadratic dispersion relation. The CO”Where)\gzh/\/m, andEg=m.e*/2%2€? is the Bohr en-

posite matrix element is proportional to the coefficiept ergy for an electron in a crystal. Here we took into account
that y=# yE4/2m,, and bo=2)\§ [see Eq.3)]. To estimate
the magnitude of absorption we use typical parameters of

2,4 2
IM|2= 2 (..) 2:4A3b3% e 1 standard semiconductors, for example, GaAs: refractive in-
m €?St \MC/ (hw)? dex n_=3.5, static permittivity e=10, electron effective
) mass in the conduction banmu,=0.1my,=10 2 g, room
><< 1 — ) 8(0y+0o— Gz — Ga)? temperaturél =0.026 eV, photon energyw=3%x103 eV,
lai—as| 92— a3l two-dimensional electron density in the quantum well

2 2 2 212 n=10" cm 2, band gafE,~=1.6 eV, and interwell distance
*[(82) 837 (€a) 03— (€01) 41~ (82) G2 )" is L=10"* cm. Substituti?\g these values into H32), we
(100 obtain the estimat& =1 cm *.

2. Strongly degenerate electron gdfsthe photon energy
fw is much less than the Fermi energy=2w#:2n/mg,
then all electron transitions due to the absorption of this light
must occur near the Fermi level. If the “width*T of the
that the occupation numbers are smallf(q;) Fermi—Dirac distribution is much Igg,s than_ the_ tre_msi?ion en-
=(27rnﬁ2/ch)exp(—qj2/2mCT)<1, and we ignore in Eq. ergy i w, then to study these- transitions this distribution can
(9) the products that contain no more than two of them. Thé®® replaced by a step functiofitg) =1 for 4<ge=2ymn
corresponding term in parentheses in E9).can be simpli- @n1d f(@)=0 for g>qg. The conditionsT<fiw<eg for
fied further by making use of the energy conservation lawPotons with energy of the order of several meV hold, for

We shall examine two limiting cases of the electron dis-
tribution over the states.
1. Nondegenerate electron gals this case we assume

q2/2m, + q2/2m, — q2/2m, — q/2m. = f : example, for electron density=10'? cm 2 at liquid-helium
FoTe e AEeTe e temperatures.
We shall solve the problem of finding the absorption

Amnhe2\? coefficient in lowest order in the small parameter
{"'}:f(ql)f(qZ)_f(%)f(q“):(W) é=hwler. On absorbing a photon two electrons, which
) 2 scatter each other, pass from the states 1 and 2 in a narrow
xp{ﬁ (91t a3) [ —exr{_—ﬁw” 1) layer of thickness of the order @fj- inside the Fermi sur-
2m.T ' face into the states 3 and 4, respectively, in a similar narrow
layer outside the Fermi surface. Two cases are possible here:
We now switch in the expressid®) from summation over cl:z)r;hp?ar;ndovmvi(tal‘rssTq:?gie)qgndq% ﬂ?el m%zmeqr?turlr? trS;?]i:ch
the initial and final momenta to |ntegrat|on2qj gs is not small compared with-, where the law of conser-
—[S/(2m)?]fd%q; . The integration oveq, can then be per- yation of momentum requires that the momegtandd, be
formed using one of thé functions from Eq.(10), and we  gimost opposite to one anothly, +q,|~£qe . In the first
replace the second integral by a Kroneck@rfunction:  caseqs is a small quantity of first order ig; all other mo-

8(01+ A2~ Gs—da) =[S/(27)?18q, + 4, .0, q,= 5/ (27) 7. mentaq; ,34 Gs=|0ds—0,| are comparable tgg. In the
This gives a sixfold integral that can be calculated analyti-second casgs is also comparable tqe . The expression for
cally (see Appendix L the transition probability9) contains the squared Coulomb

The absorption coefficier® equals the number of tran- matrix element8)
sitions per unit volume of the material, divided by the photon
flux densityNv=Nc/n,. The concept of an absorption co- 5 1 1 2_ 1 N 1 13
eff|C|e.nt is meaningless fc_>r a single quaptu_m well, since the it \lgs—as] |as—ayl qé 059 qél
experimentally  determined  transmission  coefficient
[1—exp(—aQG)] is virtually equal to 1. To observe absorp- In the first case the second and third terms in &8), which
tion in two-dimensional systems it therefore makes sense tare proportional t&~* and £°, respectively, are small com-
use as a sample a multilayer structure consisting of a largpared with the first term, which is proportional £ 2, and
number of absorbing layefguantum welly, alternating with  can be ignored. In the second case all three terms are of order
transparent layers. If the period of such a structure eduals £°, and it is easy to show that the contributions of transitions
then the number of transitions per unit volume can be obwith a large momentum transfer to the total number of tran-
tained from the number of transitions, found above, per unisitions is small(second order in¢). Therefore, to lowest
area by dividing byL. Thus we obtain for the absorption order in & only the first term from the first case should be
coefficient taken into account, and the number of transiti@®sis
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4A2h2e? ef, \2 from quadratic for the nondegenerate gas to linear for the
= % ) J dquf dquJ d?q, strongly degenerate gas. In a real situation, none of the lim-
(2m)°fie(fiw)®\ McC iting cases examined can be realized and the absorption has
intermediate values.
X z[qé(q3e)+q§,(q4e)—q§(qle) The calc;ulgt_ion presented above was performed for the
|gs— a4l case of an infinitely deep quantum well. The effect of the
finitenesss of the depth of a real well can be taken into ac-
—03(020)Pb(e— &~ fiw). (14 b

count in the form of a small correction to the absorption. As
The switch from summation in E¢9) to integration and the one can easily seéee Appendix ¢ all results obtained
integration over, are performed just as in the nondegener-above remain valid, both qualitatively and quantitatively.
ate case. In Eq14) the integration extends over all possible This work was supported in part by the Russian Fund for
configurations with a small momentum transfer due to Coufundamental Resear¢@rants Nos. 96-02-17952 and 97-02-
lomb interaction(see Appendix B Finally, similarly to the 18151 and the Russian State Program “Physics of solid-
nondegenerate case, we obtain for the absorption coefficiestate nanostructurestGrants Nos. 97-0003, 97-1035, and
97-2014.

o Wn, 4y € Eg n\} 15 3
NecL ncAcEy L 5. APPENDIX
V_VhereX: 1.333 is a numerical factor. We nOte_th"_ﬂ abS(_)rp'A. Calculation of the integral for the absorption in the case
tion does not depend on the frequency of the incident lightys nondegenerate electron statistics.
An estimate of the absorption with the same parameters as ] ] ) ]
for the nondegenerate cagenly n=10"2 cm 2) gives The desired integral can be written in the fofsee Egs.

G=10"!cm™ %, i.e., the effect for degenerate statistics un-(9)—(11)]

der the conditiorh w<<eg is much weaker than for the Bolt- ) ) ) s o
zmann statistics withh w<T. W1:J' d QJ d Q2f d“gzexd —a(q1+0a3)]
1 1 \?
4. DISCUSSION X 5 )
|ql_q3| |q1_q4|

Light absorption by a free electron gas with a nonpara- ) 5 ) 212
bolic electron dispersion relatiofl) can be easily explained X[(€03) a3+ (€94)q2— (€:01)91 ~ (€,02) 2]
on the basis of qualitative considerations. The equations of X 8 (g1~ s)(Go—Gs) — C]
motion of electrons in the fiel# of an electromagnetic wave 5 )
(in the dipole approximationhave the form wherea=17/2m.T, C=mw/%, and theq,, d,, andgs in-

tegrals extend over the entire plane. First we make the sub-
?=eE(t)—Vi2 Vi, i=1.N (16) stitution of variablesgs=0;—q;, ds=03—J,, andqg;=0;
n j , .N,

+0, with the Jacobian of the transformation equal to 1/2.
We integrate in the polar coordinatgs=(q;,6,), i =5, 6, 7,
where 6, is the angle measured from the projectiyof the
unit polarization vectoe of the light onto the ¥,z) plane.
The integrand is symmetric with respectggandqg, so that
the factor @ —qgs')2 can be replaced by 2?2

—qs 'g5 ). Next, after switching to the angular variablis

0= 65— 65, and 6 the integration oveqs (with the aid of a

4 function) and overg,, 65, and 6, is elementary. Introduc-

whereVj; is the interaction potential energy of thte andjth
electrons. The energy does not appear in the equation for
the total momentunir=3p;:

dP
4p =eNE(D). (17)

Let us switch to the Fourier representation

P eNE 18 ing the variablex=q3, we obtain the double integral
lo - _2m°C exp(aC) (= (27
The total electron current js=enzv;=c¢E. In the case of a W= o? fo dxfo do
parabolic ban&v;=P/m; and the conductivityr is a purely
imaginary quantity; this means that there is no absorption. In al C2
i i = Xexp — = +X 4+ .
the case of the dispersion layl) we have Zv,=P/m, 2 | xco2o c0Ld

+(4y*Esh*)=p}. The presence of a term proportional to
the sum of the cubed momenta makes absorption possibleThe integration ove®d is performed by the method of differ-

In the case of a Boltzmann electron distribution, absorp-entiation with respect to a parameter: The functiagg)
tion due to electron-electron interaction is quite strong andzfé’T exp(—/B/cosza)/cosszG:Z\/TB exp(—pB) (here the
somewhat stronger than the electron-phonon absorgsies integral is calculated by making the substitutibs tang)
Ref. 2. The fact that it is 10 times weaker in the strongly equals to within a sign thg derivative of the function
degenerate gas is explained by the fact thatifer<Eg only ~ f,(8)=J3" exp(—Blcoh)dé. Integrating f,(B8), we find
a small fraction of the electrons can participate in absorptionf ,(8) = 2rerfc(yB). After integrating ovex with the aid of
The electron density dependence of the absorption changése relations
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_)(mcqlzzC3

W, 2

where we have introduced the numerical constant

2 3m/2
X=— 27TJ d agf d (99
—7l2 2

14

explv—y) erfcf —=|dy=1,
| “exa-y) (2 (y) y
we obtain the final result

y COS fg €0OS fg[ 1 —c0S2A Og— by) |

=1.333.

W 27m®m{T| . Shw)

1= .
n8 2T (cos fg—cos fy)*

B. Calculation of the integral for the absorption in the case of

degenerate electron statistics

C. Allowance for the finiteness of the depth of the quantum

We make the substitution of variables;, d,, Qs ’
we

—01, U2, 95= gz—0; in the integral from Eq(14) (which
we designate a¥V,). We shall calculate the integral using Let the quantum well have a finite depth. Then the
polar coordinates; =(q; ,6;), i=1, 2, 5, with the polar axis wave function of an electron in the bottom level in this well
directed along the unit vect@y,. In the region of integration will have the form

the quantitiesy, andqg, are close taqe, while g5 is much

smaller thange. We shall perform the calculations in first C exp(xx), X<0,

order with respect t@s/qe~&. The anglefs assumes all V(x)=1 B sin(kx+4), 0<x<a,

values from 0 to #. For a fixed small momentum transfer
s, it is easy to obtain from the conditions for the momenta

g, and g, to lie inside and the momentgs=0q,+9s and | the case of an infinite weB=y2/a, C=0, k==/a, and
d4=0>—0s to lie outside the Fermi circle the range of inte- 5— . we shall find the corrections to these quantities in the
gration overq; andd,. The angleg, varies fromés—7/2t0  |owest orders in the small parametgy= \2%%/m.Ua? (for
05+ /2 and the anglef, varies from 65+ /2 to 65 ordinary semiconductor heterostructures~10° cm,
+3m/2. In first order ing, the integrals oveq, andg, can g3 eV, andn,~ 1028 g the paramete,~0.2 and can
be replaced by the expression obtained by substituting in thge gssumed to be smalkith the aid of standard equations
integrandqg for g, andq, and multiplying by the length of 5, 4 square quantum weka=mn—2 sin 1A 2k2/2m.U,

the integration segmentgcos@;—6s) and —4scoS@—6s). =1, and sip=\%k/2m.U, the boundary conditions at the
Ignoring terms that contaig, we can transform thé func- points x=0, a, and the normalization conditions for the
tion in Eq. (14) to wave function. Ignoring all the terms of the expansionyin
beginning with y3, we obtain k=m(1— yo+y3)/a, 6
=7(yo— v3)/2, BZ=2(1— yo+ v3)/a, andC=y,B. In the
present paper the explicit form of the wave function for the
motion of an electron along theaxis is used only to calcu-
late the integrall(qp) (7). Performing the tedious integration
and simplifying the answer similarly to the manner in which
this was done with Eq(7), we obtain that the Coulomb
matrix element(8) in lowest order inyy is multiplied by
(1—y2). Therefore, the effect of the finiteness of the well on
the absorption is described simply by multiplying the absorp-
tion by (1— y3)2=(1—2v3). We can now rewrite Eq$12)
and(15) in the form

C exdx(a—x)], x>a.

m
6(...)= ﬁﬂ%(%—%—%)—c]

m .
= ﬁ 8 2959eSin (61— 6,)/2]cosh15— C],

where 01,5= (6,+ 6,— m)/2— 65 is the angle between the
vectorsg,—q; andgs. In the same approximation we re-
palce the expression in parentheses in @¢) by

[ ...]=0sq2[cog 65— 26;) —Ccog 5 —261)].

In the expression which we obtain
Wn, 2¥7°n?\; €2 T2 Eg

6
m.q 27 O+ /2 O+ 372 G= = J—
W2: - CZFJ dQ5f d05f ° dﬁlf ° dgzqg LNC ne L hC (ﬁw)z (ﬁw)
h 0 05— /2 O+ /2
5% f 4%
XCO$(01—05)COS(02—05) X 1+_(,U 1—ex __w 1—
2T T r’nCUa2

X [cog 5— 26;) — cog O5—26,)]?

. for the nondegenerate case and
X 5{20s0 SN (61— 6,)/2]c0S 6155~ C} d

we perform the integration ovey; with the aid of as func-
tion, switch to the new angular variabl®g, 63— 6,— 65,
and 9= 6,— 65, perform an elementary integration ougy,
and obtain

4y € Egn\j 412
T n AcE, LT

m.Ua?

for the degenerate case.
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The spontaneous emission spectra of strained InGaAs quantum wells in the spectral

range 1.2—-1.5 eV were studied experimentally at 4.2—286 K with pump currents up to

~9.2 kA-cm™2. An interpretation of the observed bands is given. The transiten hh (TE
polarization dominates the spectrum. The position of the peak for this transition is virtually
current-independent. No indications of a “red” shift, expected at a high carrier density, were
observed. The weak forbidden transitionse{12hh) were identified. The long-

wavelength edge of the band drops off exponentially, by analogy with the well-known Urbach
rule for the absorption edge. @998 American Institute of Physid$1063-782808)01604-4

1. INTRODUCTION The effect of induced transitions is ruled out right up to
currents 6-9 kAcm™ 2, when the well is actually filled with

The spontaneous emission spectra of laser structuresxcess carriergwhose two-dimensional density exceeds
contain important information about the physical features o4 x 10*? cm™2). It is shown that there is no red shift, though
the radiation process occurring in the active medium of theéhe spectrum undergoes a change attesting to strong carrier
laser. However, the interpretation of a spectra as an integralegeneracy. The characteristics of the shape of the spectral
characteristic is usually complicated by the fact that manyand are obtained, specifically, the Urbach rule for the radia-
factors are superimposed simultaneously. Moreover, onlyion is formulated and the form factor for homogeneous
subthreshold spectra are easily accessible experimentallproadening is studietan analysis of the form factor is given
since once superluminescence and lasing start the shape IBfa companion — the next article in this isgue
the spectrum changes substantially, because parts of it are
amplified and because above threshold the carrier density is
stabilized — under lasing conditions this density remains
nearly the same, despite a substantial increase in the pun?pEXPERIMENT
current. At the same time, modern laser structures have ; |ngaas quantum wells
reached a high degree of perfection, specifically, in the crys- , ) )
tallographic respect. This can make it easier to analyze the Structures with quantum wellQWs) are the basic vari-

spectra and to understand their characteristic features. In a(,?t otf struT:tuGrZZ f;)éar:odervrcllasers artlld rI;EDSt'hArE,O r;]g stu(;:h
previous study we studied “modeless” structures with structures In S s-QW apparently have the highest de-

quantum wells based on strained ultrathin InGaAs Iayersgree of perfection and the lowest threshold. Because of the

: . . : %trained state of the active layer, the valence-band top is
which had no guided modes because the antiwaveguide €l ronaly solit. and actually onlv one of the banffeavy-
fect. We were able to observe in such structures the evol gy Spit, y only y

uﬁole) participates in radiative transitions. When the thickness

tion of the spontaneous emission with a pumping level 1OOTs small, the number of subbands of quantum-well states can

200 times higher than the inversion threshold at 300 anqy, oqced to one for electrons and one or two for holes.
77 K. We found that the dominant spectral peak is NOtryig greatly simplifies the interpretation of the spectrum. For
shifted for very high degree of filling of the quantum well 5 g iciently high degree of structural perfection the effect
(onset of filling of the barrier layeysThis is in conflict with ¢ the nonuniformity, specifically, on the spectral broadening
the expected “red” shift due to the well-known renormaliza- can pe reduced to a negligible level.
tion of the band gap with increasing carrier denityt was A sample with the same structure as in previous wbtks
noted that the shape of the spectrum cannot be described ggys investigated: It contained at@l-nm-thick In, ,Gay gAS
the basis of the conventional approach employing a Lorenttayer between 15-nm-thick GaAs layers, playing the role of
zian form factor for homogeneous broadening. To checlkparriers(see Ref. 4 for a description of other, secondary de-
these data and to analyze them in detail these investigationsils of the structure The laser characteristics were quite
were extended to lower temperatures. high: The inversion threshold at 300 K was 80—10@# 2,

In the present paper we report the results of a study ofhreshold current density was 190dn™ 2, and internal op-
the spontaneous emission spectra of a quantum well at 4.2 Kical loss factor was equal to about 5 ¢

1063-7826/98/32(4)/5/$15.00 423 © 1998 American Institute of Physics
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2.2. Suppression of stimulated emission 0° - fe-1hh 2e-Zhh Caks
Under ordinary conditions the investigation of spontane- R

ous emission in laser structures is limited to the observation B

of lasing, for which the Fermi quasilevels stay at their thresh- 0t L

old value. For this reason, the range of carrier densities is

small. This range is larger in structures for optical amplifiers, -':’.’ 0 L

T

but the emission spectrum is affected by superluminescence3
and, moreover, the intensified spontaneous emission als«g 4,
keeps the Fermi quasilevels form rising. In this respect,:.

“modeless” structures in which the configuration of the ac- ¢ L
tive region corresponds to an antiwaveguide in which there 3 >
are no guided modes are more convenient for studying spon-  19°

taneous emission. In this case, as shown in Ref. 1, even thi -
H H : H H H ~ Y T TN N O VUNS WOOC U YOO N { T T TN N Y W WU Y W N N N WA NI
|an_uence of superlummes_cence is ellmlnated. '_rermlnatlon of 120 7 13 135 740 145
lasing and the negative differential gain effect in such struc- ho,ev
tures due to the antiwaveguide contribution of the carriers
are described in Refs. 4 and 5. In our Study the Samp|e p0§JG. 1. Relative spectral densify of the radiation of an InGaAs quantum
; ; ; ; well at 286 K. Pump currert mA:1—1,2—2,3—5,4—10,5— 50,

sessed a narrow{? pm) strip geome.try in which lasing at 6 — 100, 7 — 150,8 — 200. The spectra 3 and 4 were obtained in the
300 K does not arise. To quench lasing at low temperaturegyect-current regime.
the cavity was removed by etching the backside mirror. This
made it possible to trace the emission spectra with the pump- . _ )
ing level exceeding the standard lasing threshold by approxirom 1 to 100 maA, |;| _r;ypothetmally increases from
mately a factor of 10-15 at room temperature and by more™ 4% 10" up to 4x10**cm™2. The appearance of a second
than a factor of 50 at 4.2 K. spectral peak 105 meV above the edge emission of the quan-

In such a structure there is a difficulty in determining thetum well attests to the achievement of a high degree of filling
current density and carrier density because of the possibilitff the states.
of lateral spreading. Judging from the size of the emitting ~ The emission spectra close to room temperature are
spot, this spreading is small, but it still gives an uncertaintyShown in Fig. 1. The main peak at 1.29 eV is for all currents;
of the order of 30—50%. The cross-sectional area of thdt corresponds to theel—1hh transitions between the lower
diode along the base of the mesa strip was equal to 2.173ates in the electron and heavy-hole subbaféspolariza-
% 10~% cn?. This was used in the calculations of the current!ion predominates There is no spectral narrowing. In con-
density(nominal valug. Because of the spreading, the actuallrast, the spectrum broadens from 30 meV at 1 mA to
current density across the junction can be 50% of this nomi®0 meV at 200 mA. Its position does not change provided
nal value. that the 5 and 10 mA curves, which were measured with

direct current, are excluded. On these curves the peak shifts
by about 1.5 meV in the long-wavelength direction, appar-
ently because of heating by the curréifiis shift is not con-

The measurements were performed with a direct pumgirmed with a further increase in current, but now it is con-
current (up to 20 mA and with a pulsed currenfup to  firmed in the pulsed regimeThe shape of the band changes
200 mA) in a 1-us regime with a pulse period-to-pulse du- mainly on account of the development of the short-
ration ratio of 18. For this value of the ratio the average wavelength side, where a peak atl.42 eV appears with
heating was small so that thermal influences were ruled outurrents of 150 and 200 mA. It could be due to emission on
In contrast, appreciable heating by the current occurred whethe allowed 2— 2hh transitions between the secondary sub-
the direct current exceeded 5 mA. This was determined bpands, which is found to be close in photon energy to the
comparing the position of the spectral band with the direcemission from GaAs barriers. There are no spectral struc-
current and pulsed pumping. It was shown that there is virtures of comparable intensity between the first and second
tually no shift of the spectral peak with current if the mea-peak. This signifies that the contribution oé% 1lh transi-
surements are performed at a constant temperature. tions (TM polarization and forbidden &—-2hh and 2

To estimate the densit)?® reached in the experiment —1hh transitions is quite small. Thus, in the current range
we shall employ the formul®&?®~(Jd/eB)*?, whereJ is  up to 150 mA we are dealing with filling of the lowest sub-
the current density, anBl is the radiative recombination co- bands. For 150 mA and higher currents appreciable filling of
efficient. There are about>410'? cm 2 states in the first the second subbands and possibly GaAs barriers starts. This
electron and hole subban@sking spin degeneracy into ac- indicates that the Fermi quasilevels are located at a high
couny. If it is assumed that the actual current density equal&nergy — much higher than the energy of the-11hh
half the nominal valué¢because of lateral spreadingvhile  edge.

B=5x10%cm’-s ! at 300 K, then a currerit=100 mA Figure 2 shows the evolution of the emission spectra at
will correspond to filling of the subbands. This agrees with4.2 K. The main peak has shifted t61.375 eV. This corre-

our observation that the radiation of secondary subbands beponds approximately to the temperature dependence of the
comes visible at high currents. Thus, as the current varieband gap. Its position, just as at 286 K, is current-

T

2.3. Measurements and results
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FIG. 2. Relative spectral densify of the radiation of an InGaAs quantum
well at 4.2 K. Pump currerit, mA: 1 —1,2—2,3—10,4— 20,5 —
100,6 — 150, 7 — 200. The spectra 1 and 4 were obtained in the direct 2
current regime. 0L -
w0’ 10

I,mA
independent in the entire interval 1-200 mA. The main _ _ .
maximum broadens with current from 7.6 to 8.7 meV. Just agllGR'jdi;?;ﬁ“\\,’vf;sleeﬁ;?&denn;'zaioﬂa;(gt'gn_veg%lf g T%i;rrrih?é:éz_
at 286 K, the spectrum develops in the short-wavelength disponds to the relatior~1™. ' ' '
rection, and for 150 mA a second peak becomes visible at
~1.48 eV. In contrast to 286 K, at low temperature and with
current weak we see structures at 1.395, 1.415, and 1.44 eV

These structures virtually vanish on the short-wavelengtljihe |ntr|ns_|c| agsorpt_lon ?dglf‘ : 'Sf obwfous that to (r)]btam an
shoulder at high current. exponential absorption “tail” the form factor must have an

The evolution of the short-wavelength wing reflects theexponential asymptoten the long-wavelength side at least

advancement of the Fermi quasilevels into the subbands, ar:}ré’e spectral dependence of the absorption is described by

at 150 mA their difference should reach the energy corre- e expression

sponding to the second peak, i.e., 1.48 eV. Otherwise, itis  a(hv)=ay exd o(hv—Ey)/kT], 1)

impossible to explain the filling of such high states wikdn : ,

is low. It turns out that the carriers filling the lower subbandsy,\lheref,v0 andE, are parameters of the material, famals the
slope” factor. The parameter of the exponentighe Ur-

recombine mainly through the states at the-11hh edge, bach energy e=(d In a/dE) '=KT/o is temperature-

where the spectral density of the radiation is much higher :
than in the entire interval 1.40—1.50 eV. dependent because of the fact that optical phonons are frozen

The shape of the long-wavelength wing is virtually out. The conventional formula for the temperature depen-

current-independent. The spectral density of the radiation irqence(see, for example, the review in Ref. @n be reduced

) : . . %o the form
different sections of the spectrum is shown as a function o
current in Fig. 3. It should be noted that growth of the spec- &= (#Q/20)coth A Q/2kT), 2
tral density at the band maximum and in the long-wavelength

wing is almost linear(the “superlinearity” exponent equals yvherehQ S the energy of the phqnon which predominates
. ; ) .~ in the collisional processes, and is the slope parameter
1.19. Together with the spectral broadening, this confirms
the absence of superluminescence. We also note the virtu
absence of saturation, as one would expect in the case

degenerate filling of low-lying states.

g(ionstanl At sufficiently low temperature we simply have
e=hQO/20. The relation(2) has also been confirmed for
%any wide-gap semiconductots.

An important circumstance is that the long-wavelength
2.4, Urbach rule for emission spectra wing of the emission spectrum simply drops off exponen-
o tially by 2—-2.5 orders of magnitude, similar to the Urbach

The Urbach rule states that at the intrinsic absorptiorrule for absorption. Thus, the emission of a quantum
edge the absorption coefficieatis an exponential function well also satisfies this rule. The slope parameter
of the photon energ§.It has been confirmed in wide-gap e=(d In p/dE)~%, wherep is the spectral density of the ra-
materials(single crystals and polycrystals, both direct- anddiation, depends only slightly on the current and temperature
indirect-gap. It is natural to attribute this phenomenon to the (see Table)l
form factor determining the broadening of the edge. This is  Another important fact is the weak saturation of the
taken into account in the theory: The theory developed ifong-wavelength side right up to 150 mA. For low-
Refs. 7 and 8 explains the Urbach rule by exciton-phonoriemperature conditionsk{T=0.36 me\} this behavior does
collisional interaction, which broadens the excitonic line atnot agree with the model of filling of the states according to
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TABLE |. Parameter of the long-wavelength dropoff of the spectral den- In Ref. 1 we performed polarization investigations of
sity of the radiation. similar quantum wells and found that the-4 1hh band pos-
sesses predominantly TE polarization, while a weaker wide

o mev band with a maximum 40-50 meV higher in photon energy
K J=46 A-cm™® J=9200 Acm than the TE peak is observed in TM polarization. It is formed
4.2 3.2 3.3 not so much by &—1lh emission as by the TM component
286 4.4 8.5 le—1hh, which is also shifted in the direction of high en-

ergy, since the corresponding transition matrix element
equals zero at theet-1hh edge but increases with photon
" shift of the spectral peak with saturation of energy. We can attribute the spectral shoulder at 1.454 eV to

which a “blue o . . .
the long-wavelength wing should occur as the current in_1e—1|h transitions(see Fig. L This transition is allowed

creases and the Fermi quasilevels rise. This corresponds Byt Weakened because of the low population of the high 1
degenerate filling of low-lying levels, if they exist. The non- Subband. The short-wavelength badi2 eV at 286 Kalso
saturating long-wavelength wing is more likely to be due to'S [argely due to the TE component. For this reason it is
homogeneous broadening of the main line located at th@ttributed to the transition &-2hh, although states in the
le—1hh edge than to the “tail” of the density of states. GaAs barrier layer also contribute to it. In our study we did

Thus, even in this case the exponential dropoff is due tdot investigate the polarization, since it was noted that in
collisional-type homogeneous broadening. samples with at least one etched face the radiation can be

By analogy with the Urbach rule for absorptimsually ~ Strongly - depolarized. The et-2hh (1.415 eV and
observed in the low-intensity limithe same rule operates 2€—1hh (1.44 e\) bands are weak because they are forbid-
for emission, and in a wide range of emission intensities. Th&len. They are seen only at low currents, while as current
variation of the slope parametercan be used to study the Ncreases, they are masked by the growing short-wavelength
effect of the density of the electron-hole plasma on intrabandig Of the le—1hh band.
relaxation. The temperature decrease of the width on cooling Only one electronic subband €} and one hole subband
could be due to freezing out of optical phonons. An estimatd thh) actually contribute to the radiation in a wide range of
using Eq.(2) gives# Q=30+ 10 meV, which is consistent in currents(over at least a 100-fold rangélhe carrier densities

order of magnitude with the energy of optical phonons. I thegse sgbbands reach a linfitf the order of 5¢10'
=10" cm~?), which corresponds to a degeneracy energy of

more than 100 meV. Striking fact under these conditions is
that the position of the peak is completely independent of the
It follows from the spectral data presented that thecurrent: There are no indications of a “red” shift due to the
scheme of transitions in a quantum well is quite simglee  well-known narrowing of the band gap with a high electron-
Fig. 4). The possible position of the levels corresponds to @ole plasma densityThus, the £—1hh edge does not de-
single le subband for electronghe 2e-subband edge appar- pend on the plasma density nearly up to the maximum filling
ently lies in the continuum There are two subbands for of the subbands. It is interesting that the same result was
holes, hh and zhh, separated by approximately 40 meV. obtained earlier in an investigation of the radiation of a GaAs
The subband Ihalso apparently merges with the continuum. guantum well under the action of powerful ultrash@i6 p9
In the calculation of the scheme it was assumed that the baraptical pulses? The absence of a displacement of the long-
gap in InGaAs equals 1.303 efdt 4.2 K) and that the ratio wavelength edge of the band accompanying a large change
AE./AE, of the offsets of the conduction- and valence-bandin the pump level led to the conclusion that band-gap renor-
edges equals 57:43. malization is not observed, while the calculations show that
there should be a shift of at least 30 meV, with density vary-
ing from 5x 10* to 5x 10'? cm™ 2 (Ref. 10; see also Ref)3
£, (Guks),2e In Ref. 1 we pointed out a similar inconsistency in InGaAs
also. Here we can state that the direct observation of the
le—1hh edge in a wide current intervé200-fold increase
at 4.2 and 286 Kdoes not give any indications of a red shift,
and the question of what compensates for the narrowing of
the band gap in this case remains open.
§ The continuous growth of the main peéto saturatioh
can be explained by the fact that radiative recombination
occurs mainly at the d—1hh edge, while the higher states
supply carriers on account of intraband relaxation to this
2hh edge. The strong drop in the spectral density on the short-
£, (GaAs), 1Lk wavelength wing agrees with this assumption. It is well
GzAs InCaAs CaAs known that the matrix element of optical transitions for TE
polarization decreases with increasing photon energy. It is
FIG. 4. Scheme of radiative transitions in an InGaAs quantum well at 4.2 k POSSible that the reduced density of states in the quantum
The transition energies are indicated in meV. well has a maximum on theet- 1hh edge(because of the

3. DISCUSSION
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flat character of the dispersion curve in the upper valencstates in inhomogeneously broadened band edges;

band andor) because of Coulomb attraction of the carriers 3) Similarly to the absorption edge, which satisfies the
The absence of saturation in the entire long-wavelength winggrbach rule, the long-wavelength spontaneous emission
attests to the fact that this wing was formed as a result oWing is characterized by an exponential dropoff of the spec-

homogeneous broadening of the-11hh edge. tral density(apparently this is valid as long as the dropoff is
due to collisional broadening and is not masked by substruc-
4. CONCLUSIONS tures and other inhomogeneities
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The shape of the spontaneous-emission spectra of quantum-well InGaAs structures is analyzed in
a wide current interval at temperatures 4.2—-286 K. Using a modified homogeneous lineshape
function, an interpretation of the band shape for transitions between the lowest subbands is given
and the nature of its non-Lorentzian contour is discussed. The properties of a family of

functions exhibiting a continuous transition from a Lorentzian to a Gaussian lineshape are
discussed. They could be suitable for modeling spectra in the case of non-Markovian collisional
relaxation. © 1998 American Institute of Physids$51063-7828)01704-9

1. INTRODUCTION The lineshape function must actually be taken into ac-
count in calculations of the optical gafwe have in mind the

In the description of radiative processes in semiconducpeak valug, as well as the complete gain, spontaneous emis-
tor lasers and LEDs, comparatively little attention is devotedsion, and absorption spectra outside the gain band and in the
to experimental analysis of the homogeneous lineshape fungimulation of the mechanisms of spectral restructuring and
tion. This is explained by the fact that broadening is ordi-nonlinear phenomena.
narily masked to some extent by inhomogeneous effects and Experimental investigations require perfect objects so as
information about the lineshape function must be extractedo reduce the influence of spatial inhomogeneities to a mini-
indirectly, for example, by comparing the computed shape oum. Thermal effects can be taken into account by varying
the spectrum with the experimental shape in the presence @fie temperature, including low values, for which the thermal
an uncertainty with respect to the inhomogeneous compaenergy is less than the width of the lineshape function. A
nent. In Refs. 1 and 2 we obtained spectra of this kind in a&uitable object is a quantum-well structure with three-
wide range of pump currents. In a previous worke used a  dimensional carrier confinemeriuantum dots Such a
non-Lorentzian modified lineshape functigwith exponen-  structure possesses a discrete spectrum similar to atomic
tial asymptotepthat describes spectral band shapes includingpectra. However, in real structures of this type inhomoge-
the wings. neous broadening apparently predominates because of varia-

In the literature there is no unanimous agreement aboutions in the size, shape, and composition of the quantum
the lineshape function for semiconductor laser radiation. Difcells. Another suitable object is a conventional quantum well
ferent lineshape functions are used — from Lorentzian tqone-dimensional confinemeéntvhose energy spectrum, ide-
Gaussian — in current computational work. In Ref. 3 it wasally, possesses steps at the subband edges. Broadening of a
noted that a Lorentzian contour overestimates the broadenirgep can be interpreted on the basis of the notions of homo-
because of the slow dropoff of the intensity in the wings. Ageneous and inhomogeneous components.
contour of the type 1/co$tEy—E)/y], whereE is the energy, In this study and in Ref. 2continuing the investigations
E, is the line center, and is the width parameter of the presented in Ref.)lspectral investigations of the spontane-
contour, gives more realistic results. Indications of a non-ous emission of an InGaAs quantum well in the temperature
Lorentzian lineshape function have appeared in differeninterval 4.2—286 K were performed in a wide range of pump-
investigationd,® and a theoretical explanation of this phe- ing levels, including values exceeding the inversion thresh-
nomenon was given by taking into account non-Markovianold by a factor of 100. As a result, data on the homogeneous
relaxation process&® (this is examined in greater detail in lineshape functionlong-wavelength side the temperature
Sec. 2. Experimental confirmations of this are a topical dependence of the lineshape function, and the substantial de-
problem, since they should shed light on the nature of theiation from the Lorentzian shape were obtained. The nature
fundamental physical processes occurring in semiconductoksf the non-Lorentzian contour is discussed and a lineshape
and also because increasingly more accurate simulation dfinction is proposed in an analytical form which is conve-
laser characteristics become necessary as laser technologynient for use in numerical simulations of semiconductor la-
perfected. sers.

1063-7826/98/32(4)/6/$15.00 428 © 1998 American Institute of Physics
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2. ON THE HOMOGENEOUS LINESHAPE FUNCTION relaxation time is most often an adjustable parameter and is
not taken from independent measurements. However, when
the question concerns the shape of the gain spectrum, some
Spectral broadening is divided somewhat arbitrarily intO“unphysicar’ consequences of the conto(®) appear.
inhomogeneous and homogeneous types. In a semiconductor Equation(1) is also used in application to the absorption
crystal the interband emission band is initially inhomoge-spectrum. In addition, because of the asymmetry of the ab-
neously broadened because of the law of conservation Cgorption at the edge of the intrinsic band, a “Creeping” of
quasimomentum. The width of the spectrum is related to th%is edge occurs and an absorption “tail” appears in the
population of the Working levels and is determined in Ordertransmission region_ The Lorentzian Cont@)‘gives a |arge
of magnitude either by the thermal energ¥ or the total  overestimation of absorption in the téihe Lorentzian form
Fermi energy for carriers of both signs, depending on thgs characterized by poor convergenc&his was noted in
degeneracy. Effects due to spatial inhomogeneity, whickalculations of the gain spectrum, when the gain band is
broaden the band edges and engender “tails” in the densityctually superimposed on the absorption tail from nonin-
of states in the band gap, can be added. Ultimately, the totglerted transitions deep in the absorption band. Ultimately,
inhomogeneous broadening determines the “static” structhe transmission point is shifted appreciably from the point
ture of the emission spectrum. Its theory was given in RefSWhere the photon energy equa|s the differem@: of the
10-12. Inhomogeneous broadening in a quantum well as germi quasilevels. This is a breakdown of detailed balance,
result of thickness fluctuations is studied in Ref. 13. initially assumed as the condition of quasiequilibrium in the
Homogeneous broadening reflects the dynamics of th@resence of pumping. Moreover, there appears an apparently
quantum states of the carriers, i.e., the effect of all relaxatio’purious long-wavelength “transmission pointivhere the
processes on the damping of these states and, as an unavai@gmputed absorption in the “tail” starts to predominate over
able consequence, on the energy width of the levels accorégmplification. Since these results are at variance with ex-
ing to the uncertainty relation. In this case the full width atperiment, they served as a motivation for reexamining the
half-maximum(FWHM) is 2y, wherey=#i/7, and7 is the  |ineshape functiotr® for both bulk emitting material and
decay time of the states. The relaxation processes includguantum-well structures. The crux of the reexamination con-
recombination(which gives the “natural” width and all  sjsts of taking into account the non-Markovian character of
types of intraband relaxation, including quasimomentum eXcollisional relaxation, in the presence of which, as a result of
change during emission. If the static structure of the specthe finite correlation of events, the damping of the states is
trum is given by the functioRy(hv), then the homogeneous not described by a single relaxation tittie., the dropoffs in
broadening is usually taken into account by a convolutionime are not exponentigland the width of the contour is
integral determined by a weighted value characterizing the dynamics
of the relaxational processes.

2.1. Mechanisms of broadening of optical spectra

R(hV)=f Ro(E)F(E—hwv,y)dE, ()
0

. . . 2.2. Lineshape function f -Markovi
whereF(E—hv,y) is the homogeneous lineshape function. meshape unc_ ‘on for non-iarkovian processfes
The homogeneous width is added to the broadening of the Let us examine the method employed in Refs. 6 and 7.
function Ry(hv). We note that the adding of the partial The kinetics of the radiative process can be represented as an
widths depends, in general, on the form of the correspondingscillatory packet, referring to the dipole momét) of an
contours. But this addition is always closer to geometric tharélectron-hole pair,

arithmetic, S0 thafc the contribution of the lesser compongnt P(t)=Pgex — L(t)Jexpli wgt), @)

to the total width is of second order. The effect of dynamic

processes on the emission spectrum has been discussedWhere Py is the amplitude of the packet at the potnt O,
Refs. 14, 15, and 6-9. L(t) is a damping factor, and, is the angular frequency of

Broadening due to the finite lifetime of the statéige-  the oscillations. The lineshape function corresponds to the
time broadening is ordinarily described by a Lorentzian normalized Fourier transform
contour+16:17

F(E—hv,y)=(y/m)/[y*+(E=hv)?], )

which clearly limits the nature of the processes which arevhere§ is the frequency detuning relative &g,. The packet
taken into account. It consists of the assumption that ther&unction P(t) in Eq. (4) can represent a real wave packet, as
exists a single relaxation time, i.e., it does not change in thn Eq. (3), but it can also represent the autocorrelation func-
course of the process. In solids collisional-type relaxationtion of the oscillations of the dipole moment which are per-
for which a lineshape function in the for(2) is inadequate, turbed in amplitude and phase as a result of collisional re-
plays the dominant role. Nonetheless, this form is very ofterdaxation. For noncorrelated interruptions the damping factor
used in calculations, for example, of the optical gain at thegrows as the timel.(t) =t/ 7, wherer is the relaxation time.
peak of the spectral band, and gives satisfactory results. ThiEhis gives a packet envelope exg{/7)) and a Lorentzian
can be explained in part as follows: In such calculations théineshape function. The packet envelope is a “sharp” bell,
inadequate accounting of the shape is easily compensated foe., it has a cusp at=0, where it is nondifferentiable. This
by the fact that the contour width itse{br the intraband cusp is the reason for the poor convergence of the Lorentzian

F(5)0<foxP(t)eXF(tiwt)dt, (4)
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shape: Ifi.e., the strong change at short timezakes a large 7°
contribution to the wings of the lineshape function for large
detunings. In the case of non-Markovian processes the damp-
ing factor is a nonlinear function of time. This is manifested
primarily at short timegfor short correlation timer,,). The
calculations performed in Refs. 7 and 8 concerning the func-
tion L(t) can serve as an illustration. #,,,is much longer
than the process time, thérgt) ~t? and both contours — the
packet and lineshape functions — are Gaussian.
Unfortunately, direct theoretical calculations do not give

the analytical form of the lineshape function in intermediate -
cases, and for this reason the Lorentzian lineshape functionis 0 Litials il el il gl

! ) L : . . e ¥4 1.36 1.38 140
still used in studies involving the simulation of amplification hw,ev
in semiconductors. Numerical calculations of the lineshape
function lead to a non-Lorentzian, in general, asymmetrid:IG. 1. Normalized spectral density of spontaneous emission of an
form. The non-Lorentzian nature is manifested primarily in'nGaAs quantum well aT=4.2 K with currentl =1 mA? The computed
the contour wings, where the Lorentzian asymptotes aréurves- correspond to t_he casdsi— no homo_gene_ou; broadenirg,—

) . - 3 aussian broadenin@,— Lorentzian broadeningt — lineshape function
clipped. In the experimental stquy was pointed out that @ in the form(5) (see text
lineshape function of the form 1/coghwith exponential as-
ymptotes can be used to fit the spontaneous emission spectra.

A more generalasymmetri¢ lineshape function can be in- can be reduced to a peak of width less than 1 meV. If the
troduced lineshape function has a large width, then the emission spec-
F(8)=2[expl 8le,)+exp — &le,)], (5) trum will simply repeat the contour of the lineshape fun_ctign.
2. Form of the long-wavelength dropoff of the emission
which has asymmetric exponential asymptotes, which are dgsand on the transitionde— 1hh. If this dropoff is due to
termined by the constants ande,. This approach is devel- homogeneous broadening, then the decay parameter will be
oped in the present paper. We shall show below that it ighe same as for the lineshape function, since here the inho-
convenient to use for the envelope of the packet functionnogeneous structure of the spectrum possesses a sharp step.
P(t) an approximation in the form of a family of functions The variation of the decay parameter with the electron-hole
1/costi(t/m), which passes continuously from exi(|7]) i plasma density can be obtained by varying the current.
the limit n—0 to a Gaussian in the limin—T. Thus, the An example of an analysis of the shape of a peak with an
parameten of the family can be compared with the dimen- =1 ma pump and temperatur=4.2 K is presented in
sionless parameten= y7q,, which characterizes the non- rig 1. The dots show the experimental data. The cdrie
Markovian behavior. This parameter varies in the same inghe computed inhomogeneous sha@emp on the long-
terval: from O for Markovian processes and a Lorentzianyayelength side and Fermi dropoff on the short-wavelength
lineshape function up t® in the case of complete correlation sjgg. The width of this peak is 0.25 meV. Curv@sand 3
of the processes and a Gaussian lineshape function. A lingprrespond to the standard lineshape functions, which are
shape function in the forrtb) is proposed in the intermediate gyjtaple only for obtaining an approximate description of the
casen=1. _ S band top(from 100 to 25% in terms of the spectral denkity
The order of magnitude of the correlation time is deter-yhjle neither the Gaussian 2 nor the Lorentzian 3 is suitable
mined from the uncertainty relation, where the energy uncersq, describing the band wings. Curvecorresponds to the
tainty corresponds to the energy transferred in a collisionajynction (5), whered is the frequency detuning. Thus it can
process. For carriers near band edges this energy is of thg shown that in the case where the spectrum of the emission
same order of magnitude as the homogeneous width. Thergang should be close to the lineshape function it has an ex-
fore the likely value ofm is of the order of 1. ponential dropoff ,=3.2 meV,e,=1.9 me\). The width
equals 7.5 meV, which gives an estimate of about 175 fs for
the effective relaxation time. It is obvious that the lineshape
In a companion papérwe presented the results of a function refers to a non-Markovian relaxation process. Hy-
spectral investigation of the spontaneous emission of InGaApothetically, the process is characterized by comparable
guantum wells in a wide range of pump curreritgp to  times for duration and correlationn¢&1). The short-
J=9 kA.cm 2, including experiments at temperature wavelength wing can in principle be distorted because of
T=4.2 K). Here we shall employ the same results, and forcarrier heating. The slope corresponds formally to the maxi-
this reason we do not describe the structures and the detailsum temperature- 22 K, which gives an upper limit for the
of the measurements. The following data are of greatest inpossible carrier heating.
terest from the standpoint of determining the lineshape func-  Figure 2 shows a similar approximation for the spectrum
tion. atT=77 K and current=1 mA. Here a lineshape function
1. Shape of the emission spectrum on the transitionsvith exponential asymptotes is likewise required €6.9
le—1hh in the limit of weak pumpingdn the ideal case the meV, e,=6.4 me\j. The solid curve in the forn() gives a
inhomogeneous structure of the spectrum at low temperaturgatisfactory approximation. The short-wavelength wing actu-
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FIG. 2. Approximation for the spectral density of spontaneous emission of z
an InGaAs quantum well &t=77 K with currentl =1 mA. 1 — Function
(5), 2 — Gaussian broadening§,— Lorentzian broadening. FIG. 3. FunctiongA.1) in the limit n—0 (1) and fromn=0 to n=10; the

dashed line shows a Gaussian curve close to the qurv&Q.

ally corresponds to a Boltzmann dropoff. In both cases the 5 A4 Urbach rule was formulated for emission: The

contours differ substantially from the standard lineshapg,,q \yavelength dropoff satisfies an exponential law. This
functions; the real contours are slightly asymmetric. The exy, 545 so long as the dropoff is due to homogeneous broad-

ponentials extend over 2.5 orders of magnitude. ening and is not masked by phonon repetitions or other spec-
The long-wavelength wing of the emission band can betral substructures

identified with the long-wavelength wing of the lineshape 3. It was shown that a weakly asymmetric or symmetric

function, since it results from broadening of the sharp,n ) grentziai contour of the lineshape function can be

le—1hh edge. The dropoff of the spectral density by 2—-2.54rihed analytically. This simplifies the computational pro-
orders of magnitude is almost exponentia the region oy re in the simulation of laser and LED spectra.

1_.35—1.37 eY and devigtes from an exponential in the re- 4. When justifying the modification of the lineshape
gion of the above-mentioned secondary substructure. In Refynction  we indicated a family of analytical functions
2 we identified this property as an Urbach rule for emission cosin) that contains a continuous limiting transition

TEe slope pgrameter equglﬁ 3'2 meV with a weak currenf,m 5 sharp bell expf|x|) to a Gaussian. The Fourier trans-
=1 mA and 3.3 meV wit I_Z_OO_ mA, e, It rémamns  t5rm of these functions gives a continuous transition from a
nearly constant. At 286 K the variation of the slope is Iarge‘rLorentzian to a Gaussian lineshape function, in accordance
— frok:n Af'élll meV(1 mA)l t0 8.5 meV(200 mA. I with its qualitative evolution with increasing correlation time
The following conclusions can be drawn: Bhe long- _ ya4ual smoothing and flattening of the sharp bell exp
wavelength dropoff of the lineshape function is virtually ex- |4y * characteristic for an uncorrelated process. In the in-
ponential over 2-2.5 orders of magnitulddrbach rulg; b)  {ormediate caséthe correlation time is comparable to the

the slope parameter increases slightly with increasing curren} \ration of the processhe lineshape function can be ap-
at room temperature and changes very little at 4.2 K; and Cproximately described as 1/cogh(

the slope parameter increases with temperature, which appar-
ently corresponds to acceleration of the collisional relaxatioth,F,ENDIX

as a result of optical phonons.
Properties of the family of functions Ep  (x,n)

The bell-shaped contou(§) can be united into a family
of functions Epk,n), wherex is either the time or the fre-
Spectral investigations were performed for the purposeuency detuning, while is a parameter of the family. Thus,
of determining the homogeneous lineshape function in amhis family can pertain to the packet function in £§) and
InGaAs quantum well. A sample with an easily interpretedto the lineshape function. We shall examine here symmetric
spectrum, sufficiently homogeneous to reduce inhomogecontours of the type
neous broadening to a minimum, was studied in the tempera-
ture range 4.2-286 K. To obtain a large range of carrier Ep(x,n)=1/cosk(x/n), (A1)
densities and eliminate superluminescence, a narrow strighich are interesting in that they represent a continuous tran-
structure without a cavity and with a strong antiwaveguidesition from a sharp bell exp{|X) to a Gaussian. Therefore,
effect (“modeless” structurg¢ was used. The results which their Fourier transform gives a continuous transition from a
we obtained lead to the following conclusions. Lorentzian to a Gaussian contour. From the standpoint of the
1. The lineshape function has exponential dropoffs. Thisvolution of the lineshape function this corresponds tg,,
was most reliably shown for the long-wavelength drof@ff  which varies from zero to infinity, i.e., in the same limits as
slope at 4.2 K is 3.2 me\ This corresponds to a non- the parameten. This family can be used to obtain the line-
Markovian collisional relaxation. shape function in the transitional region, and it is found to be

4. CONCLUSIONS
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FIG. 4. AmplitudeF of the Fourier transform versus the relative frequency g1 5. FWHM of the contoufA.1) in units of e versus the parametar(1)
detuningx of the functions(A.1) for n=1 (1), 0.5(2), 0.1 (3) and in the and width of the Gaussian with?=n (2).

limit n—0 (4); a — Lorentzian contour close to curde b — function of

form (A.1).

transform contour froom=1 ton—0 is shown in Fig. 4on

. . a semilogarithmic scale The curves were obtained by the
helpful as a replacement for a Lorentzian contour, wh|chF 9 J y

. . . . . . FT method. The dotsa give a Lorentzian contour
gives inadequate results, in the numerical simulation of spon(-

N ) S ) - (y=0.167), which, as expected, is identical to the curve for
taneous emission and optical gain in semiconductor media. . o i
. . n— 0, while the curve witm=1 is identical to the dotb for
Figure 3 shows contours of the functigA.1) asn—0

. : . the function 1/cosh(9.84 which belong to the familyA.1).
andzup 2ton—.10. ;’he dashed I_me .ShOWS thg Gaussian © Rt is well known that the Fourier transform of bell-shaped
(=x%20°) with o“=n=10, which in the region—4.4<x

<4.4 is virtually identical to the functiotA.1) for n=10. contours is also represented by bell-shaped contours; here a

I . . Gaussian transforms into a Gaussian. The cosine Fourier
In the indicated interval the difference does not exceed 3%
: L L : : transform of the contour 1/costi§) (see, for example, Ref.
but outside this interval it increases rapidly, since the asympiS) is

totes of the functior(A.1) are always exponential. As in-

creases, the regions of divergence of the asymptotes move F(J)=(me/2)/cosi{mbel2). (A.2)

ertfe_r toill_varld the .peripZery. By .expsn?.ing rt]he funCtionThus, forn=1 the lineshape function belongs to the family
(A.1) ina Taylor series and comparing the first three terms 0iA.l). Table | gives the comparative characteristics of the

the expansion with the corr_esponding se.rie.s_ for a Gau;sian tandard and modifieh& 0.5 and 1) spectral contours. It is
can be shown that the variane€ of the limiting Gaussian interesting that forn=0.5 the contour(A.1) is a good

equilsn. tour 1 in Fia. 3 h 0. which substitution for a Lorentzian contour: In the interval
. € contour ; in 9. as a cuspxat0, whichren-— _ 5, 5 j¢ does not deviate from a Lorentzian by more
ders "unphysical” the hypothesis that the processes for larggy 5, 3%, while outside this interval it passes rapidly to the
frequency detunings are uncorrelated: In natural process%skponential asymptotes
one can always find reasons why a mathematical cusp is not A comparison in Fig. 3 of the contours of the function
realized. We recall that if one is talking about the envelop 1) for different values ofn shows that for the same
of oscillations, then cusps are phy_sicqlly absentin a region 9 ropoff parametee the parameten characterizes the rela-
the order of the perlpd of the oscillations arouqd Zero. Thision between the width of the contour and the dropoff param-
corre.sponds to thg inadequacy of the Lorentzian Imeshap&er_ The dependence of the full width oris shown in Fig.
fungnon for detunings comparable.to the frquency of thas (curvel) in units of . This is a slowly varying function,
oscillatory process. Slower relaxation mechanlsms_ Sm_OOtBut in the limitn—oo the relative width approaches infinity,
the cusp near the zero point — the longer the relaxation timey; - <o the contour approaches a Gaussian contour. Cirve
the more extended the cusp. As a result, the Lorentzian cony, o« the width of a Gaussian with variance equal:tthis
tour deforms: Its far wings are clipped, hyperbolas are re<urve approach curvé asn increases '
placed by exponentials. The evolution of the Fourier- This work was carried out in part and with the support of
a project of the “Physics of solid-state nanostructures” pro-
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Staebler—Wronski effect as a function of the Fermi level position and structure of
nondoped, amorphous, hydrated silicon
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The photoconductivity degradation ratgg o,,~t~”) of nondoped, amorphous, hydrated silicon
films deposited af ;=300-400 °C and subjected to illuminationrfé h at 300 K(light

source 100 mW/cf A <0.9 um) were investigated. It was shown that the degradation yate
depends on the preillumination position of the Fermi leyel e and often is not directly

related to the hydrogen content in the film. It was found that there are correlations between the
value of y and the bonds in the silicon—hydrogen subsysfmolated SiH and Sikl

complexes, cluster&SiH),, and chains (Sik),]. © 1998 American Institute of Physics.
[S1063-782608)01804-3

1. INTRODUCTION mine the role of each of them for the SW effect.
In our view, the present situation is attributable to the

The Staebler—WronskiSW) effect continues to attract fact that the parameters of the structure of a grown nondoped
attention from a large number of investigators. It is well a-Si:H film (prior to illumination are functions of the Fermi
known that this effect consists of an increase in the defedevel positione.— e and therefore are interrelatd®n this
density Np in films of amorphous hydrated silicom-Si:H  basis, groups of nondopedSi:H films, which were depos-
under the action of prolonged illumination together with aited atT,=300-400 °C and for which
simultaneous drop in photoconductivity,, and dark con-

ductivity o4 ; the latter satisfies a shift of the Fermi lewg (1) Ts=const, zc—ep=var, Ch=var,
toward the center of the mobility gap,. In other words, (IN) Ts=const, e.—eg=const, butCy=var,
a-Si:H becomes intrinsic silicons(.— ex=0.70 e\} but with () Tg=var, s,—eg=const, Cy=var

a high density of defects — dangling Si—Si bonds which, as . . L
ESR investigations showed, are in a neutral stéteTus, were chosen by us as the objects for investigating the SW

degradation of the material occurs. It is obvious that stabilityeffe% flms in th th h terized by th
is a key problem for device applications afSi:H. € ims in tnese three groups were characterized by the

Since the SW effect is observed just for hydrated amor_mlcrostrqctural pargmetelk’_so.& .e., monohydride com-
phous Si, it is of interest to clarify the effect of hydrogen plexes SiH predominated in them. Moreover, another group
(both its r;\mounCH in the a-Si:H film and the type of Si—H of films (IV) was also investigated. For this group, variations

. o of the microstructural paramet®&=0-—0.65 and variations
bonds on the density of the light-induced defects. However, . . . )
the data concemingbolﬁH ar?d monohydridéSiH) or di- of the type of dihydride complexes Sjtbr (Sik), are also

hydride (SiH) bonds are contradictory: Sometimes directly p055|bl_e at the same values ﬁ.g' Our ot_)J_ectlve was to
) : ; determine the effect of the Fermi level position, the values of
opposite conclusions are drawn concerning the role of the

S -
factors for the SW effectsee, for example, Refs. 235 EH and R, and some other structural characteristics on the

Nonetheless, the most popular model of the formation ofSW effect for nondopea-Si:H.
light-induced defects remains the model proposed in Ref. 6;
o 2. EXPERIMENT
The energy released as a result of the recombination of non-
equilibrium charge carriers leads to a conversion of weak We investigated films deposited at high temperatures
Si—Si bonds into dangling bonds with mandatory participa-T;=300-400 °C. These are the films that stirred greatest
tion of hydrogen diffusion, which exists erSi:H at all finite  interest recently from the standpoint of increasing the stabil-
temperatures and which increases with increasiig at ity of a-Si:H.? The deposition methods were: glow discharge
T=const. It has recently been shofwthat light additionally ~ (PECVD) in a triode reactdt® and decomposition of silane
intensifies diffusion. However, as already mentioned, the efin a magnetron chambédc—MASD).° Both the technologi-
fect of hydrogen on the stability of the parameteraebi:H cal parameters of film deposition and the results of their
films under the action of light is still not understood. This is characterization are described in detail in Refs. 8—10. More-
also true of the other parameters of theSi:H structure, over, films which were sent to us from thedte Polytech-
despite considerable effort by many investigators to deternique (Palaiseau, Frangevere investigated. One of these

1063-7826/98/32(4)/5/$15.00 434 © 1998 American Institute of Physics
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films was deposited in a diode reactorTgt=300 °C using 02k

100% SiH,, while the other was deposited &at=350 °C 1 , » s
using strongly helium-diluted SiH(98% He.! It should be Ol ool Lal
noted that to analyze our experimental data we used exten . g ’
sively the data on the deposition @-Si:H films from -02 *

SiH,—He mixtures(with dilution of silane with helium —
He-diluted technique previously obtained at thedale Poly- S
technique(Ref. 4 and other studies, as well as private com- &
munications.

The dark conductivity and photoconductivity, defect
density and Urbach parameter, hydrogen content, and th
microstructure parameter were determined prior to illumina-
tion of the films. In a number of cases the Raman frequency
w1 Of the TO phonons and the half-width wro of the =
corresponding peak were determined. All investigations were
performed at room temperature; the methods are describedi -4}
Refs. 8—10. Nonetheless, here we shall briefly discuss addi
tional information that can be obtained by analyzing the IRFIG. 1. Relative variation of the photoconductivity,, of a-Si:H films
and Raman spectra. deposited af ;=300 °C versus the illumination time The numbers in the

As is well known, IR spectra at 1900-2100 thand figure correspond to the numbers of the films in Table I.
also near 875 cm* are analyzed to determine the different

types of Si—H bonds. Analysis of absorption at 1900—2100 ) .
cm~! makes it possible to find the contributions of isolatedSubstrate side by two pulsed xenon lanmpsise duration

complexes SiH and SiH The existence of such complexes 2 45 repetition frequency 300 Hz, spectral range 400-670

is confirmed by the absorption band observed at 875'cm "M peak power 120 mW/ (ﬁnav_eragg power 70 mW/cin
The microstructural parameter B=1 050/ (1 2000+ | 2009 (I Under such conditions the density of induced defects reached
I

the saturation valud\g, after 15 h of illumination, while

paratively small, the absorption maximum occurs at 200¢‘Nder the conditions of the conventional experimesésirce
cm L. As shown in Ref. 8, however, the valuesPomay not ~ W=100 mW/crﬁ, T=300 K, illumination of the film sur-
be large, but the absorption maximum shifts toward 210d2c®: s is well known, hundreds of hours are required to
cm~L. This shows the existence of clustered monohydrigd®ach saturation.

complexes(SiH),,. It is believed that such complexes occur

in the form of island¥ or voids™ on the surface, which 3. DISCUSSION

produce a porous, so-called “granular,” structure. For this | ot is consider first how the data on the photoconduc-
reason, in this case one talks about cluster hydrogen locatggin, qegradation rate, which is characterized by the param-
at the grain boundaries, but then !t is necessary to determlr@[ew, correlate with theN data obtained by means of the
whether or not such a structure is indeed amorphous: It i§¢celerated stability test. Figure 1 shows the relative changes
known that the IR absorption band at 2019 ¢his attributed in the photoconductivityro/oy, (0) as a function of illumi-

to SiH comalexes located at the grain boundaries Of,ation time for a number of films deposited by the PECVD
mmrocrystalsl. For this reason, th§ O Raman band near \neihod atT,=300 °C. The characteristics of the films are
520 cm * was analyzed, since a band at this frequency iSyiven in Table I. For two of them, which possess sharply
characteristic of the microcrystalline phaée. different values ofy (0.66 and 0.0f the absorption coeffi-
We note that to identify dihydride complexes of the type cjents were investigated by the constant photocurrent method

(SiH;)y, i.e., a chain structure, it is necessary to observe cpyy) in statesa (preillumination) andB (after illumination
doublet in the IR absorption spectrum at 840 and 890tm

The authors of Ref. 15 are of the opinion that such com-
plexes usually are located on the surfaces of comparativelJABLE |. Parameters of films for which data are presented in Fig. 1.
small voids which are isolated from one another.

|

wePpPoXxXnob4
QN O HND o

Thea-Si:H films investigated by the method enumerated”"™ RV CtH;,/ R Y S'_Htcomp'ex
above were exposedrfid h at T=300 K to light from a © il ypes
source withw=100 mW/cnt and\ <0.9 um. At this, com- 1 0.45 12 0.30 0.60 SiH, SiH
paratively short, duration of illumination the photoconductiv- ga 8'6657 }36 Of7 004%6 S'HEH)"
ity can be approximated by power-law functien,~t~?, 069 9 0 0.2 SiH
wheret is the exposure time, ang is a parameter charac- 4 0.77 — _ 0.05 _
terizing the degradation rat®.Moreover, the stability of 5 0.72 9 0 0.04 SiH
some films (accelerated stability teswas investigated at g 8-;2 1‘21 - %’?{2 —
Philips University (Marburg, Germany In contrast to the 8 0.85 16 030  —003 SiH, Si

conventional experiments, tlaeSi:H film was illuminated at
T=300 K, both on the side of its own surface and on theNote Film 4 was obtained from &le PolytechniquéPalaiseau, Frange
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10 FIG. 3. Relative variation of the photoconductividyy, of intrinsic a-Si:H
films versus the illumination time The numbers in the figure correspond to
the numbers of the films in Table II.
1 - : ' :
the photoconductivity only for region-l films, while both
rates are comparable for intrinsgeSiH and region-1l films.
This can be understood if account is taken of the fact that the
o1 L L L light-induced defects are in the stddd. Then even a com-
0.5 1.0 1.5 2.0

paratively small number of themg(for all films does not
exceed 0.Lshould strongly alter the electron trapping cross
FIG. 2. Absorption spectréconstant current methpdor film 2a (curve 1) section, if prior to illumination all defects were in the state
and film 4(curve?2) (see Fig. 1 and Tablg In the states\ (preillumination D~ (region ). For this reasony increases — all the more
andB (postillumination. Film parameters: No. 2a Np=4x10cm >, gyonqgly with greater difference between the material and the
Np=2x10" cm™3 E,=54 meV; No. 4 — Nj=7x10" cm 3 s . : : .
NE=5x 10 cm™3, E,— 49 meV. intrinsic m_aterlal. It is obvious that this should not occur for
region-ll films: For ther® y=g.
However, one should note a characteristic feature of
region-ll films with maximume . — e : For themoy, for the
for 15 h (see Fig. 2 The values ofNg, were equal to, given illumination time(5 h) should increasésee Fig. 1 and
respectively, 210" cm™2 and 5< 10 cm 3. Thus, a cor-  Table I, films 7 and 8 The same thing was also observed for
relation is observed betweepandNg,. For this reason, in  a-Si:H films with high activation energies,, deposited by
speaking about stability of the material we shall consider the®ECVD method using dilute Sif+He mixtures!
quantity . On the whole, the region-II films are more stable, despite
It follows from Fig. 1 and Table | that for films depos- the fact that, just as in region G increases as the Fermi
ited at T;=const y decreases rapidly with increasing gap level shifts away from the poifit .— ex=0.70 eV. Hence, it
e.— e (curvesl-6). Curve3 was taken from Ref. 17; itwas can be concluded that in this case the SW effect is not di-
obtained for close to intrinsie-Si:H. Considering now the rectly related toCy .
preillumination structural parameters of thes&i:H films? The role of hydrogen fory can nonetheless clearly be
the pointe,—ep=0.70 eV is “special” for them. Near this seen by comparing the data for regiodSi:H films with
point the defect density, the Urbach parameigr the hy-  &.—eg=const(Fig. 1, films 2 and 2a The second film con-
drogen contenC,, and Awtg are all at a minimum, the tains two times more hydrogen and, correspondingly, for it
microstructural parametd®=0, andwtg is at a maximum. is much higher. The same situation is also illustrated in Fig.
This material can be regarded as completely homogeneou8, which shows data on the ratig,/o, (0) for two close to
In the opinion of the authors of Ref. 8 the boundary betweerntrinsic PECVD films deposited af,=390 °C but which
the regions 1(0.45 eV<e.—e:<0.70 eVj and 11 (0.70 eV nonetheless has different hydrogen content. The film charac-
<e.—ep<0.85 eV}, where defects are in different charge teristics are given in Table Il. We see thatdecreases with
states, is located here. As the position of the Fermi level irC,, . For this reason, one would think that fog= const and
nondopeda-Si:H changes, the state of the defects changes.—esz=const the stability is determined by the hydrogen
from predominantly negativ® ~ (region ) to neutralD®  content. This conclusion, however, is incorrect, since besides
(intrinsic a-Si:H) and then to predominantly positiv® "
(region II).
On the basis of this concept, in Ref. 18 the rate of bOthTABLE Il. Parameters of films for which data are presented in Fig. 3.
the i_n(_:rease in defe(_:t de_nsit% ar_1d decrease of photocon- ¢, T, o2, Cn. R Y Si—H complex
ductivity o, of the illuminated films were analyzed as a ypo. °C eV at.% types
function ofe.— e ; i.e., the values ofy andB in the expres- :
sionsop, ~t~7 and Np~t# were compared. In contrast to ; ggg 8:;1 143 g g'é SHS;;L)
Ref. 19, in Ref. 18 it was shown that the rate of increase of 390 0.71 10 065 0 SiH, (SH)L
the defect density is much lower than the rate of decrease af

hv, 8V
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FIG. 4. Infrared absorption spectrg ) for intrinsic a-Si:H film 5 (curve ~
1) and film 2a(curve 2) (see Table)l 2
different Cy the films also have a different microstructure.
This follows from an analysis of their IR spect(kig. 4): | n ) )
The shift of the absorption maximum toward 2010 ¢m g 50 Jmo » 4“0 500
attests to the presence of SiH cluster complexes located at v, om

the bounda.”es of gre_uns Of. the. amorphpus film. The ab- FIG. 5. Raman spectig ») for a-Si:H film (curvel) and film 2a(curve?2)
sence of microcrystalline grains in such films follows from ee Tapje)

inspection of the Raman spectra: Near T@-phonon band

the characteristic peak located near 520 ¢nis absent. This

is shown convincingly in Fig. 5, where the Raman spectrated at the given temperatufie,. Comparing the data for the
for film 2a and for the region-Il fih 4 — one of the most two MASD films with the samék=0.65 but different types
stable films — are shown. We see that these spectra agF dihydrated complexeéFigs. 3 and § one can conclude
almost completely identical. that they are comparable with respect to degradation rate.
Thus, the low stability of films such as film 2a, which According to Ref. 15, the complexes Sildnd (SiH),
have high values of; with Ts=const anct.—eg=const, is  are located on the surfaces of microvoids, isolated from one
due to their porous inhomogeneous structure and, correanother, and for this reason films with such a structure show
spondingly, low density, which promotes hydrogen diffu- high thermal stability on annealing: The hydrogen mobility
sion, which has a negative effect on stabififff.It is obvious  decreases in this case, and therefore hydrogen diffusion oc-
that in this case Ts=const, e.—ep=const, Cy=var the  curs with higher annealing temperatures than for standard
SW effect cannot be directly associated with the hydrogenPECVD films containing predominantly isolated SiH com-
content in the films. plexes. Apparently, the comparatively low hydrogen mobil-
A direct relation between the SW effect and the value ofity is also responsible for the high stability in the case where
Cy was established in investigations of several nearly intring-Sj:H films with this structure are illuminated. Thus, one
sic PECVD films deposited &t;=300-390 °C. In the pres- would think that to improve stabilitp-Si:H films containing
ence of a homogeneous structure, the hydrogen content ijcrovoids, which are isolated from one another and which
the films varied from 9 to 4 at.% and, correspondingly, possess maximum® and minimumC,, should be prepared.
decreased’ However, then there may not be enough hydrogen to passi-
We shall now examine the results of the investigationsyate the dangling bonds in the entire volume of the film, and
of group—IVa-Si:H films deposited als=300 and 350 °C  this will have a negative effect om,, prior to illumination.
by the MASD method. Together with data for intrinsic Indeed, in Ref. 10 it was noted thar%h is Sharp|y lower in
PECVD films which was deposited &t;=390 °C Fig. 3  films whereR=1 andC,,=5-6 at%. For this reason, to
shows data for an intrinsic MASD film deposited at
T,=300 °C and which contains 10 at.% hydrogen and the
complexes (Sik), and which has a parameter 0.65. One log [£,s]
can see that for this filmy=0, i.e., this is the most stable 7 2 J ﬁ
film. Figure 6 shows data on the variation of the ratio
opf/opn (0) with increasing illumination time for films de-
posited at 350 °C. The film characteristics are given in Table

/G, (D]
&
[N

[ll. Two of the films, which are close to intrinsic, were de- %_04
posited by MASD and PECVDwith strong dilution of si- o .1 g
lane by heliuny, they haveR values close to zero and differ 2 a2 Ay

in hydrogen contenC,,. The two other films deposited by “0sF 43 +\+\
PECVD and MASD methods had the same values of 4

ec—ep=0.64 eV, but the first film Cont?‘metsn__')” cluster FIG. 6. Relative variation of the photoconductivity,, of a-Si:H films
complexes anq the second one coqta|ned2$Mplexes. deposited al ;=350 °C versus the illumination time The numbers in the
We see that this is the most stable film among those deposigure correspond to the numbers of the films in Table III.
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TABLE IIl. Parameters of films for which data are presented in Fig. 6. which haveR=0.65, are close to zero; i.e., other conditions
being equal §¢.—er=const, Ts=const, C;=cons}, these

E,'cl,m R 2{*% R y CO{;&ZX films are highly stable.
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; 0-71 1% g'f g'gg SiHS';'Z_' We thank our colleagues from thec@le Polytechnique
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improve stability of a material without degrading its elec-

tronic quality an optimal combination of the indicated struc- :D- |. Stabler and C. R. Wronski, Appl. Phys. Le3l, 292 (1977.
. f H. Fritzsche, MRS Symp. Pro836, 227 (1994.
tural parameters is required. 3Y. Liang, N. Maley, and J. R. Abelson, J. Appl. Phy&, 3704(1994.
“R. Meaudre, M. Meaudre, S. Vignoli, P. Poca i Cabarrocas, Y. Bouizem,
4. CONCLUSIONS and M. L. Theye, Philos. Mag. B7, 497 (1993.

. . 5D. Caputo, G. de Cesare, F. Irrera, F. Palma, M. C. Rossi, G. Conte,
The following conclusions were drawn as a result of the G nobile, and G. Fameli, J. Non-Cryst. Solitiz0, 278 (1994).

investigations of the Staebler—Wronski effect for nondoped®M. Stutzmann, W. B. Jackson, and C. C. Tsai, Phys. Re3223(1995.
a_S|H depos|ted at h|gh temperatur'éFSOo_4OO OC_ 7P Hari, P.C. Tailor, and R. A. Street, MRS Symp P13i86, 329(1994}

L . . 80. A. Golikova and V. Kh. Kudoyarova, Fiz. Tekh. Poluprovod9,
1. The photoconductivity degradation rate afSi:H 1128 (1995 [Semiconductor®9, 584 (1995].

films deposited al s=const, which contain isolated SiH and °0. A Golikova, M. M. Kazanin, O. I. Kon'kov, V. Kh. Kudoyarova, and
SiH, complexes and which possess a microstructural param-E. I. Terukov, Fiz. Tekh. Poluprovodr30, 405 (1996 [Semiconductors
eter in the rang&=0-0.3, is determined by the preillumi- 30 336(1996].

. .. . . O. A. Golikova, A. N. Kuznetsov, V. Kh. Kudoyarova, and M. M.
nation position of the Fermi level. The degradation rate de- Kazanin, Fiz. Tekh. Poluprovodi®0, 1879 (1996 [Semiconductors0,
creases rapidly with increasing gapp—er and is not 983(1996].
directly related with the hydrogen conte®f, in the films. *p. Morin and P. Roca i Cabarrocas, MRS Symp. PB36, 281 (1994.

2. The large decrease in the photoconductivity degradal-zw' Paul, in Amorphous Silicon and Related Materrialedited by

. . . . . _ H. Fritzsche, World Scientific, Singapore, 1988, Vol. 1A, p. 63.

tion rate of a-$|.H films W|th high Cy apd Ts—const_and 134, Wagner and W. Beyer, Solid State Commés, 585 (1983.

e.— eg=const is due to their structural inhomogeneity as a“z. igbal and S. Veprec, J. Phys. C: Sol. St. Piy5.377(1982.

result of the formation of cluster complex€&siH),,. For this 15K. Zellama, L. Chahed, P. Sladec, M. L. Theye, J. H. von Bardeleben, and

s : : : : P. Roca i Cabarrocas, Phys. Rev58 3804(1995.
reason it is not possible to establish a direct relation betwee{aE' Sauvain, P. Pipoz. A. Shan, and J. Hubin, J. Appl. Pgs.1722

Cy andyy. o _ (1994).

3. Close to intrinsic films deposited di;=const are 1. A. Kurova, N. N. Ormont, O. A. Golikova, and V. Kh. Kudoyarova, Fiz.
highly stable. The quantity for such films decreases sys- , Tekh. Poluprovodn31, 536 (1997 [Semiconductor81, 452 (1997].
tematically with increasing’ ie.. with decreasing hydro— 180. A. Golikova, Fiz. Tekh. PoluprovodBd, 281(1997 [Semiconductors

. Sy mn . 31, 173(1997)].
gen contenCy,. In this case a direct relation can be estab-19p Tzanetakis, N. Kopidakis, M. Androulidaki, C. Kalpouzos, P. Stradins,
lished betweenCy and the photoconductivity degradation and H. Fritzsche, MRS Symp. Prag77, 245 (1995.
rate orpp. 205, Bauer, T. Haage, B. Schroder, and H. Oechsnehpistracts of ICAS-
4. The photoconductivity degradation rates @®Si:H 16, Kobe, Japan, 1995, p. 176.

films, which contain the complexes Sitbr (SiH,),, and  Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 32, NUMBER 4 APRIL 1998

Study of optical absorption in thin films of a-As,Se; by photocapacitance spectroscopy
I. A. Vasil'ev and S. D. Shutov

Institute of Applied Physics, Academy of Sciences of Moldova, 2028 Kishinev, Moldova
(Submitted March 6, 1997; accepted for publication October 2, 1997
Fiz. Tekh. Poluprovodr32, 490—493(April 19998)

Photocapacitive spectroscopy is used for the first time to study optical absorption in thin films of
a-As,Se; for optical photons with energies below the gap width. Photocapacitance spectra

are obtained over energies of 0.83-1.94 eV and used to characterize the density of localized states
in the tail of the valence band and in deep states of charged defects. Aging and illumination

of the film are found to affect the level of optical absorption by deep centers1998 American
Institute of Physicg.S1063-78208)01904-§

1. INTRODUCTION 2. Experimental technique

Photocapacitance spectroscopy of deep states is based on

h lOptlca!dabslorptmn ;n rt]hfrmally d_epgslltedt:]llms :f tlhe measuring the relaxation of the barrier capacitance of a diode
chalcogenide glasses at photon enerbieselow the optica with time as a result of illumination by photons with energies

width of the band gaj 4o have not been studied adequately. |, Eqo- The optical depopulation of filled states in the de-
At the same time, for energigsy<Eg, optical absorption et region of the diode is accompanied by a rise in the
determines the optoelectromc properties of a film which dey yier capacitance. In a linear approximation, in the initial
pend on the degree of disorder, the amount of defects, angage of relaxation the photocapacitance signal varies with
the presence of impurities. Optical transmission measurgjme aé

ments provide information within a limited region near the

absorption edge. At lower energies, photoelectron spectros- A(Cz)chb—cézachn. (D)
copy is usually employed, but it is not sensitive enough to ) ) ) )
reveal and study the structure of weak absorption spectra. Tgere C, andCy are the capacitance at timeunder illumi-
solve this problem it is appropriate to use photocapacitivéation and in the darkp is the flux of incident photons, and

_ 2 . :
spectroscopy, which has been used successfully in studies gf_s_goA q/[2(V+Vbi)_] IS a constant det(_arlmllned. by the
thin film a-Si:H samples, barrier parameters:g is the dielectric permittivityA is the

Glassy AsSe, is a well-known representative of the contact areaq is the electronic chargd/ is the applied bias

chalcogenide glasses and data for it reflect a contradictorgonage’ andvy,; is the band inflection The proportionality

c . S .
picture of the spectrum of localized states involved in optica onstanta has _the physical S|_gn|f|cz_;mce and_ units of an
L absorption coefficient. Its magnitude is determined by elec-
transitions. Thus, methods based on measurements of the ™. : - : .
o : ronic optical transitions, which lead to a change in the

transport of nonequilibrium charge carriers suggest a broa o : ) .
; . o . . Charge within the depleted region of the diode, and it disre-
guasicontinuous distribution of localized states, while meth- . )
. ) . o . gards the nonphotoactive optical losses.

ods which control optical transitionghotoexcitation, lumi-

. L The photocapacitance relaxation measurements were
nescencesuggest the existence of quasidiscrete energy levdone at room temperature on AAs,Se; surface-barrier di-

els associated with intrinsic defect or impurity centers. These j.c made by successive vacuum thermal deposition on a
contradictions are fundamental, so that further experimental < substrate of a lower electrod@ntimony, a

data are3 needed in order to choose a model for the defe(it.z-um-thick As,Se, film, and a semitransparent aluminum
systent: . N film with a contact area of 0.3 ¢mHere the antimony cre-

In this paper we use photocapacitive spectroscopy fOhteq a resistive contact, while a potential barrier of height
the first time to study optical absorption at energies—q 16 eV was formed at the AlfAs,Se; interface.
hv<Egy and determine the parameters of deep centers The relaxation of the capacitance was measured in the
in a-As,Sg films. Over a wide range of energies gark and under illumination using a quasistat@—V
(0.83-1.94 eV, i.e., roughly fromyo/2 to Ego), we obtain a  method, described previouslyn which one detects the bias
photocapacitance spectrum which, like the optical absorptiogurrent that develops when triangular voltage pulses are ap-
spectrum, is determined by electronic transitions between loplied to the reverse biased diode. The duratiaf the driver
calized states within the mobility gap and delocalized statepulses was chosen subject to the conditionr, , whererp
in the conduction bands, and makes it possible to distinguisis the Maxwellian relaxation timer,=2.4 s for AsSe; at
the range of energies associated with defect absorption. 1800 K). Before the start of the measurements the diodes were
the long wavelength portion of the spectrum, this method cameld in the dark with zero bias until a steady-state capaci-
be used to observe changes owing to structural relaxatiotance was reached. In order to avoid inducing metastable
and illumination of the film. states, the measurements were made by scanning the spec-

1063-7826/98/32(4)/4/$15.00 439 © 1998 American Institute of Physics
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The optical absorption coefficieat’ varies over a wide
interval and corresponds roughly to optical transitions with
energies fronkyy/2 to Ey, for a-As,Se;. Three characteris-
tic regions,A, B, andC, can be seen in the specfr&egion
A corresponds to edge absorption and giigg=1.76 eV.

In regionB, af varies exponentially with the photon energy
hv as afxexphv/E), with a characteristic energy
E.=0.047 eV (the dashed curve in the figyreClearly,
within this region(also known as the Urbach edgthe spec-
tral variationsa; (hv) agree well among themselves and with
the data of Ref. 6. Absorption in this region is usually attrib-
uted to optical transitions between localized states in the tails
of the conduction bands, whose densities fall off exponen-
/ tially with energy. We may assume that axAs,Seg the
a3 - ‘110' -l 1‘21 L 1'4 11 *1'6‘ L '1‘0' . ‘:20 main contribution to the Urbach edge is from the wider tail
y : ,;v’ eV ’ . of the valence band, since its characteristic decay energy, as
determined from measurements of transienand
FIG. 1. Spectral variations in the absorption coefficierft for a fresh ~modulated® light fluxes, is the same as the valueffound
a-As,Se film (1), for a sample held more than one year under ordinaryabove‘?

conditions(2), and for a sample initially illuminated by light that is strongly ; ; : ;
absorbed?3). Published data on the variation in the absorptioare shown The data in regiorC of Fig. 1 are of greatest interest.

by a smooth cunfeand a dotted curvéThe dashed curve is an extrapola- Absorption in this region is caused by optical transitions in-
tion of the exponential edge absorption tail. The valuestphave been  Volving deep localized states formed by intrinsic defects and
calculated from photocapacitance measurements with a scan period of 50impurities§ The absorption coefficient in regidd is consid-
and a reverse bias of 0.8 1.=300 K. erably higher than the level to be expected from an extrapo-
lation of the exponential paB (dashed ling decreases as
the film is agedcurve 2), and increases under the influence
trum from lower to higher photon energies. Optical of preliminary illumination(curve3), which may indicate the
excitation from an SPM-2 monochromator existence of metastable states.
(¢=10"-10"cm ?s™!) was turned on simultaneously Published data on the optical transition energies in this
with a negative voltage. Values of the absorption coefficienbart of the spectrum and on the energies of the levels in-
a® was calculated according to E@) from the initial rate of  yolved in these transitions are quite contradicfoihe op-
relaxation for a series of photon energies within the intervakical transition at 1.4 eV appears as a shoulder on the photo-
hr=0.83-1.94 eV and used to construct the resulting ab-cyrrent spectra of unannealed bulk samples, but is absent in
sorption spectruna®(hv). Because of certain differences in fijms (even thick ones, up to 3@m); absorption in the re-
the actual values o (which are attributable primarily to  gjon of the shoulder increases when oxygen is present in the
loss of light at the aluminum electrogehe a“(hv) spectra  glass!® but it shifts to higher energiedrom 1.4 to 1.6 ey
for different samples were displaced relative to one anothefith deviations from stoichiometry toward higher arsenic
along thea® axis. Thus, in order to compare the resulting contents(up to 60 at. %2 The spectral position of the
spectra, they were normalized to the value of the absorptioBhoulder at 1.4 eV is confirmed by spectra of the optical
coefficient «® at hv=1.76 eV, which Corresponds to the quenching for the induced absorptiomhresho|d at
room temperature value dqo: af=a’(hv)/e®(1.76 eV.  1.42 e\j* and of the photocurrent quantum efficieriéyAn-
At this energy the values ok® for the different samples other optical transition shows up in the photocurrent spectra
should not be different, since they are predominantly determ the form of a broad band with a maximum at 1.15 ¥v:
mined by interband optical transitions. the magnitude of the photocurrent near this peak changes
during illumination-annealing cycles and this is evidence of
the metastable character of the defects that participate in the
absorption. The 1.15-eV level appears as a donor-type re-
The spectral dependences of the absorption coefficierdombination center in the temperature dependence of the
a; measured by photocapacitive spectroscopy are plotted isteady-state photoconductivityBoth of these bands, at 1.4
Fig. 1 for a fresh film(curve 1), for a sample kept for more and 1.1 eV, have been isolated using a high-sensitivity tech-
than a year under ordinary conditiofmurve 2), and for the  nique and graphical differentiation of photocurrent spectra of
same sample initially irradiated by light that is strongly ab-As,Se, films.?® In addition to these transitions, an optical
sorbed(intensity=0.1 mW/cnf, hy=1.8 eV, 30 min, curve transition has been noticeat 1.6 eV as a weak feature in
3). For comparison, the figure shows the following: the specphotocurrent spectra.
tral variation in the absorption coefficient afAs,Se; films Figure 2 shows a plot in this energy range of the absorp-
at energies of 1.6-1.8 eV obtained by optical transmissiortion coefficient af, owing to optical transitions involving
measurementgthe smooth curve in the figurand the spec- deep levels. It was isolated by subtracting the almost con-
tral variation in the induced absorption afAs,Se; films in  stant absorption level below 1.13 eV and the extrapolated
the range 0.85-1.4 eV dt=300 K (dotted curvg’ values in the exponential tailashed lingfrom the curves of
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3. Experimental results and discussion



Semiconductors 32 (4), April 1998 I. A. Vasil'ev and S. D. Shutov 441

ference in the thermal and optical ionization energies

(=0.31 eV is caused by the strong electron-phonon interac-

tion typical of the chalcogenide glasses.

A weak, almost constant absorption at low energies
(hv=<1.13 eV} in the spectra ofa-As,Se; is usually ob-
served at low temperatures-@ K)*® and(or) during intense
optical illumination’ i.e., is associated with the excitation of
metastable defect states. Since this kind of induced absorp-
tion is always accompanied by the appearance of an electron
spin resonanc€éESR signal, the singly occupied neutral de-
fect stateD? is attributed to a metastable stafeThe weak
absorption spectra in Fig. 1 are consistent with this interpre-
tation, as well as with the above analysis of absorption at
charge defect states: the curSebtained after illumination
has aa;(hv) dependence that is close to the data of Ref. 7
(dotted curve At the same time, curve$ and 2 (Fig. 1),

O i bavaa laaaa bl el which were obtained under near equilibrium conditions with-
120 12 10 hvt:"i 140 145 out preliminary irradiation of the sample, indicate the exis-
’ tence of a contribution to the absorption that is unrelated to

FIG. 2. Spectral variations in the absorption coefficiesjt obtained by ~ Metastable defects. The weak optical absorption near the

subtracting the constant absorption level below 1.13 eV and the extrapolateghiddle of the mobility gap may be caused by excitation of

values in the exponential tai_l from the curves of Fig. 1. The smooth curve%herma”y equilibrium carriers from states in the tails of the

a, b, andc are calculated using E¢R) for E;=1.36 eV and” (eV)=0.098 : . .

(a), 0.104 b), and 0.11 €). conductlon bands. _Thls_ sort of absorp_ﬂon has pe_en
analyzed’ in connection with an effort to estimate the mini-
mum optical losses in chalcogenide glasses at temperatures
of 240-400 K. For the present case of an exponential energy

Fig. 1. The smooth curves of Fig. 2 show model calculationsspectrum for the traps, a calculation shows that the absorp-

of the absorption coefficient]; associated with optical tran- tion coefficient emerges in a plateau for photon energies of

sitions between levels of a defect with a density of states inroughly half the band gap width.

the form of a Gaussian with half-width for energyE; and

a parabolic edge of the conducting bafd:
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4. Conclusions

Photocapacitance spectroscopy can be used to study the
2 optical absorption spectra of amorphous3s films at pho-
ton energies below the optical width of the band gap. The

The best agreement between the calculated curves and e@sulting photocapacitance spectra and their features are typi-
periment is achieved foE;=1.36 eV, the same for all the cal of the optical absorption spectra of the chalcogenide
curves, andl’'=0.1 eV. Thus, in the absorption spectrum glasses that have become known as a result of a combination
obtained from the photocapacitance measurements on film8f other spectroscopic techniqueshotocurrent, ESR, lumi-
we can isolate an energy region Corresponding to Opticdpescence, etﬁ.MOdel Ca|Cu|ati0nS haVe been Used to eSti-
transitions between the conduction band and a 1.36-eV levelate the optical ionization enerdy = 1.36 eV of positively
in agreement with the spectroscopic data described abovehargedD ™ defects. The difference between the energies of
Since the depleted region of the test diodes is formed by germa? and optical ionization £0.31 eV} presumably
negative space Charge, an increase in the Capacitance Canqi'@racterizes a lattice relaxation defect. It has been shown
related to optical excitation of holes from a defect level inthat optical absorption in the long-wavelength region of the
the upper half of the band ga () into the valence band. SPectrum depends on the history of the sample and this is
The nature of theD* defect is related to the supercoordi- indicative of a change in the density or degree of filling of
nated As P ) atom?” in accordance with the observed dif- deep localized states.
ferences in the spectra: in samples subjected to prolonged
aging, the defect concentration is lower owing to chemicali; Cohen, J. Non-Cryst. Solids4, 381 (1989.
Ordering AQSQ‘HASZS%, while in the samples that were 2G. J. Adriaenssens, Philos. Mag.62, 79 (1990.
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Effect of thermal annealing and chemical treatment on the photoluminescence of
porous silicon

E. A. Shelonin, M. V. Naldenkova, A. M. Khort, A. G. Yakovenko, A. A. Gvelesiani,
and |. E. Maronchuk

M. V. Lomonosov Moscow State Academy of Precision Chemical Technology, 117571 Moscow, Russia
(Submitted March 17, 1997; accepted for publication November 17,)1997
Fiz. Tekh. Poluprovodr32, 494—496(April 1998)

Changes in the intensity of photoluminescence and in the IR absorption spectra of porous silicon
samples are studied during chemical annealing and chemical treatment. It is found that
processing porous silicon in HEEnN increases the photoluminescence intensity by more than a
factor of 2 and affects the way the intensity is reduced by annealing. A comparison of the
observed changes with IR spectra suggests thatHSibonds play a key role in efficient
photoluminescence in porous silicon. ®98 American Institute of Physics.
[S1063-782628)02004-3

Many papers have been published thus far on photolutical etching conditions fop- andn-type substrates is plot-
minescence in porous silicdn® The available experimental ted as a function of annealing temperature in Fig. 1. The
data, however, are extremely contradictory and lead to amehange in the photoluminescence could be approximated as a
biguous interpretations of the mechanisms for radiative antinear functionl/I ,=f(T) with some deviation from linear-
nonradiative recombination in porous silicon. ity at high temperatures. The photoluminescence vanished

Most of these studies indicate that photoluminescence imlmost completely at 400 °C. The photoluminescence fell off
porous silicon is related to radiative recombination fromfaster in thep-type samples than in the-type. When an
guantum-well levels localized in silicon crystallites. As for attempt was made to fit the intensity variation to an Arrhen-
the quenchinddegradatiopof photoluminescence in porous ius law dependence in IH(y)—(1/T) coordinates, the mea-
silicon, most researchers relate this process to the formatiosurement results could not be approximated by a straight
of deep nonradiative recombination centers on the surface dihes but could be fit roughly only by a more complex func-
Si nanocrystals. tion of the formy=a- In(x)+b. Thus, the effective activation

In this paper we report the results of an experimentaknergy of the process, calculated as the derivative of the
study of the thermal degradation of photoluminescence impproximation curve, varied with temperature from
porous silicon. We also examine the possibility of passivat<<0.1 eV to>1 eV. This indicated that, in our case, the
ing the nonradiative recombination centers by chemical proprocess of photoluminescence degradation takes place in
cessing of a porous silicon surface. more than one stage. This is consistent with Ref. 3, in which

As a source material we used type KO and KDB-10 the changes in photoluminescence due to laser irradiation
silicon slabs with a(100) orientation. Anode etching was during heating are attributed to several processes with differ-
carried out in an KHO:HF:C,H;OH=1:2:2 electrolyte at a ent activation energies. Evidently, one can distinguish an ini-
current density of 5—-10 mA/cfhfor 10—20 min. After etch- tial stage, in which there is a sudden change in the photolu-
ing, the samples of porous silicon were cut into parts forminescence, an intermediate stage, in which the
taking the photoluminescence spectra and annealing. Prior ghotoluminescence varies roughly d¢lg)=a—bT, and a
annealing, the samples were initially subjected to aging in aislow photoluminescence quenching stage at temperatures
at room temperature for 2—3 days in order to eliminate fasabove 250-300 °C.
processes. The photoluminescence was measured on an The wavelength of the photoluminescence maximum
SDL-1 spectrometer with an LGI-21 nitrogen laser, operatwas essentially independent of the annealing temperature. In
ing in a quasicontinuous mode at a wavelength of 334 nm, athe IR spectra of the samples taken after annealing, the ab-
a source. Absorption spectra were taken in the infrdfBd  sorption bands, which appeared as a result of vibrations of Si
using an FTIR-1710 Fourier spectrometer. Isochronous an-H, bonds:? vanished. However, the photoluminescence
nealing(20 min was performed in quartz cells in a helium intensity as a function of temperature no longer had the
atmosphere. After each stage of annealing, photolumines'step” form observed in Ref. 1.
cence spectra of the annealed and control samples were When samples with fully quenched photoluminescence
taken. The relative change in the photoluminescence interwere held at room temperature in air for several weeks, they
sity was determined from the changes in the intensity at theecovered up to 45—50% of their original photoluminescence
peak and in the area under the spectral curve. Both methodsd the above-mentioned IR absorption bands were partially
of measurement yielded the same relative intensity changerestored. Repeated annealing of the samples led to repeated

The relative change in the photoluminescence intensityoss of the photoluminescence in porous silicon.

(I/14) of typical porous silicon samples obtained under iden-  The major obstacle to the use of porous silicon in opto-
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FIG. 1. Relative change in the photoluminescence intensityX for iso- i 500 "o 1300 _,m 2000
chronous thermal annealing of porous silicon samplisn-type sample, Wavenumber,cm
(2-3) p-type samplegsample 3 was processed in HEIn).

FIG. 2. The change in IR absorption spectra owing to processing in
HCI+Zn: (1) before processing?) after processing.

electronics is the instability of its luminescence properties
and the degradation of the luminescence as it ages in air or
during thermal processing. The instability and degradation of his absorption, which is partially masked by an absorption
the photoluminescence are mainly attributed to the formatiomand owing to Si-Si vibrations at 616 crh (in this region,
of nonradiative recombination centers on the surface of thalthough the substrate absorption spectrum has been sub-
nanocrystallites. After anode etching, the porous silicon surtracted, there may be some enhancement in the measurement
face contains a large number of nonradiative recombinatioerron is also attributed to SiH and SjHvibrations! and,
centers which are not passivated by the hydrogen and oxygeprobably, in this case also there is a change in the relation-
contained in the electrolyte; nevertheless, the hydrogen corship between the amounts of these bonds. It should also be
centration in the voids is high. When the residue of electronoted that the magnitude of the absorption on asymmetric
lyte is removed from the porous silicon surface, passivatior8i-O-Si valence vibrations observed at 1100 ¢mvas also
by oxygen takes place in the air as the silicon crystallites offifferent, even when the samples were obtained under the
the porous silicon come to be surrounded by an amorphousame conditions. Furthermore, in a number of cases we ob-
oxide layer. served a region of very high absorption at wave numbers
We have tried to passivate the nonradiative recombinas>1100 cm !, which may be caused by surface oxides. Here
tion centers in porous silicon by processing the porous silithe absorption spectrum at wave number$100 cm ® did
con in Znt+-HCI. Passivation by the hydrogen released in thenot change. In these samples the photoluminescence inten-
course of the reaction can be regarded as an alternative to ts@y was at roughly the same level as in the samples which
process of oxidation in air. The porous silicon samples weralid not have a region of this sort in the IR spectrum.
processed immediately after fabrication by keeping them in  The reduction in the photoluminescence with isochro-
hydrochloric acid with zinc for 30 min. The porous silicon nous annealing of the porous silicon samples processed in
was obtained under the same conditions as those used for thECI+Zn was more rapid. In addition, after annealing at tem-
studies of the effect of annealing on photoluminescence. peratures above 250 °C, there was almost no photolumines-
The initial photoluminescence intensity of the processedence(Fig. 1, curve3); that is, in contrast with the unproc-
porous silicon samples was roughly twice that of the controkessed samples, we observed no slow reduction in the
samples. At the same time, the photoluminescence spectra photoluminescence at temperature250 °C.
the porous silicon samples processed in HCI and Zm@ire In summary, we may obviously conclude that the pres-
essentially the same as those of the unprocessed samplesice of SiH bonds on the surface plays an important, if not
Significant differences from the typical spectra of the un-key, role in the quenching of photoluminescence during ther-
processed samples were observed in the IR spectra of theal processing and in the recovery of the photoluminescence
processed porous silicon sampl&&y. 2). In the 2120-cm?!  intensity during chemical processing. These studies suggest
doublet corresponding to valence vibrations of SiH andthat, at least in our case, the adsorption of chemical sub-
SiH, bonds, the relationship of the bands changes as thstances on the surface of porous silicon has a significant
contribution of the SiH bonds varies. In addition, small ab- effect on photoluminescence in porous silicon. Chemical
sorption bands appear at 890 and 860 ¢émwhich may be  processing of porous silicon can be used to change its pho-
associated with SiH and SjHThe relationship between the toluminescence characteristics. Thus, the observed changes
bands that form the doublet at 630—670 Cnalso changes. in the photoluminescence properties of porous silicon during
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processing in HCtZn can be explained by passivation of 2s. M. Prokes, J. Appl. Phy33, 407 (1993.
nonradiative recombination channels. 3V. M. Kostishko, A. M. Orlov, and T. G. Emel'yanov, Pis'ma zh. Tekh.
Fiz. 22, 689(1996 [Tech. Phys. Lett22, 690 (1996)].

1C. Tsai, K.-H. Li, J. Sarathy, S. Shih, and J. C. Campbell, Appl. Phys.
Lett. 59, 2814(1991). Translated by D. H. McNeill
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PHYSICS OF SEMICONDUCTOR DEVICES

Subthreshold characteristics of electrostatically switched transistors and thyristors. II.
Deep in-plane gate
A. S. Kyuregyan

V. . Lenin All-Russian Electrotechnical Institute, 111250 Moscow, Russia
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A rigorous analytic theory is developed for the blocking state of electrostatically switched
thyristors and transistors. The problems of the potential distribution in the base, the barrier height
for electrons, and the current-voltage characteristic in the subthreshold region are solved in
quadratures by conformal mapping for electrostatically switched transistors and thyristors with an
arbitrary configuration of an in-plane gate in contact with the source. It is shown that the
subthreshold current-voltage characteristics of electrostatically switched transistors and thyristors
have a universal form independent of the gate configuration. As an example, a study is

made of a quasielliptical in-plane gate that corresponds to the configurations of most real devices.
Simple formulas are obtained in limiting cases for the blocking coefficient and the parameters

of the current-voltage characteristic as functions of the geometric parameters of the
electrostatically switched transistor or thyristor, the base doping, and the gate potentit9980
American Institute of Physic§S1063-7828)02104-§

1. INTRODUCTION and the “ribs,” which are described by a piecewise continu-
In a previous papefthe author and S. N. Yurkov con- ous periodic functiory =yq(x), are gates, while the upper
structed a rigorous analytic theory for the subthreshold c:harf-EIeCtrOde IS t.he bounda_ry of the space c_harge region which is
acteristics of electrostatically switched transistors and thyris'—n contact with t.he drain. Let th-e funct|oT1(z) execute a
tors (EST) with shallow in-plane source and gate. The majorconfor?"’ilf mlappln? cr)]f t_he C‘.”‘paf'tor f:évlbgmnD) ohnt;) thi
disadvantage of this structure is that a high blocking coeffi-gppezj a -pf%net 0 tfe_ 0+;T ;t)hane mla W_ay_s(;lc tdattht €
cientg can only be obtained when the source widthi® oun arzf _raﬂs orms 1o e_ria axis=% an €
unacceptably small. Thus, in practice gate is usually fab- points Z_;I’ Z_:LHH’ aid z=*L+iw map to the
ricated with a depti=I (See Fig. 1, which makes it rela- POINS1=*B, t==y, andt==1, respectivelfFig. 3. A
tively easy to obtain higly. For quantitative calculations of gate of arbitrary shape can b? appro?qmated to a sp_ecmed
the parameters of these devices, however, it is evident thgceuracy b.y a m-polygon_ Wilh vertices at_ the points
the model of EST in the form of a plane capacitor, employed- 21~ Xnt1¥g(Xn). Then, if the boundaryz=iw of the
in Ref. 1 and beford,is unsuitable. space charge region can be regarded agtfig assumption

The purpose of this paper is to generalize the results o justified latej, the region D will form a closed

Ref. 1 to the case of an in-plane or mesaplanar gate of arb -ZT“+6)‘9°” that is symmetric with respect to the imaginary

trary shape and depth. It will be shown that the main resulté’ix!;]’ v¥h|le tk}e |réverzlrse fugﬁl(.)zt[(tﬁz (l)f 'It'(z)éc;n betgvntten
of Ref. 1 remain valid, regardless of the shape of the gate, it the form ot a schwarz-tnristotiet integraiince the arcs

the thickness of the space charge regioand the half-width of the gates intersect the lings=0 andx==L at right

| of the source are replaced in the final formulas by theirangles'

effective valuesv’ andl’, which are calculated, in general, f m

by a method which reduces to determining two parameters o;f(t)zc H (tz_)\ﬁ)«»n*l)
0 n=1

a conformal mapping of the space charge region onto a strip.

dt
J(2=1) (12— y?) (12— %)
1)

where mw, are the external angles of am-gon (half gate,
and the\,, are real numbers, with

In this paper we use the same assumptions as in Ref. 1, n
except for one: the shape of the gate is assumed for now to z
be arbitrary and, as a model for the space charge region, we &4
use the “ribbed” translationally symmetric capacitor whose
cross section is shown in Fig. 2 in the complexx+iy while for the matching of points specified above it is neces-
plane. The plane segments of the lower electrode are sourcsary, in particular, that

2. GENERAL PROPERTIES OF THE CONFORMAL MAPPING
OF THE SPACE CHARGE REGION ONTO A STRIP

1
(wn_l)zzu B<M<Ap11<7, (2

1063-7826/98/32(4)/6/$15.00 446 © 1998 American Institute of Physics
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FIG. 3. A stage of an electrostatically switched transistor intthe&+ir
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FIG. 1. A schematic illustration of the cross section of a transistor with
electrostatic switching; in a transistor there ismib-layer above the drain.

w’—C’fl do
IR AN T

dé

=C'jw dr
\/(1_02)(72_ 02)(B2_ 02)' 0 V(72+1)(TZ+72).

3 Because of the symmetry princiglghe functionZ’[T(z)]
de maps the cross section of the infinite “ribbed” capacitor
> e, onto the strip Gsy’<w’ in the z’' plane, while the sources,
V(0P = 1)(6° = y*) (67— B) gates, and sink transform to the segme@snL—1’'<x’
@ ZomL+1",y=0] and [2mL+I'<x'<2m(L+1)—1",y"
and =0] and the straight liney’=w’, respectively, where
m=0,+x1,%2,...,

®

B m
I=Cc| I (\2—6*(en~V
0n=1

m
L=C | II (e2—a3)ten ?
1n=1

_H+le (62N dg
e Y 1= ) (=) (6D

o[ (72 +\p) o~ Yde -

= > NN and F(x,k) is the elliptic integral of the first kind in the

0 N(FHD(+ Y (4 8% normal Legendre form. The functiod'[T(z)] defined in

In turn, the half-planer=0 is mapped into the rectangle this way has several important general properties. First of all,
[x'|<L, 0<y’<w' inthez'=x'+iy’ plane(Fig. 4 by the  we always have

function

Os<A=w—-w'<H. (20

t dt
Z'(t)=C’ fo D= ) The validity of the first inequality can be confirmed simply
4 by substituting the second equalities from E@s.and(8) in
where a correspondence between the pointsty and  Eq.(10) and noting that Eqg4) and(7) imply thatC=C’.
t==1 and the pointg’=*L andz'==*=L+iw’ isreached To prove the second inequality, we nfsee Eqs(4) and(7)

for and the first equalities from Eqéb) and(8)] that
{iy
piy’
id id'

— o e s oo o

o e s e e e
IR ————

I
|
|
!
i
{
1
i
I
—t

=y
A =l l L z =L =l U t =z’
FIG. 2. The model of a stage of an electrostatically switched transistor use#lG. 4. A stage of an electrostatically switched transistor in the
to calculate the potential distribution. z'=x"+iy'=2Z'(t) plane.
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pendent of the thickness of the space charge layer. In fact,

1 do
H —Aocf using the second equalities of EqS) and (8), it is easy to
y (1= 6%)(6°= %) confirm that
S Vi S so 2y [ IR T
1 (02=1) (67— ) (67~ B?) 7o J(GZ+1)(62+ B2 P !
1 T(62—\Z)(@n~Dde 2— g2
- +0 In y; 2|, (15
L V1= %)(0P= ) (0~ B?) a o

. do wherey, is an arbitrary quantity which satisfies the inequal-
xf ) (1D ity y<y,<<1; for example, we can seg;= Jy. Formulas
1 (P=1) (679D with similar structures can be obtained from them(21)

. _ conditions for matching the points=1, z=z, to the points
If we replace all thexn,, by 8 on the right hand side of Eq. t=8, t=\,. For example
y n- y

(11), then it becomes equal to zero, but then the first term

increases by less than a factor @, while the second 2 (Bly II(\2 = 69)(“nVd g,

term increases by more than a factor &, where = f NPT
0 1- -

Q={@- BT ,(1-\?)1-v>1. Thus, before the\, VA=) (B~ 6)

were replaced bys, the first term in Eq(11) was greater The integrals in Eq(16) and in the remaining & equations

than the second, which demonstrates the validity of(£@.  do not depend on the absolute valuesBof\,, andy, but

+0(8%). (16

™

Secondly, Egs(7) and(8) imply that only on the ratios8/y and\ /vy, which to within the expo-
nentially small final terms are determined only by the gate
W'=LK(\/1—)/2)/K(7), parameters, L, H, andz,, but do not depend ow. Thus

[see Eq(15)], with a slightly greater, but still exponentially
small error, we can assume thitis also independent of.
On the other hand,

whereK(y) is the complete elliptic integral of the first kind.
Using the known series expansionskify) in terms ofy, it
is easy to show that, foy<1,

dy

1 m
w’ b=—> =— ] A%, 17
y=4 ex;{—I). 12 dy'l, o nﬂl
from which we find X b<vy/g; that is, near the source the
shape of the gate can have a strong influence on the field
distribution for y> .

The error in this formula is on the order 9f/2 and is less
than 1.5% providedisee Eq.(10)]

w—H=2L. (13

In the following we shall assume that EQ.3) is valid 3 poTENTIAL DISTRIBUTION AND BARRIER PARAMETERS
everywhere, since it is usually satisfied with a large reservgy THe GENERAL CASE
and makes the calculations much simpler. In particular, Egs. . ) ,
(4) and (7) yield C=C'=2L/, Eq.(9) simplifies to Assuming that the be}se is umformly dopésﬂze Ref. ],
we shall seek the potential distributiar(X,y) in the form

=2 | arcsin®, (14 e(X,Y) = @o(X,Y) — Vyy2w?, (18)
4 4 where ¢y(x,y) is the solution of the Laplace equation in a
and Eqgs(1) and(6) imply that space charge region with the boundary conditions
dy dz C 52| 12 @o(X,00=0 for 2mL—I<x<2mL+l, (19
1-—— =1-— =1-=|1-
dy’ y =w’ dZ, 2/ =iw’ C, ( Ez) (PO(va):_Ug+VHy§2](X)/H2
m N2\ (@D 2 2 for 2mL+I<x<2(m+1)L—I and y=yg(x), (20
x 1 ( 1- — < <1.
n=1 0 and
The last, strong inequality means that, near the drain, the ¢@o(X,w)=Uq4+V,,, (21

function Z'[ T(2)] is essentially the same as a shift By _ _ 5
along the imaginary axis and, therefore, a gate of arbitrary Vw=aNW/2seo, Vy=aNH/2ss0,

shape distorts the field just as weakly under condi(i@) as  while remaining notation is defined in Ref. 1. Calculating
a shallow in-plane gate wittv=2L.! Thus, the boundary of and analyzing the potential distribution as a function of the
the space charge region can be regarded as flat with an acariablesx’ andy’ , which differs from that given in Ref. 1
curacy of ordery?/2, even if it does not fill the entire base only in some minor details related to the appearance of a
region. Furthermore, the magnitude &f as such, is deter- second term on the right-hand side of E20), we obtain the
mined only by the gate configuration and is essentially indefollowing results. If the drain potential
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| ’
d E) ’
then the space charge region fills the entire basevand,

A
Ud>Ud min:Vd 1_2—) _Ug( 1-

w’'=d’". For Uy<Ugmin, the thickness of the space charge
layer is less thad, but the real boundary of the space charge

region on the drain side deviates from the plane
2egg

II
=w= 2 -
y=w=A+ \/A + INp Ud+Ug(1 L)

by a negligible amount on the order wfy?/2, while condi-
tion Eq. (13) is satisfied for

(22

L

where V,=qNpA?/2ee,, and V|, =qNpL?/2eeo. The po-
tential distribution along the channel axis has the form

2 M y’
- arctanM, tan S

2 ’ ’
ol
—VH(Y( y') y

|’
Ud>UW min:4VL_VA_Ug( 1- _) y

!

y
QD(Oiy,):Ug[ M r_

gz~ PoMo) -
fL ya()sinh(my’/L)  dx’
~ Jir cost{my’/L)—cog wx'/L) LHZ| "
(23

where

Ug+V, Uy
Ug Ug

M y(Mo), Mo=cof -
+U_g o(Mo), 0=Col 5~/
a [1+ a2
_§£—2 kg2
o (a)=f (\/1+a7)JOX f ( 17 2 d
2 a [1+a?
_ ‘-2 2 2
W(a)—ﬁf (\/1+a)J'0f ( 1+X2

f(o/B)=Im[Z(0)]1f(v/B)/H.

X

dx
T

In an electrostatically switched transistor or thyristor
with an undoped base, the potential at the saddle point |

cated at
2| [1-MIM, 04
y'=y'=plhacan gy (4
is given by
=_2 1 1—M/Mgq
o= 7 Yy Marctany um,
" 1-M/M, -
—arctan Mo\ 3 | | 25

whereM = (UgL+Ug(L—1")/U4(d—A)). Near the thresh-
old, when
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[, M —
1- —<\1+ My %, (26)
Mo
we obtain the following expression from E@5):
- 4y, Mg M | %2 )
7737 YMZ+1 T M, @
The blocking coefficient is given by
d—A I’
9o=— Mo—1+ 1, (28)

and the parametgr=1%S. If N+0, then the coordinatg’ of

the saddle point can be calculated analytically only near the
threshold, whemMyy’ <L and the right-hand side of E(4)

can be expanded in a seriesyih limited to terms propor-
tional to (y')3. As a result, given Eq(17), we obtain

> 1 ’ "2 ’ Ug MO_M
y'=5 Yot \ (Yo)"+2yolL AL (29
VIAWA >
~ y y
=go| 7| | 4773, (30
¢ QDO(YO)( Yo
where
®o=—V_ b%(y{)?/3L?,
, 8 A
Yo=— bZLU—g
-1
2, VH
X Mo(1+Mo)_U—[‘DO(M0)+3(D2(M0)]
g
(3D

If Mo|yg|<L, then along with the conditioM gy’ <L
for applicability of Eqs(29) and(30), the following inequal-
ity will also be satisfied:

Ug Mg—M

|yol < (32
In this case Eq(30) yields a formula fore that differs from
Eq. (270 only in bhaving an additional factor
{1— V[ Do(Mg) +3D,(Mg) [/UgMo(1+ M) } 2 on the
right. It follows from Eq.(30) that, as in the case of a shal-

Yow gate! the barrier vanishes d# —M, only in electro-

statically switched transistors or thyristors with an acceptor
doped baseN=N,=<0), for which the blocking coefficient
is given by
Vy H2 [d—A
gzgo—u—g I+ 2 | PoMo)=¥(Mo) |-
(33

If, on the other handN=Ny=0, then asM — M, the bar-

rier does not vanish, sincg’—y, and ¢— @, When
M>M,, a potential well, which fills up with electrons, de-
velops near the source, and our approximation of a com-
pletely depleted base is no longer valid. As shown in Ref. 1,
however, Eq.(33) provides entirely adequate accuracy for
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practical purposes, even in the cée Np=0. In particular, 10°
for Ug<Ugymin, ON replacingd andd’ by w andw’ in Eq.
(33) and using Eq(22), we obtain "
10
Yo |y VHCD(M)ZA[M VHCI)(M)}
9= | Mo= 777 Po(Mg)| =7 | Moo= 17— Po(Mpg
4V, Ug L Ug .
IFRRLIY 34
Lo, (Mo). (34) >

Finally, for N+#0, the parameter

; 10
[y
E=\/1- ﬁ (35)

Therefore, arbitrary distortions in the shape of the gate
do not lead to qualitative changes in the subthreshold char- _
acteristics; the form of the current-voltage characteristics ob- 70
tained in Ref. 1 for a shallow gate has turned out to be
universal. The most important quantitative changes involve 107% ke
the replacement olv, | by w’, |’ and the appearance of a
factorb? whenN#0. As will be shown in the next section, -3 . \ L
the remaining differences in the formulas fgy andg from . '-, * ] o 0°
the analogous formulas from Ref. 1 are negligible in the 10 0 10,“
cases of greatest interest, wHér<L and the blocking coef- o

ficient is large. FIG. 5. Calculated variations in the functiond) Mq(M3+1), (2)
Do(Mg) +3D3(Mg), (3) P(My), (4) Po(My), (5) ¥o(Mg) for an oval
gate.

4. OVAL-SHAPED IN-PLANE GATE

As a specific example of applying the general theory, i ] .,
here we shall consider the simple, but typical and rather gerEauation (40) yields the formulaf(6/3)=cosh “(6/B),

eral, case where which makes it possibl_e to _calculat_e the functichg(M )
and ¥ (M) by numerical integration, where results are
[t L—I shown in Fig. 5. Equation§l2), (14), and (36)—(38) yield
Z(t)= o| =72 cos 1(Bl7) the equation
L—1 2L 1
H dt - = ————F—|tan'M (41)
+ : (36) H H coshlM o
V2= B2 coshl(y/B)] J(?=1) 4 0

of which some numerical solutions are shown in Fig. 6, as

where 8 and y are solutions of the system of equations
B Y y q well as the formulas

L—I H 2
= + =—1L, 3 In(M3+1
cos 1(Bly)  coshi(yIB) = S _ ”(—91) 42)
In(4/y) In(4/) 2Nt Mo’
n(4/ly n(4/B W
cos N Bly) coshi(yig) H' (38 and
The function(36) was obtained as a result of modifying the mH YM5+1-1
integral (1) for the valuesm=1 andw;=3/2, which corre- BTy Mo ' (43

spond to a rectangular gate, by rounding the obtuse afigles.

The cross section of the space charge region, onto which thighich determine the quantitie®,, A, andb to be substi-
function maps the upper half-plane, is illustrated schematituted in the general formulas of the preceding section.

cally in Fig. 2. The gate has the form of an oval with semi- ~ The material presented above can be used to calculate all
axes H and (@L—I), which is close to an ellipse for the subthreshold characteristics of electrostatically switched
B>0.1y, and is described by the parametric equations transistors and thyristors for arbitrary relationships between
the source and gate dimensions. The results of Ref. 1 for a

—1
x(8)=L—(L—1) M' (39)  shallow gate are obtained whéh<L. The variant of a slit
cos *(Bly) gate, formed by diffusion into a narrow, deep slot, is de-
and scribed by the formulas
P cosh (6/B) 40 Mo mH A 2 T H
YO=H s 17B) (40 oS 5 ). A= Linjcosh5r) ]
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03 o1 the conditions under which they apply. First, given that usu-
100 0 5 32 1 05\03/0 ally Us>V,, we can use simplified expressions fit
andyg:
Ug+V, L ., 8V L
TTU, wear TR My
Secondly, Eqs(29) and (30), are valid for electrostatically
170 switched transistors or thyristors with @type base when
V1—M/My<1, while electrostatically switched transistors
S or thyristors with ann-type base require additionally that
Ug>V, . If V| /Ug<1-M/My<1, then
T L 32 46
1+ T W 48
Finally, the blocking coefficient is given by
d—A M Vy @7
g~—F— Moo=~
L Ug
01 0."” o.lf 1‘ for Uy> Udmin2 and
FIG. 6. Calculated dependenceMf, on the ratioH/L for an oval gate. The VvV, 4 '

numbers on the curves denote values of the parametet \/H.
for UW min< Ud< Ud min *

The author thanks T. T. Mnatsakanov and S. N. Yurkov

H for numerous useful discussions of the questions touched on
b~005|{ I) : (44)  in this paper.
This work was supported by the Russian Fund for Fun-
which hold for L—1)<L. damental ResearctProject No. 95-02-05767and the IN-

The case of greatest practical importance, with largerAs fund (Project No. 94-041)7
blocking coefficients, is realized folL1)<I exp(@H/2l),

when
1 H 2 !A. S. Kyuregyan and S. N. Yurkov, Fiz. Tekh. Poluprovo®2, 249
Mo~ = exg =—| , A~H-=12 = In 2, b=M 0 (45) (1998 [Semiconductor82, 225(1998].
2 2| T 2B. J. Baliga,Modern Power DevicesSingaporeg(1987), p. 132.
. . 3A. V. Gorbatyuk and I. V. Grekhov, Fiz. Tekh. Poluprovodrs, 1353
with My>1, so that, as can be seen from Fig.¥6(M ) (1981 [Sov. Phys. Semicond5, 781 (1981)].
<®y(Mg)<Mg and ®o(Mg)+3D,(Mg)<Mo(1+M3). “M. A. Lavrent'ev and B. V. ShabaMethods in the Theory of Functions of

With these inequalities it is possible to write down much ;2 C\;’”C‘;p'e; \t/ar:(ab'ﬁ”ARgssliaﬂv Na“ka"\’/‘l’_'lc(’,s‘gz‘t"(lgﬁ”zo 254(109
simpler formulas for the parameters of electrostatically V- CorPayukand A. S. Kyuregyan, Mikrtktronika20, 254 (1993.
switched transistors or thyristors with doped bases and forranslated by D. H. McNeill
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It is shown theoretically that the absorption coefficient for circularly polarized electromagnetic
waves at the cyclotron resonance of heavy holes with negative effective masses in diamond

in parallel electric and magnetic fields oriented along[th@1] crystal axis takes negative values
at the frequency of any of the+ 1 harmonics §=0,4,8, eto. for the right(electron

polarization and at the frequency of any of the 1 harmonics (=4,8,12, eto. for the left

(hole) polarization. In an electric field~10* V/cm and magnetic fieldsl = 30— 80 kOe, at lattice
temperatures of 77—-100 K, and for a hole concentration ef §3x 10'° cm™ 2, the

absorption coefficient for an electromagnetic wave at the third harmogie3w=2.5x 10" s~ 1
(wavelengthh 3=0.92 mm) is as high asp;=(—7)—(—30) cm 1. © 1998 American

Institute of Physicg.S1063-782808)02204-3

The idea of resonant amplification of electromagnetic Bo 5 o 4.
waves inp-type germanium at holes with negative effective &(p)=ao+ o (pfp;+pi si ¢ cos ¢)
masses rotating in a magnetic fiedd E||k||[ 001] (whereE is

a constant electric field anld is the wave vector of a circu- Yo 4 9 i? 2

larly polarized electromagnetic wavevas proposed by _Fpipz SIMT ¢ €oS @, @
Dousmanis. A correct theoretical justification of this idea

has been provided by Androncst al> The experimental =140, Bo=1.24, vy,=18.48.

generation of stimulated electromagnetic radiation with 8erep?=p2 +p2: p, andp, are the components of the hole
_ . . 1 z z
wavelengthh =2 mm |n7r3elat|velly pure Getotal hole con-  omentum in the direction of thed01] axis and in a direc-
centration Po< 10t cm ) at _Ilqwd_—hellum temperatures  tion perpendicular to this axis, respectively; is the azi-
with the above-mentioned orientation of the electric andy, thal angle(the polar axis is taken to coincide with the
o 3
magnetic fields has been observed by Androabal: [001] axis); m=0.28n,, wheremy is the free electron mass;

There is theoretical and practical interest in the problenhndao, Bo, andy, are dimensionless parameters. Expanding
of generating electromagnetic waves based on this principlg(p) in a Fourier series i, we obtain

at higher temperatures and at shorter wavelengths, especially
using other materials. One of the most promising materials in
this regard isp-type semiconducting diamond. The acceptor
in p-type semiconducting diamond is the boron ation-
ization energy 0.37 eV

e(p>=§ en(PL ,PEXpin @), )

where the expansion coefficiendg(p, ,p,) are real;n=0,

Solving this problem reduces to finding the dispersioni4’i_8_’ -, andi is the square root of 1. T_he expansion
relation and distribution function of the heavy holes in dia-CO€fficientseq(p, ,p,) become smaller as increases, so
mond for the above orientation of the electric and magnetiéhat the serle$2) converges rather r.apldly. .
fields and calculating the high-frequency differential conduc- Here we write pnly the expressions for the first terms of
tivity o, along the electric field of an electromagnetic wave.the expansion, which we shall need below:

The dependence of the heavy hole enesgyn the mo- 10, , . 1, 12
mentump (dispersion relationwhich we have calculated eo(PL.P2) = 5~ [p —ao| PLpzt g pL) : €)
using Kane’s modél,has a complicated, highly anisotropic
form. A detailed analysis showed, however, that the dynamand
ics of heavy holes in diamond, both those with negative and 2 1 p? 3
those with positive effective cyclotron masses, can be de- ( )= L P 1— P +3 PLP:
. . g £4(PL,P; 64m ag 16 2 BO 4
scribed reasonably correctly by using the following compara- P Pz p
tively simple dispersion relation:
e (1 35| 230 B 1422
16p7) 7 p° 8 p’
4

1
T rh2_ 2.2, 4 1/
&(p)= 2m [p*=&(P)(PIp+p] SiT ¢ cos ¢)™7], Equation(3) is valid for any value of the polar angie be-

1063-7826/98/32(4)/4/$15.00 452 © 1998 American Institute of Physics
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tween the momenturp and the[ 001] axis and Eq.(4), is
valid for #<45°. The values of4(p, ,p,) for 6>45° are of
no importance whatever in the theory.

According to Egs.(2) and (3), the cyclotron effective
mass and cyclotron frequency, both averaged gyeran be
calculated using the formulas

11 L ag 1+0.25tar ¢
me(6) m 2[tan 6] (1+0.125 taR 6)™2

. m _eH (5)
Pem P9 Y me

wheree is the electronic charge, is the speed of light, and
0 is the angle between the momentpnand the[ 001] axis.

It is easy to confirm that, inside the come= 6,,~36°
(6, is defined from the conditiow.=0) the cyclotron ef-
fective mass and cyclotron frequency of the heavy holes tak

negative values. This implies that the high frequency differ-,

ential conductivity of the heavy holes will be negative and,
therefore, that amplification of electromagnetic waves is pos
sible if a large number of holes lies within the cone
0=06,,, i.e., moves within relatively small angle®<é,,.

The hole distribution function in this case is highly extended

along the direction of the electric and magnetic fields. This
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equation and the calculation of the hole distribution function
under these conditions have been described in detail
elsewhere:® The following expression is obtained for the
high frequency resonance differential conductivity at the fre-
quency of any of thén+ 1| harmonics (=0,=4,%6,...):

2
Torln+1] me(6,)

1 de, sn)z (O'wrl)
f— ———n s
0o In+1[ \p, dp, F?l_ T0 /g,

0=19,
®)

where the cyclotron mas®.(6,) is given by Eq.(5); 6, is

the resonance angle determined by the resonance condition

o=(n+1)w.; thee,(p, ,p,) are the expansion coefficients
in Eq. (2);
go=€>Py/Mmw.=ecP,/H;

€)

and o, is the high-frequency resonance differential con-
Buctivity at the frequency of the first harmoniundamen-

#

(1+0.125 taR 6,)%?

tal), with

)a—er

Eo
E

2 sir? 6,
F(6r)

B 160 m
- 3ag me(6,)

Owr1
0o

J dxx°’2

can all be attained when the following conditions are satis-

fied:

ha)0>koT, To<TE<7'p, E»Ew, (6)
where wg is the optical phonon frequencl is the Boltz-
mann constant; T is the Ilattice temperature;

TE=\2MAwy/eE is the time over which a hole, moving
without collisions along the electric field, acquires energy
fiwg, 7, is the mean free time for holes with<# w, (pas-
sive region, determined by scattering on impurities and

sir? 6

L+R(E/Eg)'"
2 E
E F2(0)

xexy{——

3 E

X3/2

ag 1+0.25tar ¢

X" 2 tane (1+0.125 @R 0)2

} . (10

In Eq. (10) we have used the following notatiob:andR are
constantsx= e/ wg, the angled is less thanr/2 (the region
72< < is taken into account by doubling the integral
and

acoustic phonons, as well as by scattering with absorption of

optical phononsy is the mean free time far>% w, (active

F(6,)=1- aq(sir? 6, cos 6,+0.125sift 6,)*

region, determined by spontaneous emission of opticafrhe integral overd in Eq. (10) is calculated exactly. The

phonons; andE, and o are the amplitude and frequency,
respectively, of the electromagnetic field.

One consequence of the second inequality of Byis
the inequalityEy>E, whereEy=7fwq/ely is a characteristic
electric field and o= 79y2% wg/m is the characteristic mean
free path of the holes in the active region. We shall als
assume that the following inequalities are satisfied:

eH
- 7'0<1,
mc

w1 (7)
According to the first inequality7), the magnetic field has
no effect on the form of the hole distribution function in the
active region. The second inequalify) is a necessary con-
dition for observation of a cyclotron resonance.

Under conditiong6) and(7), the hole distribution func-

tion in the active region is determined by the motion of the

limits of integration with respect ta and 6 are chosen so

that the point with coordinates: (6) lies within the cylinder

__V2mhwg sin 6,
PL=PLr= \/E( o) ,

0because there are no holes outside this cylinder that are at

resonance with the electromagnetic field, R, and
(our1!00) 9= o, have been calculated in detail elsewhere.

The absorption coefficieny,, 1| at the frequency of the
[n+1| harmonic is given by

2'77'0'wr|n-%—1| (11)
c\eo

Mn+1|=

wheregg is the dielectric constant.

An analysis of Eqs(10) and (11) and some detailed

holes in the electric field and by spontaneous emission ofalculations based on it yielded a number of interesting re-
optical phonons, while in the passive region it is determinedsults. It turns out that the absorption coefficient for electro-

by the motion of the holes in the electric and magnetic fieldanagnetic waves takes negative values at the frequency of
and by the arrival of holes from the active region owing toany of n+1 harmonics (=0,4,8, etc). for the right (elec-

the emission of optical phonons. The solution of the kinetictron) polarization and at the frequency of any mf-1 har-
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0..
T 7 \2
5 -5} 1712
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E
“
-30— 1 1 1 $
-10 -08 -04 0
/@,
FIG. 1. The absorptiom, at the first harmoni¢right polarized electromag-
netic wave as a function of the ratiw/w. at T=100 K. Computational
parameters for the curves{l) w=2X10%? s ! (A=0.92 mm),
Py=3x10* cm3,  E=5%x10° Vicm, H=35-550 kOe; : 1 " 1
(2 0=4%X102 5! (A=0.46 mm), P,=10 cm 3, E=10* V/cm, -0.8 0.4 0

H=110-1110 kOe. /3o,

FIG. 2. The absorptiom; at the third harmoni¢left polarized electromag-

monics (1=4,8,12 etd. for the left (hole) polarization netic wave as a function owaSZC at T=100 K. The parameters used for
SN . " _ calculating these curves are the same as in Fig. 1, except for the magnetic

Thus, amplification of electromagnetic waves is possible fOfig|q H (kOe): (1) 12-180:(2) 37-367.
the appropriate polarization at the frequency of any of the
odd harmonics.
Figure 1 shows the absorption Coefﬁcieﬂt at the first w are hlgher by a factor of 3. It follows from F|g 2 that at a

harmonic(right polarized electromagnetic wavas a func- WavelengthA =0.92 mm, the gain coefficienj;=(—6.6)
tion of w/w, at T=100 K. —(—22) cmi ! for H=2.7-5.5x 10* Oe (curve 1, while at

The curves in Fig. 1 show that conditions exist under =0:46 mm, 73(—7.3)—(—30) cm ' for H=55-11
which the absorption coefficient takes negative values and? 10* Oe. Figure 3 implies that at a waveleng)t}j=10.31
therefore, amplification and generation of electromagneticd®™: the gain coefficienty;=(—2.2)—(—10) cm = for
radiation can occur inp-type semiconducting diamond. H=8-2—23.7X 10* Oe (curve 1, while atA=0.15 mm, it

—1 —
These conditions, which are determined by the inequalitie§9Uals € 0.43)—(—10) cm = for H=1.1-3.3X 10° Oe. In
(6) and (7) and the optimum values, ;~—0.4s, and the numerical calculations, the parameters of diamond

w/;C%—O.S (see Fig. 1, reduce to the following: (79, hwg, Eg, hole mobility, etc). were taken from Ref. 5.

1. The concentration of holes and charged impurities We have written the values of, and s for the case in

must not exceed 0 cm-3 and the concentration of neutral which the electric and magnetic fields are not too large and
impurities is less than 20 cm3 the conditions(6) and (7) for validity of the theory are sat-
P . ' . .isfied with a wide safety facto(See Tables | and ).For
2. The lattice temperature and electric and magnetlcl__100 K Po=3x105 em-3 and E=3x16° V/em. the
- ] 0o— [} - [}

fields are limited to the intervals ZOT<300 K, 5x10° . e . .
<E<4x10° V/iem. and 4 10°<H<4x 10 Oe absorption coefficientg, and 75 take their maximum abso-
N ’ L ' lute values(See the first three lines of Table I.

3. In order to avoid overheating of the sample, the dura-
tion of the electric field pulse must not exceed $6 107 s.

For the values ofT, Py, E, and H given above, 0
the wavelength of the generated radiation varies over
0.15=A<1.5 mm, the absorption coefficient varies over
7 =(—15)—(—30) cm !, and the maximum power emit-
ted from the crystal surface is "E

2 “
W= cofy _ (2.5x 10%-1.6x 10F)Wicr? = Z
A1 -5}
for E,=0.4E=2X10°—2x 10" V/icm.

The most surprising result from this theory is the rather X . )
high gain coefficient at the third harmonic. Figures 2 and 3 -0.6 -0.4 -0.2 0
show the dependence of the gain coefficigatat the third w/Jo,

harmonic(left polarized electromagnetic waven m/33C for
FIG. 3. The absorptiom; at the third harmonicleft polarized electromag-

T=100 K. In Fig. 2 the values of the frequenay are the _ _ i
netic wave as a function ofw/3w.; at T=100 K. The parameters used for

same as in Fig. 1, while the magnetic field strength IS re'calculating these curves are the same as in Fig. 1, except for the

duced by a factor of 3. In Fig. 3 the values of the magnetiGrequency » (s°3): (1) 6x102 (A=031 mm; (2
field strengthH are the same as in Fig. 1, but the frequenciesL.2x 10" (A=0.15 mm).




Semiconductors 32 (4), April 1998 V. A. Chuenkov 455

TABLE I. ate a hole concentratioR, can be estimated using the for-
T=100 K, P,=3x10" cm™® mula .
E, 10° V/icm H, kOe A, mm 7y, cmt 73, cm 1 O'reCVPg
Ng= ,
3 37 1.4 -80 - opiNa
3 18-53 14 - (=18-(-80)  \whereg,,.=1.5x 10~ cn? is the experimental value of the
3 55-160 0.46 - (—6)-(—27) . L
5 55 0.92 —o7 _ cross section for hole recombination at boron acceptor cen-
5 27-79 0.92 _ (—6.6)-(—30) tersin diamond,crph= 1.56x 10 6 cn? is the experimental
5 82-237 0.31 - (=2)-(-10) value of the cross section for photoionization of a boron

atom in diamond,N, is the acceptor concentration, ands
the average velocity of the recombining holes. For
Po=10"-10'" cm 3, N,=10"-10" cm*, and v=10'

The absorption coefficient also takes negative valfms cm/s(@ clearly excessiv7e valuge ' siné: © tlhe slow holes recom-
the appropriatz polarization of the electromgagnetic Wate mggéxeoﬁbiag:gqp;rl Zle;)ln?jl i;:/\r?: hswn. I%eogrzrg)z f\|/l\J/X
the 5th, 7th, etc., harmonics. However, its absolute magnirz - 37 e\). It may also be pOSSibl(qE to.obtain.the re-
tude at these harmonics is 1-2, etc., orders of mag”it“dauired hole concentration by injection.

smaller than tha;%of the absorption coefficientsand 7. Thus, amplification and generation of electromagnetic
Our estimateS showed that the above mechanism for,y4es at the cyclotron resonance of heavy holes with nega-

resonance amplification of eIectromagngtlc waves at O_'lﬁve masses may be achieved in diamond at higher tempera-

<A=1.5 mm overcomes all the mechanisms for absorption ;o5 and at shorter wavelengths than in germanium. Here

in diamond (lattice absorption, intraband nonresonant ab-yne gain coefficient is 10—50 times higher, while the maxi-

sorption by holes of all types, absorption associated withy,m power emitted from the sample surface is several or-

interband hole transitions Including these absorption yarg of magnitude higher than for Ge.

mechanisms does not affect our conclusions. The author thanks V. S. Vavilov, Yu. A. Mityagin, V. N.

~ The problem of greating th_esrequwgd hole concentration\y,rzin, and N. A. Penin for a discussion of the results of this

in diamond Po=10"°—10' cm™3) requires a separate dis- study and for useful advice.

cussion. One possible way of creating such a concentration  1his work was supported in part by the Russian Fund for

of holes is to illuminate the diamond with 0.37-eV photons Fundamental ReseardRroject 96-02-18593a

(photoionization. The numben, of photons required to cre-
1G. C. Dousmanis, Phys. Rev. Lett, 55 (1958.
2A. A. Andronov, E. P. Dadin, and Z. F. Krasil'nik, Fiz. Tekh. Polupro-
vodn. 16, 212(1982 [Sov. Phys. Semicond.6, 133 (1982].

TABLE 1. 3A. A. Andronov, A. M. Belyantsev, V. |. Gavrilenko, E. P. Dodin, Z. F.
Krasil'nik, V. V. Komarov, S. A. Pavlov, and M. M. Shvarts, Zhk&p.
T=70+200 K, Py=10"® cm™® Teor. Fiz.90, 367 (1986 [Sov. Phys. JET®3, 211(1986].
E, 16° Vicm H, kOe \, mm 7, cmt 73, cm t 4E. O. Kane, J. Phys. Chem. Solifls82 (1956.

5V. A. Chuenkov, Tr. FIAN Im. P. N. Lebede224, 213 (1993.

10 83-164 046  (-15-(-30 - 6V. A. Chuenkov, Izv. RAN, Ser. Fiz58, 51 (1994).
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PERSONALIA

Yaroslav Evgen’evich Pokrovskilt ~ (On his 70th birthday )

Fiz. Tekh. Poluprovodr32, 509 (April 1998)
[S1063-782628)02304-1

In January, 1998, Professor Yaroslav Evgen’evich Pokpossible to develop a sensitive technique for analyzing the
rovskil, a member of the Editorial Board &izika i Tekhnika  impurity content of semiconductors.
poluprovodnikoy an outstanding physicist, a corresponding  The fundamental studies conducted by Ya. E. Pokrovskil
member of the Russian Academy of Sciences, had his 70thave always been closely related to practical problems—
birthday. His scientific activity has all been inseparably astechnologies for obtaining pure materials and the develop-
sociated with the physics of semiconductors and it has detement of semiconductor devices. At the very dawn of the
mined the modern state of the field to a great extent. development of semiconductor physics in this country, in

Yaroslav Evgen’evich’s major scientific discoveries in- 1956, he proposed and developed a silane method for the
clude the discovery of a new phase transition— exciton conproduction of pure silicon, which is still the main method
densation in electron-hole fluids. For this discovery he, along!sed in industry. For his great contribution to the creation
with other scientists, was awarded a prize by the Europeafnd development of infrared photodetectors, he was awarded
Physical Society in 1975, and his major article on this topicthe “Znak Pocheta”(Medal of Distinction in 1977.
has been recognized by the Philadelphia Institute of Scien- Ya. E. Pokrovskiia talented experimental physicist and
tific Information as a “citation classic.” leader of a prominent scientific school, has a well deserved

Another important work of his was the discovery of Status among the world scientific community.
exciton-impurity complexes— a new quantum mechanical ~We send cordial greetings to Yaroslav Evgen'evich on
object inherent only to semiconductors. Studies of the lumiis birthday and wish him a long, productive life and success
nescence of these complexes have made it possible to detdf-realizing his plans.
mine their unusual electronic structure. This work was rec-
ognized as a discovery, and a USSR State Prize was awarded
for it in 1988. Continued research in this area has made it Translated by D. H. McNeill

His colleagues, friends, and the Editorial Board

1063-7826/98/32(4)/1/$15.00 456 © 1998 American Institute of Physics
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