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Characteristic features of the photoelectric amplification of variband photoresistors, whose energy
gap increases linearly toward the contacts, are theoretically investigated. It is shown that
such photoresistors are characterized by a nonmonotonic field-dependence of the photoelectric
gain, whose maximum value increases with growth of the energy gap gradient and can
substantially exceed the corresponding value for homogeneous samples. ©1997 American
Institute of Physics.@S1063-7826~97!00312-2#

One of the main factors limiting an enhancement of the It is necessary to augment Eqs.~1! by the boundary con-
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sensitivity of bipolar photoresistors with small geometric
dimensions because of an increase in the bias voltage is
effect of expulsion~exclusion! of nonequilibrium charge
carriers.1–3Under conditions in which the effect of expulsio
of photocarriers is manifested, the effective lifetime of t
latterteff decreases as the voltage applied to the photores
is increased. This leads to saturation in strong electric fie
of the photoelectric gainG, and in the case of a homoge
neousn-type semiconductor the maximum value of the ga
G0
max5(11b)/2, whereb5mn /mp is the ratio of the elec-

tron and hole mobilities.1 Therefore, a search for ways t
eliminate, or at least reduce, the effect of photocarrier exp
sion is an urgent task from the standpoint of the developm
of photoresistors. A number of ways have been propose
increase the photoelectric gain of photoresistors, in part
lar, the creation along an ohmic contact of an abrupt isoty
homo- or heterojunction,4–6 and layered-nonuniform dopin
of semiconductors.7,8 In the present paper we give a theore
cal proof of the possibility of increasing the photoelect
gain as a result of nonmonotonic coordinate variation in
width of the band gapEg .

Let us consider a simple model of a variband photo
sistor with n-type conductivity, in whichEg(x) decreases
linearly as one goes from the contacts (x56d) toward the
center of the photoresistor (x50), whereEg(2d)5Eg(d).
The coordinate distribution of the concentration of exc
holes Dp and electronsDn (Dn'Dp), established in an
illuminated photoresistor when an external electric fieldE
(Ex,0,0) is applied to it, is described by the equations9,10

d2Dp

dx2
2

1

kT S eEx6U dEgdx U D dDp

dx
2

Dp

Lp
2 52

tg

Lp
2 , ~1!

where the ‘‘1 ’’ and ‘‘ 2 ’’ signs pertain, respectively, to th
regions2d<x,0 and 0,x<d, Lp is the diffusion length
of the holes,t is the lifetime of the nonequilibrium charg
carriers (t, like Lp , is assumed to be independent of t
coordinate!, g is the photocarrier generation function, whic
for simplicity we assume to be constant over the sample,T is
the temperature,e is the magnitude of the charge of th
electron, andk is the Boltzmann constant. Equations~1!, as
written, assume that the photocarrier concentration is m
lower than the equilibrium electron concentration.
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Dp~6d!50, ~2!

which correspond to ohmic contacts, and also by conditi
of continuity of the photocarrier concentration and photoc
rier fluxes atx50, wheredEg /dx changes sign:

Dp~20!5Dp~10!, ~3!

dDp

dx
2

1

kT S eEx1U dEgdx U DDpU
x520

5
dDp

dx
2

1

kT S eEx2UdEgdx U DDpU
x510

. ~4!

Assigning the coordinate dependence of the photocar
concentration from Eqs.~1!–~4!, we calculate the photoelec
tric gain of a variband photoresistor~equal, by definition, to
the number of electrons flowing through the outer circuit p
absorbed photon!:

G5
~mn1mp!uExu

4d2g E
2d

d

Dp~x!dx

5
2uĒu

d̄2
G0
maxF d̄12dS 12

f 1
f 0

D2
f 2
2 f 0

G , ~5!

where

d̄5d/Lp , Ē5eExLp/2kT, d5Lpu“Egu2kT,

f 05~a22a1!~k18a182k28a28!2~a282a18!~k1a12k2a2!,

f 15a1a2~a182a28!~k12k2!2a18a28~a12a2!~k182k28!,

f 25~a22a18!~a12a28!~k18k21k1k28!1~a12a18!~a282a2!

3~k1k181k2k28!22~a12a2!~a182a28!,

k1,25Ē1d6A~Ē1d!211, k1,28 5Ē2d6A~Ē2d!211,

a1,25exp~2k1,2d̄!, a1,28 5exp~k1,28 d̄!.

By virtue of the symmetry of the considered photores
tors, it is sufficient to analyze the properties of the photoel
tric gain for one direction of the electric current; for co
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creteness we assume thatĒ.0. It follows from Eq.~5! that
for Ē!d the photoelectric gain is proportional to the appli
voltage, and ford @1, d̄21

G5
2Ē

d̄2
G0
max@ d̄24d3 exp~22dd̄!#. ~6!

In contrast to homogeneous photoresistors, in which
dependenceG(Ē) is linear only in weak electric fields1

(Ē!1), in variband photoresistors with large gradients
Eg (d @1, d̄21) the linear segment ofG(E) is substantially
longer; here, because the second term in Eq.~6! is small,
the slope of the field dependence of the photoelectric g
is inversely proportional tod̄ and essentially independen
of d.

For the case of strong electric fieldsĒ@d,d̄21, we can
obtain the following expression for the photoelectric ga
accurate to terms of the order ofd/Ē:

G5G0
maxF11S 122

d̄

3d D d

Ē
G . ~7!

It follows from this expression that in strong electric fiel
G(Ē) asymptotically approachesG0

max, decreasing with
growth of Ē for d.2d̄/3. This means that the field depe
dence of the photoelectric gain can have a nonmonoto
character with maximum valueGmax in excess of the maxi-
mum value of the photoelectric gain of homogeneous pho
resistorsG0

max. Calculations based on Eq.~5! show that with
growth ofd the coefficientGmax increases while the positio
of the maximum ofG(Ē) shifts toward higher fields~Figs. 1
and 2a!.

The enhancement of the photosensitivity of the cons
ered variband photoresistors in comparison with homo
neous photoresistors is due to the presence in the forme
an internal quasi-electric field,9 which pulls the photocarriers
back toward the center of the variband structure, ther
blocking their diffusional and also their drift~in an external
electric field! displacements toward the ohmic contacts. D
fusive movement of the photocarriers toward the conta
which leads to a lowerteff , grows as the distance betwee
the contacts decreases, especially ford̄&1. Therefore, to ef-

FIG. 1. Field dependence of the photoelectric gain of variband~solid lines!
and homogeneous~dashed lines! photoresistors. Normalized lengthd̄51;
for the parameterd equal to 5~1!, 7 ~2!, and 10~3!.
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fectively counteract photocarrier diffusion,u¹Egu must be
increased asd̄ is decreased. Comparing the diffusion a
drift times in a quasi-electric field for a given distanced̄, it is
easy to show that in the case of thin samples withd̄,1 the
varibandedness of the photoresistor has a marked effec
its photosensitivity~increasing it by a factor of 2 or more a
low biases! if the conditiond . d̄21 is satisfied. Note that
this inequality, in combination with the inequalityd.2d̄/3,
determines the region of values ofu¹Egu for which
Gmax.G0

max.
For a fixed value ofu¹Egu the dependenceGmax(d̄) is

nonmonotonic~Fig. 2b!. At first, growth of d̄ leads to a
growth ofGmax, due to an increase ofteff as a result of an
increase in the characteristic time of diffusion–drift of th
photocarriers toward the contacts. In the limit asteff ap-
proaches the bulk lifetime t, the dependence
Geff(d̄);teff(d̄)/tE(d̄) is determined mainly by the trans
time of the photocarriers in an external electric fie
tE5td̄/Ē; i.e.,Gmax decreases asd̄ increases.

In conclusion, we will estimate the effect of varibande
ness on the photoelectric gain of a photoresistor fabrica
from epitaxial layers of CdHgTe withn-type conductivity. If
we assumeT577 K and d5Lp517mm ~Refs. 5 and 6!,
then for Eg50.1 eV andEg(d)50.3 eV ~which corre-
sponds tod515) the maximum value of the photoelectr
gain that can be attained forEx590 V/cm is 20 times greate
than for the case of homogeneous samples.
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FIG. 2. Maximum value of the photoelectric gain of variband photoresist
plotted vs gradient of the width of the band gap~a! and vs the intercontact
distance~b!. The calculations were for a! d̄ equal to 0.5~1!, 1 ~2!, and 2~3!,
and b! d equal to 5~1!, 10 ~2!, and 15~3!.

2V. G. Savitski  and B. S. Sokolovski 



3M. R. Johnson, J. Appl. Phys.43, 3090~1972!.
4T. Ashley and C. T. Elliott, Infrared Phys.22, 367 ~1982!.

s.

ro-

8O. G. Kondrat’eva, L. N. Neustroeva, V. V. Osipov, Fiz. Tekh. Polupro-
vodn.23, 536 ~1989! @Sov. Phys. Semicond.23, 334 ~1989!#.
5D. L. Smith, D. K. Arch, R. A. Wood, and M. Walter Scott, Appl. Phy
Lett. 45, 83 ~1983!.

6D. K. Arch, R. A. Wood, J. Appl. Phys.58, 2360~1985!.
7O. G. Kondrat’eva, L. N. Neustroeva, V. V. Osipov, Fiz. Tekh. Polup
vodn.22, 2131~1988! @Sov. Phys. Semicond.22, 1346~1988!#.
3 Semiconductors 31 (1), January 1997
9O. V. Konstantinov, G. V. Tsarenkov, Fiz. Tekh. Poluprovodn.10, 720
~1976! @Sov. Phys. Semicond.10, 427 ~1976!#.

10V. G. Savitski� and B. S. Sokolovski�, Ukr. Zh. Fiz.25, 1919~1980!.

Translated by Paul F. Schippnick
3V. G. Savitski  and B. S. Sokolovski 



Electrical and photoelectric properties of a Pd– p0-Si–p -Si structure with a disordered

by
intermediate p 0 layer
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The electrical characteristics and the photovoltage on Pd–p0-Si–p-Si diode structures with a
disordered~porous! p0 layer of Si have been measured. The current-transfer mechanism is assumed
to be double injection of electrons and holes into thep0 layer. In a hydrogen atmosphere,
the photovoltage increases by a factor of 20 and the reverse current falls by a factor of 3–4. The
increase of the photovoltage is associated with the growth of a Pd–p0-Si Schottky barrier,
while the decrease of the dark current is attributable to the variation in the amount of injected
electrons. The relaxation of the photovoltage after turning off the H2 flow has two time
intervals, with lengths of about 130 and 420 sec. It is shown that these features of the relaxation
are associated with heterogeneity of the structure of thep0 layer, which includes unanodized
sections and porous sections. These regions of the structure each contain their own set of deep
traps and recombination centers. This set of traps and recombination centers can vary as a
result of the introduction of hydrogen which creates induced ‘‘temporary’’ deep levels. ©1997
American Institute of Physics.@S1063-7826~97!02112-6#

Many papers have recently been devoted to porous sili-difficult to determine. This operation was carried out
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con and diode structures based on it, including the tech
ogy of obtaining them, studies of their microstructure, th
physical and chemical properties, and especially the stud
their photo- and electroluminescence. A review of a num
of papers dealing with these topics, with corresponding c
tions, is given in Ref. 1. At the same time, it should
pointed out that data on the electrical and photoelectric c
acteristics of diode structures based on porous silicon
rather sparse and consist of short remarks or subsidiary f
ments in papers on photo- or electroluminescence.
samples of porous silicon that are usually obtained by e
trochemical etching with different variations essentially
sult in the creation of disordered layers on the substrate
bulk Si crystal. The composition of these layers, their m
phology, and their other properties depend on the etch
regime and on the properties of the substrate.

In this paper we present some results of experime
studies of the electrical and photoelectric properties of P
p0-Si–p-Si diode structures, with an intermediate disorde
p0 silicon layer, and their variation in a hydrogen atm
sphere.

1. EXPERIMENTAL SAMPLES

The diode structures and disordered layers were ba
on p-Si with r51V•cm and orientation~100!. Single crys-
tals ~the substrate! with a thickness of about 500mm before
electrochemical etching were cleaned chemically, rinsed,
dried. Ohmic contacts were created on the back side of
substrate by depositing a thin film of Al. Electrochemic
etching was done in an HF solution with a current density
25 mA/cm2 and a duration of 5 min. Palladium was depo
ited on the resulting disordered layers, whose porosity w
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deposition in a 10 Torr vacuum, and the palladium laye
was about 400 Å thick.

The I-V characteristic, the voltage-capacitance char
teristic, and the photocurrent of the test samples were m
sured, and the effect of the pulsed action of hydrogen on
dark current and the photovoltage was studied.

2. RESULTS OF THE MEASUREMENTS AND DISCUSSION

Figure 1 shows characteristic I-V curves of the te
structures with forward (1 on the p-Si! and reverse bias
The forward current varies with voltage asI } V2, and the
reverse current varies asI } V1.3. Based on the capacitanc
measurement, the computed thickness of the disordered l
was about 1mm. It follows from the measured I-V charac
teristics that the Schottky-barrier contact does not play a
cisive role in the mechanism for the current transport throu
the diode structure with forward bias and has a substan
effect with reverse polarity. The main contribution to th
current-conduction mechanism with forward bias, in o
opinion, comes from double injection of holes from thep
region of the substrate and of electrons from the palladi
contact into the disordered porous layer ofp0-Si. The depen-
dence of the forward current on voltage found above is c
rect, provided that the hole and electron diffusio
displacement lengthLn,p is less than the thicknessW of the
p0-Si layer. As a result, we find thatLn,p,1mm. An ap-
proximate estimate of the averaged mobility at high inject
levels, when the effect of the traps may be neglected, fr
the relation for the current density

J~A/cm2!510213V2mp«/W
3

with V51 V, «510, andW51mm, gives a value ofmp

.0.6 cm2/~V•s!, i.e., a very low value.

110011-04$10.00 © 1997 American Institute of Physics
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The role of the palladium barrier contact is decisi
when the photovoltage or the photocurrent~with no bias! is
studied. In Ref. 2, we studied the electrical and photoelec
properties of Pd–SiO2–p(n)-Si structures and their variatio
in a hydrogen atmosphere. We established that the photo
age increases by almost two orders of magnitude in st
tures based onp-Si under the pulsed action of a H2 flow. We
associated this increase with an increase in the height o
Schottky barrier. A similar increase in the photovoltage w
observed in the diode structures which we studied~Fig. 2!,
although it was smaller in magnitude: the photosignal
creases by a factor of about 20. It is obvious that the caus
this increase is the same as in diodes with an ordered sin
crystal substrate ofp-Si. A difference is observed, howeve
in the relaxation mechanism of the photovoltage~or photo-
current! after the pulse of H2 flow is switched off. In struc-

FIG. 1. The I-V characteristics of a Pd–p0-Si–p-Si structure with a disor-
deredp0 layer:1—forward branch~1 on thep-Si!, 2—reverse branch.

FIG. 2. Variation of the photovoltage of a Pd–p0-Si–p-Si structure under
the pulsed action of a hydrogen flow. I—relaxation region of the photov
age after switching off the H2 flow; II—relaxation region to the original
value. Illumination with monochromatic light withl51.05mm.

12 Semiconductors 31 (1), January 1997
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tures with a disordered~porous! layer, two sections are ob
served in the relaxation: The first~Fig. 2, section I! lies in the
50 to 180-s time interval, and approximately coincides w
the relaxation time on Pd–SiO2-p-Si structures,

2 whereas the
second~section II! covers the 180 to 600-s interval. Th
minimum value of the photovoltage,Vph

min , in the second
interval is a factor of 5 lower than the starting value ofVph

st

~before the H2 flow is started! and reaches the latter at th
end of the observed time interval. It is characteristic that
total variation~decrease! of the forward dark current is 10–
20%, with a relaxation time of about 180 s, while the reve
current decreases by a factor of 3–4, with a relaxation ti
of about 13 min~Fig. 3!. We should point out that the in
crease of the photovoltage and the decrease of the dark
rent when the pulsed H2 is started is virtually inertialess. We
have already pointed out in Ref. 2 that the photorespo
relaxation time in the 50 to 180-s interval is associated w
the effect of traps initiated by hydrogen diffusion. The pre
ence of a disordered Si layer, which is mainly associa
with the formation of voids, introduces additional cente
that are deeper and with a greater concentration.

In our opinion, the common generation mechanism
the photovoltage and the photocurrent and their variation
der the influence of hydrogen can be represented as follo
As can be seen from certain studies,3,4 a disordered silicon
layer can have a heterogeneous structure. Sugiyama
Nittono4 detected acicular unanodized sections directed p
pendicular to the surface layer, as well as a disorderly dis
bution of voids. The structure of the disordered porous la
includes, as is assumed in Ref. 5, a layer of large, longitu
nal voids ~about 0.5mm in diameter! perpendicular to the
surface and nanostructured layers. It is further assumed
the voids are almost completely filled with hydrogen duri
anodization, with clusters being formed in the Si with H
various compositions of the components.6 The hydrogen at-
oms chemisorbed on the porous surfaces produce strong
tice distortions.

In view of these physicochemical and technological da
we assume that the spectra of the trapping and recombina
levels in the depletion layers of the Schottky barrier w
differ substantially in the void region and the unanodiz
region. The photocurrent of a Schottky diode, as is w

-

FIG. 3. Relaxation of the reverse current of a Pd–p0-Si–p-Si structure after
the H2 flow is switched off (IH2→I st).

12Slobodchikov et al.
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I ph5I d1I b, ~1!

where the currentI d of the depletion region is

I d5qT~l!F~l!@12exp~2aW1!#, ~2!

and the current of the base region, provided that its thickn
is greater than the diffusion lengthLn , is

I b5FqF~l!aLn
~aLn11! GT~l!exp~2aW1!. ~3!

HereT(l) is the transmittance of the Pd film,F(l) is the
incident photon flux density,a is the absorption coefficient
andW1 is the thickness of the depletion layer.

Equations~2! and~3! are valid if the intermediate state
and the oxide layers are ignored. In the depletion layer,
set of trapping levels, including defect states, will obviou
be substantially less in the unanodized sections than in
porous sections, which have a high density of defects
chemical impurities associated with the chemisorption of
drogen. In this connection, the mobility of the current car
ers and their lifetime will be greater in the first region than
the second, and consequentlyLn1.Ln2. The rough estimate
of the mobility made above probably reflects the avera
value over the entire disordered layer.

The variation of the photovoltage of the structure and
complete relaxation~Fig. 2! under the action of a pulse o
H2 flow is determined by the contribution of the two ind
cated regions and probably occurs as follows: When the2
starts, the barrier height increases in both regions, and
photovoltage consequently increases because the dark
moelectron current and the generation–recombination
rent are reduced. The value of the photovoltage is given
Vph.I phR0, whereR0 is the differential resistance at zer
bias. In the structures studied here, the first region evide
makes the main contribution toVph, since its photocurrents
according to Eqs.~2! and ~3!, are larger. Moreover, for the
generation–recombination current,

R0S52t r /qn: W1, ~4!

where S is the active area of the structure andni is the
intrinsic carrier concentration in the Si. It is natural to a
sume that the recombination lifetimet r in the depletion re-
gionW1 is greater in the first region than in the second; i.
R0
I .R0

II . The relaxation decay of the photovoltage af
switching off the pulse of H2 flow reflects this inequality of
the contributions to the photocurrent or photovoltage fr
the two regions of the diode structure. The photovoltage
cay in the 50 to 180-s time interval is caused mainly by
contribution of the first region, while the longer-term rela
ation is predominantly an effect of the second region.

Analytically, the photovoltage decay in the first secti
as a function of time can be approximately reppresented
Vph } exp(2t), whereas the photovoltage rise in the seco
section fromVph

min to the initial value~before starting the
H2) is approximated by the dependenceVph } (a11a2t),
with a coefficienta2.0.03mV/s. The main cause of the
relaxation variation of the photovoltage in the two regions
the barrier, i.e., in the unanodized and the porous regio

13 Semiconductors 31 (1), January 1997
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photocarriers, which is associated with their trapping a
recombination at deep levels induced by diffusing hydrog
atoms. Before theH2 is started, the lifetimes in both region
of the barrier can be represented, in general,
1/t5( i1/t i , wheret i is the lifetime corresponding to th
i th recombination level. The number of levels and their e
ergy position in the band gap can be different. It is natu
that each level will have a different role in recombinatio
After the H2 is started, new levels are induced in both r
gions because of lattice distortions that are no longer cau
only by chemisorbed hydrogen atoms but also by hydro
atoms that are diffused from outside; when this occurs, i
possible to form Si–Hx clusters, Si–O bonds, etc. In thi
case, we can write

1/t5(
i
1/t i1(

j
1/t j , ~5!

where the second sum includes the lifetimes associated
the newly created levels. In contrast with the first sum,
t j components contribute tot only at the time that these
levels exist. After the pulse of H2 flow is turned off, the
clusters decay, the lattice distortions decrease, and hydro
atoms are given off in one form or another, including in t
form of some compounds. The differential resistance giv
by Eq. ~4!, with allowance for the ‘‘permanent’’ and ‘‘tem-
porary’’ deep centers, can be written as

R0S52/qniW1S (
i
v tanhs iNi1(

j
v tanhs jNj D , ~6!

where v th , s i , j , and Ni , j are the thermal velocity of the
carriers, their capture cross section, and the density of
combination centers, respectively.

The dynamics of the relaxation process of the photov
age under the action of the pulse of the hydrogen flow
represented as follows: At the time that the pulse of the2
flow acts, hydrogen atoms diffuse in both regions, unan
ized and porous, which induces the appearance of n
‘‘temporary’’ deep levels. Upon removal of H2, the photo-
voltage relaxes. The relaxation is determined by trapping
recombination processes at the new levels. The decreas
the photoresponse is caused by the decrease of the phot
rent, because of active trapping of minority carriers~elec-
trons! at the new levels, and by reduction of the different
resistance, according to Eq.~6!.

In the 50 to 180-sec interval, the process is determin
predominantly by the unanodized region of the structure
is approximately exponential with time. The relaxation f
t.180 sec is already determined by the deep centers in
porous region, from which the probability of liberation o
trapped electrons,g5n0exp(2Ej /kT), is substantially less
(n0 is the burst frequency!. As a result, a region with
Vph,Vph

st appears on the relaxation curve. Annihilation of t
temporary deep levels in this region at a rate of abouta2t
returns the photovoltage to its starting value.

In view of this explanation, we see more clearly wh
hydrogen affects the forward and reverse branches of the
curve, as mentioned earlier. With forward bias, the action
the H2 is less appreciable, because the main componen

13Slobodchikov et al.
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the current through the structure is the hole currentI p , and
decreasing the electron current in thep0 region by trapping
them on hydrogen-induced deep levels changes only slig
the total double-injection currentI5I p1I n . With reverse
bias, the injection coefficients areI p /(I p1I n) Þ 1 for holes
and I n /(I p1I n) Þ 1 for electrons; the electron current ca
exceed the hole current, and the variation of the total cur
in an H2 atmosphere is more significant, with the relaxati
time being equal to 12–13 min, which is comparable to
corresponding relaxation time of the photovoltage.

The effect of a magnetic field on the photocurrent w
checked~Fig. 4!. The variation of the photocurrent in thi
case is probably also evidence in favor of heterogeneity

FIG. 4. Photocurrent of a Pd–p0-Si–p-Si structure vs magnetic field
2DI ph5I ph

H 2I ph
0 and I ph

H is the photocurrent in a magnetic fieldH.
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above. A relatively small decrease of the photocurrent at
fields is subsequently replaced by a sudden dropoff. Suc
photocurrent variation can be attributed to a decrease of
photocarrier collection factor at the Schottky barrier, beca
Ln decreases when the electrons are deflected at the ne
toward the void walls, where intense trapping and recom
nation occur.

The measurements of the electrical and photoelec
characteristics of diode structures with a disordered inter
diate layer showed that both the dark-current transmiss
mechanism and the variation of the photovoltage~photocur-
rent! are determined by two regions of the structure, t
unanodized and the porous regions, with each of them h
ing its own set of deep traps and recombination cent
which can vary under the action of hydrogen, creating
duced temporary deep levels.

1B. Hamilton, Semicond. Sci. Technol.10, 1187~1995!.
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3K. C. Mandal, F. Ozanam, and J.-N. Chazalviel, Appl. Phys. Lett.57,
2788 ~1990!.
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5F. Kozlowski and W. Lang, J. Appl. Phys.72, 5401~1992!.
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Influence of mismatch of the lattice parameters on the structural, optical, and transport

n-
properties of InGaAs layers grown by molecular beam epitaxy on InP(100)
substrates

A. E. Zhukov, A. Yu. Egorov, V. M. Ustinov, A. F. Tsatsul’nikov, M. V. Maksimov,
N. N. Faleev, and P. S. Kop’ev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted January 31, 1996; accepted for publication February 5, 1996!
Fiz. Tekh. Poluprovodn.31, 19–22~January 1997!

The influence of mismatch stress on the structural, optical, and transport properties of thick
InGaAs layers grown on InP~100! substrates by molecular-beam epitaxy is investigated. It is found
that layers having tensile stress can be grown with a greater mismatch than compressively
stressed layers before plastic relaxation sets in. The critical mismatch for thick InGaAs layers is
not described with sufficient accuracy by either the mechanical equilibrium model or the
energy balance model. The range of mismatches required to obtain high carrier mobilities and
high radiative recombination efficiencies in InGaAs layers grown on InP substrates is
much narrower than the pseudomorphic growth range. The maximum mobilities and minimum
widths of the photoluminescence peak are attained in layers matched with the substrate
in terms of the lattice parameter and also in slightly gallium-enriched layers. The compositional
dependence of the width of the band gap is investigated with allowance for the influence
of stress. ©1997 American Institute of Physics.@S1063-7826~97!00501-2#

The electronic properties of InxGa12xAs solid solutions port investigations were lightly doped with Si at a conce
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grown epitaxially on InP substrates make them well sui
for applications in numerous optoelectronic and microel
tronic device structures such as, for example, laser dio
operating at a wavelength of about 1.5mm, transistors hav-
ing a high electron mobility, and heterostructure bipolar tra
sistors~HBTs!.

In the event of a mismatch between the lattices of
epitaxial layer and the substrate, the resulting stress ca
accommodated elastically if the thickness of the layer d
not exceed a certain critical valuehc . The thickness of
InGaAs layers designed for device applications should
exceedhc , otherwise misfit dislocations, accompanied
severe degradation of both the optical and the electrical c
acteristics, will form. Relatively thick~several tens of mi-
crometers! layers are used in certain applications such
collectors and HBTs, imposing stringent limitations on t
range of accessible deviation from a lattice-matched confi
ration. In this article we investigate the influence of m
match on the structural, optical, and transport properties
thick InGaAs layers grown on InP~100! by molecular-beam
epitaxy ~MBE!.

The InGaAs layers were grown by MBE in a Riber 32
apparatus with a solid-state As4 source on semiinsulating
InP:Fe substrates oriented in the~100! plane without any
kind of buffer layer. The temperature of the substrate dur
growth was measured with an IRCON V-series pyrome
and was set at 500–510 °C; the ratio of the fluxes of grou
and group-III elements was;20. The thickness of the
InGaAs layers was 0.8mm, and the growth rate was 0.
mm/h. The In and Gas fluxes were precalibrated from
intensity oscillations of a reflected beam of fast electro
during the growth of GaAs and InxGa12xAs (x,0.3) on
GaAs~100! and were monitored according to the reading
an ion detector. The samples allocated for optical and tra
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trationn;1310 cm , which is typical of the doping lev-
els used in HBT collectors.

The composition was determined from the flux rati
@In# / @Ga# and was then refined by two-crystal x-ray diffra
tion. The mismatchDx5xIn2x0 ~wherexIn is the true mole
fraction of InAs in the solid mixture, andx0 is the mole
fraction of InAs corresponding to matched lattice paramet
of the epitaxial layer and the substrate! was varied in the
interval from27% to17%. A TRS-1 x-ray diffractometer, a
Ge~001! monochromator, and the CuKa1 emission line
~1.5405 Å! were used. The photoluminescence was inve
gated at 77 K, the excitation source was a He–Ne laser~1.96
eV! with a pump power density of 20 W/cm2, and a cooled
Ge photodiode was used for detection. The electron mob
was determined from Hall measurements by the van
Pauw method at 77 K and 300 K, and a unit Hall coefficie
was assumed.

The usual measure of the crystal perfection of layers
the width of the layer diffraction peak.1 Figure 1 shows the
width Du of the diffraction peak of the epitaxial layer~004
reflection! as a function of the mismatchDx. Clearly, Du
falls between the limits 20–509 in the interval ofDx from
23.7% to12.2% @which corresponds to a mismatch of th
InGaAs and InP lattice constantsDd/d5(dInGaAs2dInp)/
dI5nP.(22.5–1.5)31023#. ValuesDu.209 are typical of
InGaAs layers prepared by MBE on InP, taking into accou
the relatively small thicknesses of the investigated lay
~,1 mm!.

When the absolute value of the mismatch becom
higher than 3.7% for expansion and 2.2% for compress
Du exhibits a sudden jump to several hundred seconds
arc. This is accompanied by the disappearance of inter
ence fringes in the x-ray rocking curves. Interference fring
~Pendello¨sung fringes! in a Bragg reflection geometry ar

150015-04$10.00 © 1997 American Institute of Physics
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predicted by dynamic diffraction theory for perfect crysta
as a consequence of interference of the wave fields creat
the input and back surfaces of the crystal.2 Their disappear-
ance signifies a departure from parallelism between the
face of the epitaxial layer and the epitaxial layer/substr
interface as a result of the onset of misfit dislocations. Mi
dislocations partially relieve stress, producing the obser
deviation of the value ofxIn determined from the theory o
elasticity on the assumption of pseudomorphic growth fr
the corresponding value determined from the flux ratio@In#/
@Ga#.

Two models have been proposed to predict the c
cal thickness for pseudomorphic growth: 1! mechanical equi-
librium,3 according to which

hc /b.
121/4n

4p~11n! S 1

Dd/dD @ ln~hc /b!11#, ~1!

and the energy balance model4

hc /b.
12n

11n

1

16pA2 S b

dInGaAs
D F S 1

Dd/dD
2

ln~hc /b!G , ~2!

where b is the magnitude of the Burgers vector,n is the
Poisson ratio, and

Dd

d
[
dInGaAs2dInP

dInP
5
dInAs2dGaAs

dInP
Dx. ~3!

The energy balance model well describes the critical thi
ness for InGaAs/InP in the intervalhc.100–1000 Å
~Ref. 5!.

For thick layers it is convenient to introduce the critic
mismatch (Dxc), defined as the lattice mismatch at whic
plastic relaxation begins for a layer of thicknessh. We can
therefore interpret the valuesDx523.7% and 2.2% as cor
responding to the critical mismatch for InGaAs layers
thicknesses 0.8mm subjected to tensile or compressi
stress, respectively. Similar results have been obtained i

FIG. 1. Width of the diffraction peak of the epitaxial layer on the x-r
rocking curves near the~004! reflection for InGaAs layers of thicknes
;0.8mm on InP~100! vs mismatch of the lattice constants. The arro
indicate the endpoints of the pseudomorphic growth interval~critical mis-
match!.

16 Semiconductors 31 (1), January 1997
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sustained up toDxc.3% for InGaAsP layers (h.1mm on
InP.

Settingh50.8mm for the case in question, we obtain th
absolute valuesDxc.0.5% and 7% according to the me
chanical equilibrium and energy balance models, resp
tively. Consequently, the mechanical equilibrium mod
yields too low a value, and the energy balance model yie
too high a value for the critical mismatch in the case of th
(.1000 Å! layers. The discrepancy is probably attributab
to the fact that the mechanical equilibrium model defin
hc as the thickness of a stressed film, for which existi
threading dislocations can already begin to move, form
interface misfit dislocation lines. The energy balance mod
on the other hand, is based on the assumption that the g
ing film starts out free of dislocations. The true situation
obviously intermediate between the two models.

From the data in Fig. 1 we note that the absolute value
the critical mismatch for tensile stress (DxIn,0) is higher
than the corresponding value for compressive str
(DxIn.0). The difference is;1.5%, which corresponds to
Dd/d.131023 and is much greater than the experimen
error. We assume that the given effect can be attributed
the difference in the thermal expansion coefficients of
epitaxial layer and the substrate.

The epitaxial layer has been determined experiment
for the system InGaAsP/InP.6 It was found that the variation
of the lattice mismatch as the temperature is varied fr
T1 to T2 is well described by the equation

Dd

d
~T2!5

Dd

d
~T1!1Da~T22T1!. ~4!

In the case of InGaAs/InP the differenceDa is approxi-
mately equal to 131026 K21. Setting T1520 °C and
T25505 °C (T2 is the growth temperature!, we obtain the
variation of the lattice mismatch;531024. This is equiva-
lent to a;0.7% change of composition toward enrichme
with Ga.

Consequently, layers having an excess~higher thanx0)
content of In at room temperature are subjected to hig
stress at the growth temperature. Proceeding from
model, we infer that the difference between the critical m
matches in tension and compression is;0.7%, which is
close to the value obtained experimentally.

It is customarily assumed that the electrical and opti
properties do not suffer any appreciable degradation as
as pseudomorphic growth is maintained. Figure 2 shows
experimental dependence of the Hall mobility on the m
match for n-type layers nominally doped at the 131016

cm23 level. We see that the mobility depends strongly on
mismatch at 77 K and has a maximum
uDd/du,131023 (uDxu,1.7%). The value at the maximum
is ;1.93104 cm2/~V•s!. An appreciable reduction in the
mobility @to 1.23104 cm2/~V•s!# is observed in layers whos
mismatch is close to, but not higher than the critical va
determined by x-ray diffraction. A similar effect occurs
room temperature. In both cases the maximum is observe
shift slightly toward gallium-enriched compositions.

16Zhukov et al.
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The total intensity~graph 1! and half-maximum line-
width ~graph2! of photoluminescence at 77 K are shown
Fig. 3 as functions of the mismatch. The photoluminesce
intensity has a large scatter, but on the whole correlates
with the mobility. The minimum linewidth~15 meV! is also
attained for small mismatches (uDxu,1.7%), corresponding
to the maximum mobility. This effect is quite pronounce
because it is observed despite the doping-induced broade
of the line ~the linewidth is 10 meV for undoped, matche
layers!.

The significant reduction in the mobility and the phot
luminescence intensity in the layers with below-critical m
match imposes more stringent limitations on the poss
composition variations of thick InGaAs layers. It was note7

that tensile stress raises the potential barrier for surface
fusion and thereby lowers the migration rate of group
atoms. The result is increased roughness of the growing
face when observed by the diffraction of fast electrons

FIG. 2. Hall mobility at 77 K~graph1! and at 300 K~graph2! vs mismatch
for InGaAs layers doped with Si at concentration;1016 cm23.

FIG. 3. Total intensity~graph1! and linewidth~graph2! of photolumines-
cence at 77 K vs mismatch for InGaAs layers doped with Si at concentra
;1016 cm23.
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reflection, along with an increase in the number of crys
defects. In compressive stress the height of the potential
rier for surface diffusion is not expected to increase. On
other hand, it has been observed earlier8 ~in the deposition of
InGaAs on GaAs! that the formation of In-enriched cluster
in compressively stressed layers tends to lower the phot
minescence intensity, indicating that this cluster format
process invloves the formation of defects. The increase in
photoluminescence linewidth with increasing mismatch~Fig.
3! can also be attributed to increased cluster formation.

The published values of the width of the band gap
InGaAs matched with InP substrates in terms of the latt
parameter reveal a large scatter. Reliable data at 77 K
particularly scarce. Figure 4 shows the experimental dep
dence of the position of the photoluminescence peak (EPL! at
77 K on the chemical composition of the solid mixture. T
following linear relation is well satisfied over the entir
pseudomorphic growth range (Dx523.7–2.2%!:

EPL@meV#579623.36Dx, ~5!

whereDx is expressed in molar percent. The weaker co
positional dependence of the gap width relative to unstres
InGaAs layers (210.5 meV/%; Ref. 9! is a consequence o
the displacement of the edges of the bands under the in
ence of stress. Calculations10 show that this displacemen
partially offsets the variation of the band gap with compo
tion and is approximately equal to 11.7Dd/d in tension and
to 4.38Dd/d in compression. When both factors are tak
into account, the rates of change of the gap width with co
position are determined by the coefficients22.5 meV/% and
27.4 meV/%, respectively. The dependence obtained by
is in good agreement with calculations for tensile stress u
critical mismatch. To the best of our knowledge, this effe
was first demonstrated with thick InGaAs layers at-liqu
helium temperatures.

We have thus investigated the influence of mismatch
the lattice parameters of an epitaxial layer and a substrat
the structural, optical, and transport properties of InGa
n

FIG. 4. Position of the photoluminescence peak at 77 K vs mismatch~mole
fraction of InAs! ~dots!. The solid line represents the compositional depe
dence of the width of the band gap of InGaAs for the unstressed layer

17Zhukov et al.
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Carrier accumulation and strong electrode sheath fields in illuminated, high-resistivity

n

MISIM structures
B. I. Reznikov and G. V. Tsarenkov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted December 20, 1995; accepted for publication February 10, 1996!
Fiz. Tekh. Poluprovodn.31, 23–30~January 1997!

The influence of the tunnel transmissivityTn,p of an insulation layer on the electric field
distribution and the current–intensityj –I i relation in a pure, highly biased, high-resistivity
metal–insulator–semiconductor–insulator–metal~MISIM ! structure is investigated
theoretically. It is shown that asTn,p decreases, carriers accumulate near the oppositely polarized
electrodes, and their density rises sharply in layers having a thickness of the order of
l k 5 kT/eEe (Ee5V/d). The domain of parameters is determined. In this domian the accumulation
effects are so strong as to increase the near-electrode fields appreciably, to the extent that
they significantly exceed the mean field. The dependence of the current on the transmissivity is
determined by the height of the Schottky barrier. In moderate fields, if the photocurrent is
much higher than the dark current, the current density increases slightly with decreasingTn,p ,
tending to the maximum valueeIi . In strong fields the current rises sharply as a result of
carrier injection across the lowered potential barrier. ©1997 American Institute of Physics.
@S1063-7826~97!00601-7#
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In metal–semiconductor–metal~MSM! structures the
rates of carrier exchange across the boundaries of the s
conductor is of the order of the thermal exchange rates an
much greater than the carrier drift velocities in fields of t
order of 103 V/cm. Consequently, carriers do not accumula
in the electrode sheaths, and in pure crystals illuminate
moderate intensities the electric field does not undergo s
den changes at the interfaces. The specific characteristic
the photoelectric effect in highly biased, high-resistiv
MSM structures under various experimental conditions~i.e.,
various illumination intensities and applied voltages! and for
various bulk parameters of the semiconductor~deep-level
impurity concentration and impurity energy level! have been
investigated in several papers.1–5 The inclusion of insulating
layers between the semiconductor and the metal imparts
significance to several surface parameters such as the b
heightwBn between the semiconductor and the metal and
tunnel transmissivityTn,p of the insulator film. The influence
of wBn on the field distribution in the cathode zone of t
illuminated structure at maximum carrier exchange rates
been studied previously.6 For high-resistivity structures con
taining a deep-level impurity it has been shown7 that to vary
wBn andTn,p by varying the filling factor of the deep impu
rity level significantly influences the dark field distribution
the interior~decompensation effect associated with thicke
ing of the insulator film!.

The discovery that tunnel transmission influences
dark field distributions in the interior volume makes it ne
essary to extend research to the case of illumination.
photoelectric effect in metal–insulator–semiconducto
insulator–metal ~MISIM ! structures with a tunnel
transmissive insulator have been studied previously in Re
and in several other papers.9 However, these studies ad
dressed conventionally doped, low-resistivity semicond
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of the electric field in such structures is determined mai
by the doping and changes little under illumination.

The object of the present study is the influence of
tunnel transmissivity of the insulating layer between t
semiconductor and metal on the electric field distribution i
highly biased, high-resistivity MISIM structure and the inte
dependence of the current and the illumination intensity.
isolate transmissivity effects, we consider a semiconduc
without deep-level impurities, so that the volume recombin
tion and charge exchange of traps are excluded from
model. Our investigation is therefore a generalization of R
1 to the case of arbitrary boundary transmissivities.

1. STATEMENT OF THE PROBLEM

We consider an MISIM structure, to which we apply
voltageV much higher than all barriers. Natural monochr
matic light (hn*Eg) is incident on the semitransparent a
ode. Carrier transport in the semiconductor is analyzed
the basis of the system of equations of continuity in t
diffusion-drift approximation and the Poisson equation.1 The
insulating layers are characterized by the transmissivi
Tn andTp ~carrier tunneling probabilities!, so that the bound-
ary conditions at the semiconductor–insulator interfa
x50 andx5d have the form~see, e.g., Refs. 1, 9, and 10!

qn~0!52Vn0
T Fn02n0

eq expS 2
eVi

0

kT D G2qs~0!,

~1!

qp~0!52Vp0
T Fp02p0

eq expS eVi0kT D G2qs~0!,

190019-07$10.00 © 1997 American Institute of Physics
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qp~d!5Vpd
T Fpd2pd

eq expS 2
eVi

d

kT D G1qs~d!.

Here Vn
T5TnVn , Vp

T5TpVp , Vn5An*T
2/eNc ,

Vp5Ap*T
2/eNv , An* and Ap* are the effective Richardso

constants, andVi
0 andVi

d are the voltage drops across th
films at the contactsx50 andx5d. The recombination flux
at the boundaries is written for the model of a single surf
level.

The exponential factors in conditions~1! take into ac-
count the variations of the barriers on the metal side a
result of the voltage dropsVi

0 and Vi
d across the insulato

films. We assume here that the latter are sufficiently thin
thateVi /kT!1. For fields of the order of 103–104 V/cm the
correction to the equilibrium concentrations does not exc
10% if the layer thickness is bounded by the values 25–
Å. Consequently, the boundary fluxes~1! practically coin-
cide with the expressions discussed in Ref. 1~additional al-
lowance is made for surface recombination!, but the emis-
sion ratesVn

T andVp
T can vary over wide ranges, since the

are proportional to the transmissivities of the insulati
layers.

The tunnel transmissivitiesTn andTp depend exponen
tially on a function that contains the layer thicknessd, the
tunneling massmn,p , the barrier height for tunnelingFn,p ,
and the voltage drop across the layerVi ~see, e.g., Refs. 9
11, and 12!. In lieu of reliable information on these quant
ties, we ignore the details of the dependence ofTn andTp on
the film characteristics and use the transmissivity as an in
parameter independent ofVi .

2. DARK CURRENT

2.1.We investigate a high-resistivity structure of wid
d50.3 cm with an effective density of acceptors per u
volumeNa5108 cm23. The height of the barrier between th
semiconductor and the metal is taken to bewBn51 V. This
corresponds to the case in which the equilibrium hole den
peq at the semiconductor boundaries is much higher t
Na ,ni , andn

eq. The voltage applied to the structure is vari
between 1 V and 6000 V. All other parameters have the sa
values as in Ref. 1. The transmissivities are varied in
rangeTn5Tp51–1025.

Figure 1 shows the electric field distributionsẼ(X)
(Ẽ5E/Ee , Ee5V/d, X5x/d) at various transmissivities
The graph ofẼ(X) is almost linear and, as the transmissiv
decreases, tends to a near-uniform distribution@Ẽ(X)'1#
with a small negative slope. The density of holes in the
terior decreases in this case, and their distribution beco
almost uniform ~Fig. 2!. Holes accumulate in a narrow
boundary layer of thicknessd2.104d near the cathode, an
the densitypd increases, tending to the value 2p0

eq . The
behavior of the electrons is analogous to the hole behavio
within polarity. The density of electrons in the interior
much lower than the hole density and decays therein as
transmissivity decreases. The distributionn(X) makes a sud-
den jump in the diffusion layer near the anode, tending to
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value 2n0
eq as the transmissivity decreases. The curre

voltage ~I–V! characteristic for various values of the tran
missivity is shown in Fig. 3. In the transmissivity rang
1–1022 the current decreases relatively little, but with a fu
ther reduction in the transmissivity thej (T) graph becomes
more pronounced in the high-voltage range, of the orde
several hundred volts. At high voltages the current tends
an asymptotic value, which depends on the transmissiv
reaching the asymptote at lower voltages as the transmis
ity decreases.

2.2. The hole distributionP(X) and the electric field
distributionẼ(X) in the dark case have been analyzed th
retically in Ref. 7@see Eqs.~2!, ~4!, ~5!, and ~15! therein#,
where it is shown that the expressions derived in Ref. 1
the boundary values of the carrier densities are also valid
arbitrary transmissivity. The graphs ofE(x), P(x), and
j (T) obtained under the conditionpeq@Na ~Figs. 1–3! are
explained by a decrease in the hole fluxes from the metal
the space charge in the interior. A decrease in the trans
sivity of the insulating layer causes carriers to accumul
around the electrodes of opposite polarity. It is also the p

FIG. 1. Influence of the tunnel transmissivity of the boundaries on the d
electric field profiles,Ẽ5E/Ee ,Ee5V/d. 1! T51; 2! 1021; 3! 1022; 4!
1023; 5! 1025.

FIG. 2. Influence of tunnel transmissivity of the boundaries on the dark h
profiles,P5p/Na . 1! T51; 2! 1021; 3! 1022; 4! 1023.
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cipal effect in the case of photoproduction. However, sin
the density of photocarriers near the contacts can be m
higher than their dark values, this phenomenon can prod
in thin sheaths around the electrodes, high space charge
sities capable of influencing the electric fields themselv
The quantitative aspects of the phenomenon are investig
in Sec. 3.

3. PHOTOELECTRIC EFFECT: RESULTS OF NUMERICAL
CALCULATIONS

The numerical calculations are carried out for an illum
nation intensityI i51015 cm22

•s21 and an applied voltage
V5600 volts. The barrier heights at the boundaries of
semiconductor are assumed to bewBn50.71 V and 1 V.
Surface recombination is included in the boundary con
tions. It is assumed that the single surface level is situate
the middle of the band gap, and thatsn5sp5106 cm/s. In
view of the uncertainty of the numerical characteristics~the
barrier heights and the effective masses of tunneling carri!
it is assumed thatTn5Tp5T. The transmissivity is varied
within the rangeT51–1028.

We first analyze the distributionN(X) (N5n/Na ,
X5x/d) in the vicinity of the anode. It is evident from Fig
4 that lowering the transmissivity to a few hundredths h
the effect of changing the sign of the derivativedN/dX in
the electrode sheath and the formation of a layer whose e
tron density increases as the transmissivity is further
duced. The densityN0 increases inversely as the transmiss
ity, and the thickness of the negative-space-charge la
increases slightly~logarithmically!. The form of the distribu-
tion N(X) evinces an exponential dependence on the coo
nate. At some distance from the anode there is a reg
whereN(X) is essentially independent of the transmissiv
T. TheN(X,T) curves branch out in the depth of the sem
conductor (X,0.002), the densityN(X) diminishing asT
decreases~as in the dark case!.

FIG. 3. Zero-illuminationI–V characteristic for various tunnel transmissiv
ties.1! T51; 2! 1022; 3! 1023.
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In a layer having an approximate thicknessa21 next to
the anode the hole densityP(X)5p(x)/Na increases and is
much lower thanN(X) ~see the inset to Fig. 4!. This is as-
sociated with the applied bias and the influence of surf
recombination, where the distribution ofP near the anode
and the value ofP0 depend weakly on the transmissivity o
the boundaries. The variation of the hole density takes pl
in a thinner layer, because of the lower diffusion coefficie
As a result of the rapid decrease of the electron density
mediately at *5a21, the inequality P@N holds. At
X.10a21 the hole density attains a maximum and sub
quently in the interior of the semiconductor decays accord
to the lawpE5const. It then passes through a minimum a
point located roughly at a distance 2l E

d52kT/eEd from the
cathode, and when the film has a low tunnel transmissiv
the hole density increases in the diffusion layer near the c
ode ~Fig. 5!. The thickness of this layer, like that of th
anode sheath, is of the order of a few timesl E and increases
logarithmically as the transmissivity decreases. We call
tention to the work of Gutkin and Sedov,13 who previously
suggested that carrier accumulation in the electrode she
plays a decisive role as a mechanism for maintaining a c
stant photocurrent at lowered transmissivity of the insula

We now consider the behavior of the fieldẼ(X). At low
transmissivitiesT&1026 carrier accumulation at the oppo
sitely polarized electrodes leads to appreciable variation
the field in the space charge layers. The values of the field
the interfacesẼ0 and Ẽd increase~Fig. 6!, and atT&1027

~for I i51015 cm22
• s21) their variations are of the same o

der as the fieldsẼ0 andẼd themselves. Outside the electrod
sheaths in the interior of the semiconductor the profile of
field closely resembles the previously investigat
distribution1 for an MSM structure and depends weakly o
the tunnel transmissivities of the interfaces.

Next we consider the dependence of the current den
in the structure on the transmissivity. A comparison of t

FIG. 4. Distribution of the electron densityN5n/Na in the vicinity of the
anode for various tunnel transmissivities of the insulating layer.1! T51; 2!
1021; 3! 1022; 4! 1023; 5! 1024; 6! 1025; 7! 1026; 8! 1027.

21B. I. Reznikov and G. V. Tsarenkov
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results forwBn50.71 V and 1 V shows that the functio
j (T) is of different types in these cases. ForwBn50.71 V,
when the dark current is much lower than the photocurre
the current density increases slightly with decreasing tra
missivity, tending to the valueeIi ., because of the larg
difference in the carrier densities in the vicinity of the ele
trodes, surface recombination is ineffective, and the quan
qs is much lower than the emission flux of carriers across
boundary. The functionj (T) is more complex forwBn51 V.
In this case~at Tn,p.1) the dark current, which is propor
tional top0

eq , is appreciable~at I i51015 cm22
•s21). At high

transmissivitiesT*1022 the hole density is even higher tha
its electron counterpart. In this case a decrease in the tr
missivity drastically lowers the current~as in the dark case!.

Since the densitiesN and P are now comparable, th
recombination currentqs(0) ~depending on the value of th
transmissivity! is equal to 50–99% ofI i . With a further
reduction in the transmissivity, the contribution of the da

FIG. 5. Distribution of the hole densityP5p/Na in the cathode sheath fo
various tunnel transmissivities of the insulating layer.1! T51; 2! 1022; 3!
1023; 4! 1024; 5! 1025; 6! 1026; 7! 1027.

FIG. 6. Electric field distribution in the anode and cathode~inset! sheaths
for various transmissivities.1! T51025; 2! 1026; 3! 1027 .
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of j (T) is the same as in the casewBn50.71 V, i.e., it gradu-
ally tends to the valueeIi .

Consequently, a decrease in the transmissivity of
boundaries of a highly biased, high-resistivity MISIM stru
ture results in the formation of space charge layers in
vicinity of the electrodes, where the density is so high as
make the variation of the fields near the electrodes com
rable withEe and even higher than the mean field. Illum
nated MISIM structures with a transmissivity below a certa
critical value (T&1028–1029 at I i51016 cm22

•s21) are
structures with large electric fields near the boundar
Some particular features and quantitative relations are
forth in the next section, which addresses the cases of h
and low boundary transmissivities.

4. ANALYTICAL TREATMENT OF THE PHOTOELECTRIC
EFFECT

4.1.Without volume and surface recombination the an
lytical investigation of the photoelectric effect in an MISIM
structure is identical to the previous investigation for
MSM structure1 if the tunnel transmissivitiesTn andTp are
such that the boundary values of the electric field are es
tially constant (Tn,p*1026 at an illumination intensity
I i51015 cm22

•s21). In this case, when the condition
eV/kT@1, E0.0, l E /d!1, and @( l E /d)dE/dx#0d!1 are
satisfied, the equations derived in Ref. 1 can be used w
Vn andVp replaced byVn

T andVp
T respectively. In the pres

ence of surface recombination the expressions for the de
ties and the current can also be found by solving the sys
of equations deduced from the boundary conditions~1! and
the relations obtained by integrating the equations of co
nuity for electrons and holes by the steepest-descent met
using a procedure analogous to Ref. 1. The solution is ra
cumbersome, but in the special case wheren0@p0, pd@nd
and, hence,qs(0)5spp0 , qs(d)5snnd , it is simplified and
has the form

n05
I i
Vn
T S 12

sp
VS
p

a l E
0

11a l E
0 D 1S 11

vdr
n

VS
n D n0eq2 sp

VS
p p0

eq , ~3!

VS
p5sp1vdr

p 1Vp
T , VS

n5sn1vdr
n 1Vn

T , ~4!

vdr
p [mpE0 , vdr

n [mnEd , l E
05kT/eE0 , ~5!

nd5
Vn
T

VS
n n0

eq , ~6!

p05
I i
VS
p

a l E
0

11a l E
0 1

Vp
T

VS
p p0

eq , ~7!

pd5
I i
Vp
T S 12

sp1Vp
T

VS
p

a l E
0

11a l E
0 D 1S 11

vdr
p

VS
p D p0eq2 sn

VS
n n0

eq .

~8!

The total current flowing through the structure is
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j5eI 12
sp1Vp

T a l E
0

1 j , ~9!
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i S VS
p 11a l E

0 D 0

j 05evdr
p p0

eq
Vp
T

VS
p 1evdr

n n0
eq
Vn
T

VS
n . ~10!

Equations~3!–~10! describe:
• the accumulation of carriers at the electrodes of op

site sign as the transmissivity is lowered —n0;1/Vn
T ,

pd;1/Vp
T ;

• the fact that the hole density at the anodep0 is inde-
pendent of the transmissivity at low values of the latter;

• different, in general, monotonic dependences of
current on the transmissivity, which are determined by
ratio of the photocurrent and current of equilibrium electro
and holesj 0, expressed in terms ofp0

eq andn0
eq by the quan-

tity wBn ; here, if the exchange rate is much lower than
drift velocities and if j 0!I i , the current depends only ver
slightly on the transmissivity.

The latter result ties in with the fact that at low transm
sivities the diffusion flux of photoelectrically generated ho
toward the anode tends to zero, and in the structure with
volume recombination complete charge separation ta
place; i.e., the quantum efficiency is close to unity. As
transmissivity is lowered, a constant hole flux across
semiconductor–insulator interface is maintained by the
crease in the gradient of the hole density near the cathod
virtue of the accumulation of holes in a layer of thicknes
few timesl E ~Fig. 5!.

It is important to note that the transmissivities cann
tend to zero in Eqs.~3!–~10!, because carrier accumulatio
in this case causes abrupt field changes to take place in la
having a thickness of several timesl E in the vicinity of the
electrodes. The latter effect violates the conditions unde
ing the derivation of these relations, whereby the field var
smoothly near the boundaries.

It should also be noted that surface recombination d
not restrict the growth of the densitiesn0 and pd as the
boundary transmissivities decrease. This is attributable to
substantial difference between the electron and hole dens
near the electrodes in the presence of high bias:n0@p0 ,
pd@nd . We note that the validity of Eqs.~3!–~10! is limited
for nonzero values ofsn and sp , since they have been de
rived for the special form ofqs implied by the above-state
inequalities.

4.2.We now give an analytical description of the phys
cal picture in the case of transmissivities sufficiently smal
meet the conditionDE/Ee@1. We partition the semiconduc
tor into four characteristic regions. In the vicinity of the a
ode is a high-field region, where the conditionn@p holds.
Next in line is a region in which the field is of the order
Ee , but carrier production is still significant. In the interior
the drift zone, wherep@n andpE5const. In the vicinity of
the cathode we again find a high-field region, where n
p@n.

4.2.1. In the first region the space charge density in
Poisson equation depends only on the electron density.
distribution of the latter is quasiuniform,n5n0e

c

(c5ew/kT), which follows from the conditions
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sion components are much greater than the total flux in la
fields and in the presence of high gradients. In this appro
mation, which was used many years ago by Mott a
Gurney14 to determine the field in the vicinity of a metal
insulator contact, the potential equation has the form

d2c/dj25ec, ~11!

wherej5x/LD
n is the distance from the surface, normaliz

to the Debye length expressed in terms of the surface e
tron densityn0. When the field in the interior is much weake
than at the surface~i.e., when the conditionsdw/dj!1,
c,0, anducu@1 are satisfied forj@1), the solutions of the
potential, the field, and the number densities have the fo

c~j!522 lnS 11
j

A2D , ~12!

E~x!5
kT

eLD
n

A2
11x/A2LDn

5
E0

11x/A2LDn
, ~13!

n~x!5
n0

~11x/A2LDn !2
. ~14!

From Eqs.~12! and ~13! follows the very interesting
equality

«E2~x!

8p
5kTn~x!, ~15!

which asserts that the pressures of the electric field and e
tron gas balance equalize in the first region.

The solutions~12!–~14! are completely determined if th
value of n0 is known. The quantityn0 can be determined
with good approximation from the relation
qn(d)2qn(0)5I i and qn(0)52Vn

T(n02n0
eq)2spp0. If

qn(d)2Vn
Tn0

eq1spp0!I i , then n05I i /Vn
T . We also note

that the previously defined characteristic field leng
l E
05kT/eE0 is equal toLD

n /A2 in the case discussed her
We estimate the widthd1 of the first region, defining it by
the conditionE(d1)5Ee . From expression~12! we obtain

d15
2kT

eEe
2A2LDn'

2kT

eEe
. ~16!

4.2.2. In the high-field region near the cathod
(d2d2<x<d, d2.d1), wherep@n, the same consider
ations are valid as in the first region, except that the dista
d2x is normalized to the Debye length expressed in terms
the densityLD

p5@«kT/(4pe2pd)#
1/2, which is not expressed

in terms of the densitypd . The solution in this region has
form analogous to~12!–~14! with c replaced bycd2c, the
coordinatex replaced byd2x, the densityp by n, and the
index 0 byd. A relation analogous to~15!, expressing the
equality of the pressures of the hole gas and the field
satisfied in this region. The quantitypd entering intoLD

p is
given by the equation pd5I i /Vp

T if the condition
uqp(0)1Vp

Tpd
eq2snndu!I i . is satisfied.

4.2.3. The conditionsp@n and qp5mppE5const are
satisfied in the drift region (xn<x<xp , xn.3a21,
xp.d2d2), so that
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Integrating Eq.~16!, for the quantityẼ5E(x)/Ee, we obtain
the expression

Ẽ~X!5@Ẽ~Xp!1a~X2Xp!#
1/2, a52qp /I * ,

Xp5xp /d, I *5
«mpV

2

4ped3
. ~18!

Integrating~18! over the interval (Xn ,Xp), for the pressure
created by the voltageVsd in the drift region of the semicon
ductor, we obtain

Vsd

V
5
2Ẽ3~Xp!

3a H 12F12
a

Ẽ2~Xp!
~Xp2Xn!G3/2J . ~19!

For a!1 ~which implies thatI i!I * /2), this gives

Ẽ~Xp!5
Vsd

V~Xp2Xn!
F11

a

4
~Xp2Xn!

3
V2

Vsd
2 G . ~20!

An analogous expression is obtained forẼ(Xn), except that
the second term in the brackets is now preceded by a m
sign. It follows from ~18! and ~19! that for Xn.0, Xp.1,
and Vsd.V the field Ẽ(Xn) decreases to zero, an
Ẽ(Xp).3/2 whenqp59/8I * . This means that in the drif
region the dependence of the field on the intensity is qu
tatively the same as for a structure with a high carrier
change rate.

The equations obtained in Subsecs. 4.2.1–4.2.3 c
pletely determine the distribution of the field and the pote
tial in the structure, making it possible to find the distributi
of the carrier densities and the current.

4.2.4. Integrating the expression forqp and proceeding
as in Ref. 1, forp0 exp(wd)!p0, we obtain the relation

p05
1

Dp
E
0

d

qp~x!ec~x!dx5
1

Dp

Vp
Tp0

eqI 11I i~ I 12I 2!

11
Vp
T1sp
Dp

I 1

,

~21!

where

I 15E
0

d

exp@c~x!#dx, I 25E
0

d

exp@c~x!2ax#dx.

~22!

In the derivation of the second expression on the right-h
side of Eq.~21! we have used the integral of the equation
continuity for holesqp(x)5qp(0)1I i(12e2ax) and the
boundary conditionqp(0)52Vp

T(p02p0
eq)2spp0.

Partitioning the domain of integration into the high-fie
region near the anode 0<x<d1, on the one hand, and th
rest of the structured1<x<d, on the other, and invoking
the steepest-descent method, we obtain the following exp
sion to within terms of the order of@n(d1)/n0#

1/2:

p05
I ia l E

0~2c122ad1!1Vp
Tp0

eq

sp1Vp
T1vdr

p /2
. ~23!

It is evident from Eq.~23! that the surface density of photo
electrically generated holes is a product of three factors.
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escape of holes from the surface. The second characte
the reduction of the density by virtue of the fact that all ho
generated over the lengtha21 overcome the energy barrie
with the characteristic fieldE0. The last factor accounts fo
the inhomogeneity of the electric field in the region of wid
d1, which provides the main contribution to the hole flu
toward the anode.

We now make some numerical estimates of characte
tic quantities. We consider the initial parametersI i51015

cm22
•s21, Tn5Tp51029, Vp

T5631023 cm/s, Vn
T

58.531023 cm/s, sp5sn5107 cm/s, wVn50.71 V, p0
eq

52.53105 cm23, Ee523103 V/cm, anda5104 cm21.
We then haven051.231017 cm23, LD

n 51.231026 cm,
d152.431025 cm, n(d1)/n051/252, E0 /Ee515.9, E0

53.23104 V/cm, p053.83106 cm23, 2c155.52, and
a l E

050.008. For the given values ofwBn the relative contri-
bution of the term containingp0

eq in expression~23! is of the
order of 1029.

Thus, under the given conditions (Tn,p.1029, I i51015

cm22
•s21) an electron density.1017 cm23 is formed in a

layer of thickness.100 Å near the anode. This creates fiel
that are an order of magnitude stronger than the external
but are not sufficient to produce appreciable voltage drops
the film. The physical picture in the electrode sheaths
reminiscent of phenomena in the high-field region of co
ventionally doped semiconductors~n–s or p–s structures!,
but in our case these layers are subjected to carrier en
ment rather than depletion. A further decrease in the tra
missivity takes the analysis beyond the scope of the ado
model by virtue of the onset of high carrier densities near
electrodes and characteristic lengths commensurate with
carrier mean free path. The carrier gas becomes a t
dimensional system in this parameter domain.

4.2.5.To find the current density, we use the express
j /e5qp(0)2qn(0)5I i1qp(0)2qn(d), where the flux
qp(0)52Vp

T(p02p0
eq)2spp0 is determined by the densit

p0 @Eq. ~23!#, and the electron fluxqn52Vn
T(nd2nd

eq)
1snnd depends on the densitynd , whose calculation is
analogous to that ofp0. We finally obtain

j

e
5I iF12

a l E
0~sp1Vp

T!~2c122ad1!

sp1Vp
T1vdr

p /2 G1
j 0
e
, ~24!

where

j 0
e

5
Vp
Tvdr

p p0
eq

2~sp1Vp
T1vdr

p /2!
1

Vn
Tvdr

n n0
eq

2~sn1Vn
T1vdr

n /2!
. ~25!

Equation~24! contains two different terms: the photocurre
and the thermal generation currentj 0. The photocurrent, ap
proximately proportional toI i , increases slightly with de-
creasing transmissivity, tending toeIi . This means that the
resulting anode field completely inhibits the diffusion
holes toward the anode. It is also evident that surface rec
bination has little influence on the photocurrent, sin
n0@p0. The dependence of the photocurrent on the exte
voltage is taken into account through the quantityc1

@2c152 ln(E0d/V)#. The current decreases as the voltage
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cause the conditions underlying its derivation are violate
In contrast with the photocurrent, the thermal generat

current j 0 is proportional to the transmissivity, and its co
tribution to the total current is determined mainly by t
barrier heightwBn . In the numerical example discusse
above (wBn50.71 V!, the currentj 0 is inconsequential. We
note that surface recombination can significantly lower
value of j 0 and that the latter depends onI i through the
carrier drift rates.

5. DISCUSSION OF THE RESULTS

We wish to point out that there is one case in which
current–intensity dependence for small field variations~9!
differs significantly from the analogous dependence~24! in
the presence of large field variations near the electrodes
the first case the shielding of a sizable portion of the exte
field by photoelectrically generated holes diminishes the
ode field E0 at intensities above the characteristic val
I * , producing a sublinear dependencej (I i) ~Ref. 1!. In the
second case accumulation effects are dominant in the v
ity of the anode,E0,Ee , and the dependencej (I i) is almost
linear. What is the dependencej (I i) for structures with dif-
ferent interface tunnel transmissivities? We can assume
the form of the functionj (I i) is dictated by competition be
tween the two processes mentioned above, i.e., it depend
the relation between the intensityI * ~Ref. 1!, which deter-
mines the lower limit of significance of shielding effects, a
the intensityI E , which determines the domain in which a
cumulation effects are significant. In the caseI E*I * , as the
illumination intensity is increased, the functionj (I i) has an
initial sublinear interval, but then in the regions of large fie
variations near the semiconductor boundaries the func
j (I i) is once again linear. In the opposite caseI E,I * the
saturation regime is not achieved, andj (I i) remains linear,
but its slope increases. A rough estimate of the intensityI E
can be obtained by integrating the Poisson equation ove
interval of widthd1. Assuming that the variation of the fiel
in this layer is anj-fraction ofEe and that the density an
thickness have valuesn05I i /Vn

T@n(d1 and d152l E
e , re-

spectively, on the basis of the trapezoidal rule we obtain
expression 4pen0l E

e /«5jEe , from which it follows that

I E5j
«Ee

2Vn

4pkT
Tn . ~26!

For Ee523103 V/cm, j50.1, Vn58.53106 cm/s, and
Tn51026 we obtainI E51015 cm22

•s21, which is in good
agreement with the numerical result. When the express
for I * ~17! and I E ~25! are taken into account, the conditio
I E*I * acquires the form

Tn*
«

4pj

Dp

dVp
, ~27!

which implies that structures with high tunnel transmissi
ties at the boundaries have a sublinear interval in the de
dencej (I i).

The onset of regions of high space charge density n
the electrodes is a characteristic feature of illuminat
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to inquire which processes slow down the growth of the d
sities and the field near the semiconductor boundaries. In
opinion, the responsible process is carrier injection from
metal due to the large film potential drop, which lowers t
potential barrier that must be overcome by a tunneling p
ticle when it falls within the corresponding band of the sem
conductor. In particular, in an insulator of thicknessdi530
Å subjected to a fieldEi5(«s /« i)E0.33105 V/cm we
haveVi50.1 V. This effect causes the injection current a
the enhancement of carrier recombination~through the sur-
face level! to be accompanied by an increase in the values
p0 andnd , thereby diminishing the rate of increase ofn0 ,
pd , E0, andEd . The hole current can be calculated fro
~24! with p0

eq replaced byp0 exp(eVi
0/kT). To estimate the

domain of parameters in which hole injection from the ano
becomes significant, we set the currentj 0 equal to the value
jeIi (j*0.1). Disregarding the electron component of t
current j 0, we obtain an equation for the dimensionless vo
agec5eVi

0/kT:

ec5gbc2, g5
« i
2

8p«s

Vn
T

Vp
T

kT

e2di
2p0

eq , b5jS 11
2sp
vdr
p D .

~28!

For gb@1 Eq. ~27! has the approximate solution

c.
ln~gb!~112 ln ln~gb!

~ ln~gb!22!
. ~29!

For wBn51 V, di530 Å, «s510.9, « i53, Vn
T/Vp

T51.4,
T5300 K, j50.1, and b50.2 we obtaing54.73106,
c517.2, Vi

050.44 V, Ei51.53106 V/cm, and
E0543105 V/cm.

It follows from Eq. ~27! that the injection regime sets i
at lower values ofVi

0 for higher values ofwBn and lower
temperatures.
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Growth of ZnSe films on GaAs(100) substrate by x-ray-enhanced, vapor-phase epitaxy

wn
A. V. Kovalenko

Dnepropetrovsk State University, 320625 Dnepropetrovsk, Ukraine
~Submitted January 11, 1995; accepted for publication February 19, 1996!
Fiz. Tekh. Poluprovodn.31, 31–34~January 1997!

Epitaxial films of ZnSe deposited on a GaAs~100! substrate are grown by x-ray-enhanced, vapor-
phase epitaxy~XEVPE! using a URS-55a source~CuKa emission,l51.542 Å,P;1–3 mW/
cm2) from powdered raw material in a purified hydrogen flow. The differences in the
photoluminescence and exciton reflection spectra are investigated for single-crystal ZnSe films on
GaAs~100! at T54.5 K, which are subjected to compressive strain and are grown by x-ray
enhanced and conventional VPE. The results indicate an improvement of the crystallographic
structure of the epitaxial layer prepared by XEVPE. This is further corroborated by data
from x-ray diffraction analysis. The observed phenomena are attributed to x-ray activated
adsorption and desorption processes and to a change in the surface mobility of adsorbed atoms.
© 1997 American Institute of Physics.@S1063-7826~97!00701-1#
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tronic and optoelectronic applications is encouraging effo
to perfect technologies for the preparation of semicondu
films with prescribed optical properties. In the growth
high-quality films of II–VI compounds having a wide ban
gap, stringent requirements for chemical purity and structu
perfection of the layers drastically limits the number
workable technologies. Among the latter are molecular be
epitaxy, deposition from the gaseous phase using organo
tallic compounds, atomic layer epitaxy, and vapor-ph
epitaxy.1–5 Holding special status in this regard are grow
techniques that permit the properties of the film to be fi
tuned during growth by treating its surface with laser bea
plasma, etc.4–8

The objective of the present study is to compare
properties of ZnSe films on a GaAs~100! substrate, grown by
vapor-phase epitaxy~VPE! and by x-ray-enhanced, vapo
phase epitaxy~XEVPE!.

ZnSe/GaAs~100! heterostructures were grown from
Merck & Co. powder source in a flow of purified hydroge
The technological parameters of the preparation of the la
and a description of the growth apparatus are detailed
Refs. 9 and 10. X-ray enhancement of the process
achieved using radiation with a power low enough not
induce direct desorption, which would degrade the surf
morphology of the epitaxial layer. The x-rays~from a URS-
55a source, CuKa emission,l51.542 Å, P51–3 mW/
cm2) entered a quartz crystal-growth reactor through a s
cial beryllium window and were directed onto th
GaAs~100! substrate.

The objects chosen for the investigation were t
samples found to be typical in a series of many repea
experiments. The first sample was grown by VPE at a te
peratureT5256°, a carrier gas flow rate;0.2 liters/min, a
growth rate;1.7mm/h, and a thickness of the epitaxial lay
;0.5 mm. The second sample was prepared with the sa
technological growth parameters and with the same epita
layer thickness, but by XEVPE. For brevity we shall refer
the selected samples from now on as samples 1 and 2.

X-ray diffraction analysis data~Fig. 1! indicate a high
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by XEVPE. This quality is supported by the variation of th
parameters of the diffraction peak associated with reflec
from the ZnSe 400b plane in this sample in comparison wit
the corresponding parameters of the same peak in samp
high intensity~the ratio of the two intensities is 3.97! and
a small half-width ~4–68) for sample 2 and 6–98 for
sample 1!. The improvement in the crystal quality of samp
2 is further indicated by the results of an analysis of t
exciton photoluminescence~EPL! spectra excited by a
He–Cd laser (hn53.814 eV!. Besides the free excitonEx

(hn52.8042 eV!, the following EPL lines associated wit
shallow donors were also observed in the investiga
samples~Fig. 2!: I 2 (hn52.7990 eV,DE55.2 meV! — an
exciton associated with a shallow donor, obviously Ga;I 3
(hn52.7961 eV,DE58.1 meV! — an exciton associated
with an ionized donor, Ga1. The assumption that these EP
lines are associated with a shallow Ga donor is corrobora
by recent survey data1 and by secondary investigations of o
own confirming an increase in the intensities ofI 2 and I 3
bands in ZnSe epitaxial films specially doped with Ga dur
growth by means of an additional source situated in
quartz reactor. Also observed in the photoluminesce
spectra of the investigated samples were EPL lines ass
ated with shallow acceptors:I 1

y (hn52.7935 eV,DE510.7
meV! — an exciton associated with a shallow accept
probably Na;I 1

x (hn52.7890 eV,DE515.2 meV! — an
exciton associated with a shallow acceptor, Li;I 1
(hn52.7804 eV,DE523.8 meV! — an exciton associated
with a shallow acceptor induced by a structural defe
VZn . The same EPL lines were recorded in sample 1.
analyzing the nature of the EPL bands, we relied on
results of our own preliminary investigations,5 the results of
a spectral analysis, and data from the cited survey.1 Accord-
ing to earlier data,11,12 the line I v (hn52.7743 eV! is the
result of nonexcitonic recombination at a local defect, pos
bly at a Se site. The improved lattice perfection of sampl
is manifested in the high intensity of the free exciton li
Ex , the sharper appearance of such EPL bands
I 2 ,I 3 ,I 1

y , andI 1
x and also in the reduction of the total inten

260026-03$10.00 © 1997 American Institute of Physics



FIG. 1. Diffraction patterns of ZnSe/GaAs~100! heterostruc-
tures grown by: a! vapor-phase epitaxy; b! x-ray-enhanced
VPE. 1! ~400!b ZnSe;2! ~400!b GaAs.
sity of the emission bands associated with structural defects,
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i.e., the linesI 1 and I v .
It should be emphasized at this point that, owing to

ternal deforming stresses present in a ZnSe/GaAs~100! het-
eroepitaxial structure, the degenerate~at the pointG) valence
band of bulk ZnSe in the epitaxial layer splits into subban
of ‘‘light’’ ( Eth) and ‘‘heavy’’ (Ehh) holes. Compressive
strain due to mismatch of the lattice parameters of the
taxial layer and the substrate are predominant in films w

FIG. 2. Exciton photoluminescence spectra of ZnSe films grown
GaAs~100! by: a! VPE; b! XEVPE. T54.5 K.
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overlap, theEhh subband is closer to the conduction ban
and the width of the band gap of ZnSe increases. The c
pressive stress decreases in the interval of film thickne
d0,d,dc50.88mm as a result of the emergence of mis
dislocations. The investigated samples with epitaxial lay
of thicknessd50.5 mm are subjected to compressive stra
~the exciton bands for this case are shown schematicall
the inset to Fig. 3!. For d.dc the film is dominated by ten-
sile strain due to the difference in the coefficients of therm
expansion of ZnSe and GaAs. In this case theEln andEhh

bands overlap, theEln subband is closer to the conductio
band, and the width of the band gap of ZnSe decreases.
influence of deforming stresses on the positions of the E
bands in ZnSe/GaAs~100! heterostructures with epitaxia
layers of various thicknesses have been analyzed in det5

Processes of scattering by imperfections of the cry
structure of the ZnSe film and by acoustic phonons h
important bearing on the establishment of thermodyna
equilibrium in the system light1 heavy excitons. The role o
the first processes diminishes as the quality of the epita
layer improves, while the role of the second diminishes
the driving frequency approaches exciton resonance.13 Only
the emission of heavy excitons is observed in films of po
quality. Nonequilibrium filling of the band of light exciton
in thin epitaxial layers of ZnSe can be observed under c
ditions of the resonance excitation of EPL by a He–Cd la
(hn52.807 eV!. The emission of free excitons associat
with light holesEln (hn52.8048 eV! and heavy holesEhh

(hn52.8034 eV! is distinctly observed in the EPL spectra
this case~Fig. 3!. The splitting of the exciton bands, in turn
causes an exciton bound to a shallow donorI 2 to split into
two components associated with light and heavy holes:I 20

ln

(hn52.7998 eV,DE55.0 meV! and I 20
hh (hn52.7988 eV,

DE54.6 meV!, respectively. A notable feature of the illus
trated EPL spectrum of sample 2 is the high intensity of
free exciton lines; as mentioned, this is evidence of
higher lattice perfection of the epitaxial layer. Such im
proved quality is also attested by the exciton reflection~ER!
spectra of the investigated samples~Fig. 3!. For example, in
the ER spectrum of sample 2 an exciton state with quan
numbern52 (hn52.815 eV! is recorded, and the excito
state with quantum numbern51 is characterized by sharpe
n
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lay
lines of greater intensity. The free exciton energiesEth and
Ehh determined from the EPL and ER spectra coincide.

These differences in the EPL and ER spectra of sam
1 and 2 are satisfactorily explained by the following grow
model. The extinction of x-rays by the growing ZnSe lay
with the formation of free~e–h! pairs weakens the ionic
bond, redistributes the density of electron states, and pert
the sp3 configuration, producing a metastable state. Dir
desorption does not set in at low excitation intensities, a
relaxation from the metastable state takes place through

FIG. 3. Exciton reflection spectra~graphs 1! and resonance EPL~graphs 2!
of ZnSe films grown on GaAs~100! by: a! VPE; b! XEVPE.T54.5 K. Inset:
schematic representation of the exciton bands of a ZnSe epitaxial
under compressive strain.
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leased in this process is transferred to the skin layer of
ZnSe, lowering the heat of adsorption, enhancing the mig
tion of adsorbed atoms over the surface, and ordering
crystal structure of the growing layer. X-rays can also indu
the selective desorption of Se from the film surface. A sim
lar phenomenon has been observed in laser-enhanced V5

This precludes any possibility of the growing film surfa
becoming ‘‘contaminated’’ with Se2 molecules formed by
chemical reactions in the vapor phase; it also prevents
formation ofVZn , improves the crystal structure of the laye
and is manifested in suppression of the total luminesce
intensity of the bandsI 1 and I v .

In summary, data from x-ray diffraction analysis and t
results of an investigation of the EPL and ER spectra
samples grown by VPE and XEVPE indicate that irradiati
of the surface of a single-crystal ZnSe film with x-rays du
ing its growth on the GaAs~100! substrate improves the lat
tice perfection of the epitaxial layer. The results are analy
on the basis of a qualitative model of the processes atten
XEVPE.

The author is grateful to V. V. Tishchenko, N. V
Bondar’, V. F. Katkov, and A. Yu. Mekekechko for the
assistance and helpful discussions.
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Photoelectric and photomagnetic properties of the gapless semiconductor Cd xHg12xTe

g-
in the infrared and millimeter spectral regions when an energy gap is opened
S. G. Gasan-zade, E. A. Sal’kov, and G. A. Shepel’ski 

Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, 252650 Kiev, Ukraine
~Submitted December 19, 1995; accepted for publication February 19, 1996!
Fiz. Tekh. Poluprovodn.31, 35–42~January 1997!

The magnetic-field and strain dependences of the photoelectric, photomagnetic, and
photothermomagnetic characteristics are determined for the gapless semiconductor CdxHg12xTe
(x50.04–0.16!, in which an energy gap is opened by external effects. In excitation by
infrared radiation the photosignal is observed to increase sharply with an increase in the applied
magnetic field or uniaxial elastic deformation. For radiation in the millimeter spectral
range the photoresponse exhibits giant oscillations associated with the variation of the electron
density. This phenomenon is confirmed by the field dependence of the photomagnetic
Hall effect. It is shown that the photothermomagnetic effect is a differential signal relative to the
photoconductivity signal. ©1997 American Institute of Physics.@S1063-7826~97!00801-6#
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In a broad range of compositions (0,x,0.160,
T54.2 K! the ternary semiconducting compoun
CdxHg12xTe ~CMT! is a semiconductor without a band ga
i.e., a so-called gapless~or zero-gap! semiconductor. The
gapless stage in CMT is a result of the symmetry of
lattice and is characterized by several distinctive featu
inversion of the positions of the bands, the presence of
purity resonance levels, etc. The degeneracy of the band
the pointk50 ~the point where the conduction and valen
bands meet! can be lifted by subjecting the gapless semico
ductor to some external effect that lowers the symmetry
the crystal. Such an influence can be, for example, a m
netic field or uniaxial elastic deformation. The result is t
formation of an energy gap whose width increases more
less linearly with the strength of the magnetic fieldH or the
uniaxial stressP. The width of the gap can be regulated ov
a fairly wide range. For example, a magnetic fieldH550
kOe can regulate the energy gap in gapless CMT within
interval 0–40 meV, which encompasses a spectral rang
radiation from millimeters to several tens of micrometers

The high sensitivity of the band spectrum to an exter
influence qualifies gapless CMT as a promising material
the development of tunable photodetectors in the far infra
and millimeter ranges. It is instructive in this regard to stu
photoelectric and photomagnetic phenomena in gap
semiconductors when an energy gap is formed. Meas
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netic field have been reported previously for radiation in
infrared1,2 and millimeter3,4 ranges.

Here we give the results of an investigation of the ph
toconductivity, along with the photoelectromagnetic effe
~PEME! and the photothermomagnetic effect~PTME! in
gapless CMT after an energy gap has been induced in it
magnetic field and uniaxial elastic deformation. Simul
neously we have measured the Hall coefficientRH and the
variation of the conductivitys in the investigated sample
under these conditions.

We briefly discuss the influence of a magnetic field a
uniaxial deformation on the energy spectrum of a gapl
semiconductor near the edges of the principal bands.5 Ac-
cording to the inverse model of the energy spectrum of g
less CMT, the order of theG6 andG8 bands is reversed from
a conventional semiconductor. TheG6 band in a gapless
semiconductor has negative curvature and forms a ban
light holes. TheG8 band remains degenerate at the po
k50. In this case the subband with light effective mass~with
S symmetry! has positive curvature and comprises the co
duction band. The curvature of the otherG8 subband~with P
symmetry! remains negative, and it forms an ordinary ba
of heavy holes~Fig. 1a!.

In a magnetic field an energy gap is formed between
G8 bands~Fig. 1b! and is described in terms of the Luttinge
parameters:d(H)5(g12g)\vc . Here vc5eH/mn is the
s
FIG. 1. Band structure of the gaples
semiconductor CdxHg12xTe. a–c! In a
magnetic field; d, e! under uniaxial stress
~for two different compositionsx.
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TABLE I. Parameters of the investigated CdxHg12xTe samples,T54.2 K.
electron cyclotron frequency. If the contribution of dista
bands is disregarded, the energy gap is well described by
simple expressiond(H)5\vc/4. The acceptor levelEA

moves after the top of the valence band and forH.H0 en-
ters the field-generated gap~Fig. 1c!.

The energy spectrum of the gapless semiconducto
more complicated under uniaxial stress.6–8 At the point
k50 the gap grows linearly with the stress and depends
the crystallographic direction. For example, in the direct
P i @100# we haveE(P)5 1

4b(S112S12)P. Here b is the
strain constant, andSi j denotes the components of the com
pliance tensor. In addition to the energy gap at the po
k50, the valence band acquires side (k Þ 0) extrema~Fig.
1e!. Now, while the energy gap between theG6 and G8

bands is fairly small in the initial state,uFgu,100 meV, at
large stresses theG6 band neark50 can be higher than th
G8 band~Figs. 1d and 1e, dashed curves!.7

EXPERIMENTAL RESULTS AND DISCUSSION

The transformation of the band spectrum of gapl
CMT produces qualitative changes in its kinetic and opti
characteristics. The changes are associated with variation
the density and the mobility of the charge carriers. As a ru
gapless CMT crystals exhibitp-type conductivity in the ini-
tial state. We have investigatedp-CMT crystals with a con-
centration of electrically active impuritiesNA2ND

5331016–531016 cm23, NA@ND . The differential densi-
ties of acceptorsNA and donorsND was estimated from the
saturation of the Hall coefficientRH in a magnetic field
H575 kOe at the impurity depletion temperature (T578 K!.
The density of electrons in the conduction ba

Sample No. Compositionx n, cm23 mn , cm
2/W•s

1 0.040 1.2731015 1.523105

2 0.157 3.8331014 6.813105

3 0.159 8.2731014 7.253105

4 0.160 3.7831014 6.153105

5 0.135 5.2831014 4.973105

Note:The Hall coefficient was measured atH50.5 kOe.
t
he

is
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t
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oscillations, and the total donor density was determined fr
measurements ofRH at T51.8 K. The samples had typica
dimensions 0.531.537 mm3. The parameters of the
samples are summarized in Table I. The radiation sour
were lasers (l53.39–10.6mm! and millimeter-range oscil-
lators (l52–15 mm!. Because of the low effective mass o
the electrons, the donors in gapless CMT remain ioniz
down to the very lowest temperatures. The Fermi level
this case is fixed in the acceptor band.5 Consequently, in the
gapless state (x,0.160; H50, P50), despite the relation
NA@ND , the Hall coefficient is determined by electron
with a density 1/eRH and mobilityRHs.

Figures 2 and 3 show the field and strain dependence
the electrical resistivityr and the coefficientRH for gapless
CdxHg12xTe samples of various compositionsx. The ob-
served abrupt variations of the kinetic characteristics of
gapless semiconductor have a simple qualitative interpr
tion. In a quantizing magnetic field, when the energy of t
lowest Landau level of the conduction band\vc is higher
than the acceptor energyEA , electrons begin to freeze out o
the conduction band into acceptor states.
H.4EA•mn /e\, \vc@kT, the electron density in the con
duction band decreases exponentially, accounting for the
served field dependences ofr andRH .

The opening of the energy gap also becomes deci
under uniaxial deformation, along with the emergence of
acceptor level in it and the freezing out of electrons from
conduction band. This accounts for the complex form of
field and strain dependence of the kinetic coefficients~Figs.
2 and 3!. The abrupt variation of the electron density wi
increasing stress occurs after the Fermi level intersects
bottom of the conduction band, i.e., fo
P.4EA /b(S112S12). However, for crystals with small val
ues ofEg (x50.155–0.159! RH andr exhibit a very specific
behavior in the range of large strains~Fig. 3!. This kind of
strain dependence is most likely associated with the cha
in order of theG6 andG8 bands and the appearance of fr
holes with low effective masses7 ~see Fig. 1e, dashed curve!.

In the gapless state the photoconductivity induced by
radiation-induced departure of the carrier density from eq
librium is negligible. This is attributable to the very hig
FIG. 2. Comparison of the field~a! and
strain ~b! dependences ofr and RH for
sample 1,T51.7 K.
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FIG. 3. Field~a! and strain~b! dependences of the
electrical resistivity and the Hall coefficient fo
sample 2,T51.6 K.
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concept of recombination becomes meaningless in gap
semiconductors, because it is indistinguishable from the s
tering process.

The emergence of an energy gap results in the gen
tion of a strong interband photoconductivity signal
l53–10mm ~Fig. 4!. The field dependence of the phot
conductivity has several prominent features. Because the
ergy gap is small, and because the ratio between the effe
masses of heavy holes and electrons is large (mh /mn;102

for x50.155), the main contribution to recombination
from interband transitions: radiative and impact~Auger
type!. The rapid growth of the photoconductivity signal
the magnetic field is increased ties in directly with the fre
ing out of free electrons from the conduction band

FIG. 4. Comparison of the voltage~a, curve1!, the photoconductivity~a,
curves2 and3!, and the longitudinal~b, curves5 and7! and transverse~b,
curves4 and6! magnetoresistances as functions of the magnetic field at
temperatures for sample 3. 1, 2, 4, 5! 4.2 K; 3, 6, 7! 77 K.
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photoconductivity signal is steeper than for magnetore
tance indicates the predominance of the Auger recomb
tion mechanism. Indeed, in the range ofH corresponding to
the freezing out of electrons the magnetoresistance is es
tially a linear function of the electron densityn. On the other
hand, the rate of interband impact Auger recombination i
quadratic function ofn.

Another important feature of the photoconductivity in
magnetic field is the low-temperature occurrence of lar
amplitude oscillations in the range ofH where the field de-
pendences ofRH andr remain monotonic. The positions o
the photoconductivity oscillations in a magnetic field is n
affected by a variation of the radiation wavelength. This su
gests that the oscillations are caused by a nonmonotonic
pendence of the carrier lifetimet on the magnetic field, and
not by any specific characteristics of the absorption coe
cient.

The positions of the photoconductivity minima in a ma
netic field well satisfy the condition of equality of the energ
gapd(H) and the energy of a multiple number of longitud
nal optical ~LO! phonons: d(H)5n\vLO (n51,2, . . . ).
This corresponds to resonance recombination transition
electrons across the energy gap with the participation of
phonons.1 Invoking the expression\eH/4mn5\vLO , we
obtain, for the first minimum ofVPC, the width of the energy
gapd(H)516.8 meV, which is close to the LO phonon e
ergy of HgTe, the principal sublattice of th
Hg0.855Cd0.155Te crystal:\vLO517.2 meV. The position of
the second minimum corresponds quite well to twice the
phonon energy. In this case a recombination transition ta
place with the involvement of two optical phonons. Cons
quently, measurement of the interband photoconductivity
serve as a sensitive technique for detecting the formatio
an energy gap in a gapless semiconductor and for deter
ing its magnitude at a low temperature. On the other hand
measuringHmin and knowing the LO phonon energy it i
possible to determine the effective mass of electrons in
gapless semiconductor at the bottom of the conduction ba

At a higher temperature~77 K! the dark conductivity of
the investigated gapless semiconductor samples is d
mined by the native electron density. Because of the h
ratio kT/\vc in this case, the appreciable radiation-induc
w
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variation of the densityn in the conduction band and th
onset of a substantial photoconductivity signal occur in mu
higher fieldsH ~Fig. 4, curve3!. For this reason photocon
ductivity oscillations do not appear atT577 K.

Oscillations that are multiples of the LO phonon ener
also appear at a low temperature in the field dependence
the PEME~Fig. 4, curve1!. In general, the characteristics o
the bipolar PEME are determined by the minority carr
parameters, i.e., by electrons in our case. However, since
electron and hole lifetimes are equal for interband recom
nation mechanisms, the position of the PEME oscillatio
essentially coincides with that of the photoconductivity o
cillations. In the gapless state a major contribution to
PEME comes from the radiative heating of electrons.10–12 If
the electron–electron interaction timetee is much shorter
than the relaxation timet r of the electron energy at lattic
oscillations, the main part of the energy of a hot photoel
tron is redistributed among equilibrium electrons of the co
duction band. This results in the heating of electrons in
conduction band. As a result of the nonuniform absorption
light, the sample acquires an electron temperature grad
In a transverse magnetic field this leads to the onset o
thermal PEME, an analog of the Nernst–Ettingshausen ef
at hot electrons. The thermal component can dominate
total PEME signal at low temperatures.11,12

However, when the energy gap is opened up by a m
netic field, the electron density in the conduction band
creases rapidly asH is increased, becoming exponential
small atH.4EA•mn /eh. And the densityn is what deter-
mines the characteristic timenee: tee5E3/2/h. Conse-
quently, for appropriate values ofH (Hcr54.5 kOe for
sample 2! the thermal component of the PEME can be d
regarded. This assertion is based on a comparison of
results of the field dependences of the PEME and the ph
conductivity.

The opening of the energy gap under uniaxial deform
tion also produces a strong photoconductivity signal~Fig. 5!.
As P is increased, the photoconductivity increases very r
idly, reaching a maximum atP52.2–2.5 kbar.

FIG. 5. Photoconductivity of sample 4 under uniaxial stress,T54.2 K.
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wave! radiation with gapless CMT. In conventional semico
ductors with a low effective mass and fairly high electr
density (n.531014–1015 cm3), for example, InSb, the mi-
crowave photoconductivity is known to be dominated by s
calledm-photoconductivity.13 It is attributable to the varia-
tion of the density of electrons as their effective temperat
Te is raised by radiative heating. A distinctive feature of t
gapless state is that the native carrier density exhibit
power-law rather than an activation dependence on the t
perature:ni;T3/2. It has been found that this form of tem
perature dependence ofni can be used to significantly alte
the density of electrons as they are heated. The varia
should be especially large at low temperature, whereTe can
increase substantially. At low temperatures, however,ni is
much smaller than the density of impurity electronsn in the
conduction band~at T54.2 K we haven/ni5102–103,
n51015 cm23). We have therefore found it impossible t
determine the variations of the electron density by measu
RH for gapless CMT irradiated in the millimeter range. Co
sequently, in a gapless semiconductor withoutP or H the
millimeter-range photoconductivity is probably of the sam
nature as in ordinary semiconductors, i.e., amounts to o
narym-photoconductivity.

When an energy gap is formed between the conduc
and valence bands, other mechanisms of interaction of lo
wavelength radiation with a gapless semiconductor can co
into play. It is possible for electrons to be ejected direc
across the gap by long-wavelength radiation quanta.
spectral dependence of such photoconductivity must hav
threshold on the long-wavelength radiation side, influenc
the bolometric effect, i.e., the direct heating of the sample
radiation, which can be disregarded at the applied powe
1024 mW. The photosignal associated with the radiati
heating of electrons is at least two orders of magnitude str
ger than the signal from the bolometric effect.3,14

When the electrons are heated, the usualm-photocon-
ductivity can be accompanied by a concentration compon
of the photoconductivity due to the thermal ejection of ele
trons across the energy gap. This component of the ph
conductivity is associated with the thermal redistribution
electrons between the acceptor band and the conduction
asTe increases. Its occurrence is made possible by the ab
drop in the initial density of electrons in the conduction ba
as a result of their being frozen out by a magnetic field or
deformation. Consequently, the variation of the conductiv
of the gapless semiconductor with increasing value ofTe can
be identified with variations of both the mobility and th
density of electrons:

Ds5eS n• dm

dTe
1m•

dn

dRe
DDTe . ~1!

In a sufficiently weak magnetic field (H,Hcr) the first
component must obviously be dominant in the expression
Ds. ForH.Hcr , on the other hand, the concentration co
ponent begins to be the main factor contributing to the p
tosignal asH increases.3 To test these assumptions, in add
tion to the microwave photoconductivity, we have measu
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the Hall coefficient in the same samples under illuminat
and the PTME in the millimeter radiation range.

Figure 6 shows the field dependence ofr and the micro-
wave photoconductivity for sample 4. In the range of re
tively weak fields (H,3 kOe! the photoconductivity oscil-
lations practically coincide with the Shubnikov–de Ha
oscillations forr. They have a small amplitude and, as
consequence, are not represented in the figure. AsH is fur-
ther increased, very large oscillations of the photorespo
are observed against the background of the monoto
growth of r. This field dependence of the microwave pho
conductivity is in good agreement with the results in Ref.
in which the weak field~H! range, including the oscillations
is analyzed in detail. We therefore focus our attention prim
rily on the so-called giant maximum of the photosignal.

A variation of the frequency of the exciting radiation
the interval 2–15 mm does not alter the profile of the sig
or the position of the maximum on theH scale. This means
that the microwave photoconductivity is not associated w
direct optical transitions of carriers across the energy
created by the magnetic field. We can therefore assume
the main contribution to the photosignal is from the therm
concentration component ofs. In a strong field, when the
Fermi level intersects the last Landau level, the variation
the dark conductivity is determined by electrons being froz
out of the conduction band into acceptor states. In this s
ation the microwave photoconductivity associated with
variation ofTe can be written as follows in the ultraquantu
limit: 3

Ds;emNe

\vc

~kT!2 S 11
\vc

uEgu
D 1/4F~h!DTe . ~2!

FIG. 6. Field dependence of the microwave photoconductivity~a, curve 1!,
the transverse~a, curve 2! and longitudinal~a, curve 3! magnetoresistances
and the carrier density increment@D(1/RH)# ~b, curve 4! for sample 4,
T54.2 K.
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Here the distribution functionF can be written in the
form of a one-parameter integral with parame
h5[EF2d(H)]/kTe , and Ne is the density of electron
states with heating taken into account,Ne52(mnkTe/
2p\2)3/2. The Fermi level is fixed in the acceptor band a
does not depend on the magnetic field or the temperatur
the low-temperature range (T,4.2–10 K!. As the magnetic
field is increased, the functionF passes through a maximum
ath520.85. The field strengthH satisfying the above equa
tion corresponds to the maximum of the microwave pho
conductivity. This result has the physical significance th
the width of the energy gap can be optimized for the giv
sample:d(Hmax). This optimum causes the electrons to
redistributed among states of the conduction band and
acceptor band in such a way as to maximize the photoc
ductivity signal asTe is varied.

To test these estimates experimentally, we have m
sured the field dependence of the Hall coefficient of a gap
sample in two states: without irradiation (RH) and with irra-
diation in the millimeter range (RH

1 ). It is evident from curve
4 in Fig. 6 that the field dependence

DS 1

RH
D5

1

RH
1 2

1

RH

has a distinct maximum, whose position virtually coincid
with the maximum of the microwave photoconductivity o
theH scale. This coincidence constitutes direct experimen
proof of the concentration nature of the observed giant os
lations of the microwave photoconductivity in a strong ma
netic field.

The application of uniaxial elastic deformation is al
accompanied by the formation of an energy gap and a
crease in the electron density in the conduction band.
cordingly, as in a strong magnetic field, a strong microwa
photoconductivity signal is generated with a characteris
maximum at a certain valuePmax ~Fig. 7!. The value of
Pmax corresponds to the intersection of the Fermi level w
the bottom of the conduction band:EF5b/4
3(S112S12)Pmax for the @100# direction.

FIG. 7. Microwave photoconductivity of sample 5 vs uniaxial compressi
T54.2 K.
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The field dependences of the microwave photocond
tivity and the PTME are compared in Fig. 8. It is genera
known that a photothermomagnetic voltage is generated
transverse magnetic field because of the presence of an
tron temperature gradient associated with the nonuniform
sorption of millimeter radiation by the sample.15 The PTME
is essentially an analog of the Nernst–Ettingshausen~N–E!
effect at warm electrons, i.e., it takes place without any
preciable heating of the crystal lattice. It is noticeable t
the field dependence of the PTME in the range of stro
magnetic fields has a form similar to that of the first deriv
tive of VPC(H) with respect toH. To ascertain the cause o
this characteristic feature of the PTME, we need to anal
the field dependence of the N–E coefficient in the quant
oscillation region.16

The PTME can be expressed in terms of the N–E co
ficientQ:

EPTME52Q•¹Te , Q5
s11•b122s12•b11

s11
2 1s12

2 , ~3!

wheres i j andb i j are the kinetic coefficients in the equatio
for the galvanomagnetic and thermomagnetic effects, res
tively.

The inequality (s12)
2@(s11)

2 holds in a classically
strong magnetic field (mH/c@1).

The diagonal components of the tensors of kinetic co
ficients can be written in the form

s115s11
0 E dES 2

] f

]EDg2~EF!W~E!,

b115b11
0 E dES 2

] f

]EDg2~EF!W~E!
E2EF

T
. ~4!

FIG. 8. Comparison of the field dependences of the photothermomag
effect~curve1! and the microwave photoconductivity~curve2! of sample 3,
T54.2 K.
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distribution function,W(E) is a smooth function, and
g(EF) is the density of states at the Fermi level.

In the presence of strong degeneracy of electrons
have

s11;g2~EF!, b11;g~EF!
]g

]EF
.

In this caseQ has the following form in a strong mag
netic field:

Q.
b11
0

s12
0 C~EF!

]q

]EF
.

HereG(EF) is a smooth functions.
Consequently, in the region of oscillations whereQ is

highly nonmonotonic the term containing the derivati
]g/]EF becomes dominant. For this reason, the oscillatio
of the N–E coefficient have a large amplitude and a ph
shift relative to the conductivity oscillations, while th
PTME is manifested in the form of the derivative o
VPC(H) with respect toH.

We can conclude from the foregoing discussion that g
less CdxHg12xTe subjected to external influences such a
magnetic field and uniaxial elastic deformation exhibits ph
tosensitivity over a wide range of the radiation spectru
This range can be adjusted by varying the magnitude of
external influence. The volt–watt sensitivity of photodete
tors utilizing a gapless semiconductor can surpass the se
tivity of detectors based on ordinarym-photoconductivity.
The latter assertion is based on the fact that the densit
electrons, rather than their mobility, is the dominant factor
the conductivity of a gapless semiconductor.

The authors are grateful to the State Fundamental
search Foundation of the State Committee for Science
Technology of Ukraine for partial support of this work.
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Ion transfer processes in an insulating layer containing traps

E. I. Gol’dman

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 141120 Fryazino, Russia
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A theory of ion transfer processes in an insulating layer containing a uniform distribution of
traps throughout its volume is formulated. It is shown that free ions localized near the surface are
held in a potential well created by repulsion from trapped carriers. Accordingly, the
activation energy of the free-ion current is higher than the mobility activation energy and
decreases as the voltage is increased, while detrapping takes place with a time delay. The
temperature dependence of the depolarization current has two or three peaks, whose
positions and profiles change with the voltage. A distinctive feature of the transfer of ions
through an insulator containing traps is the ‘‘memory’’ of the electric field driving the carriers
toward the surface prior to the start of the transfer process. ©1997 American Institute
of Physics.@S1063-7826~97!00901-0#

The thermally stimulated depolarization method has ¸@Et1Tln~a tNtt0!#
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been used extensively for many years to determine the c
acteristics of mobile ions and their traps in insulators.1–3 In
the interpretation of the peaks of the polarization curre
temperature curve it is customarily assumed that the ion t
are situated near the surface of the insulator at its bounda
with a metal or a semiconductor. In many cases, howe
this approach cannot account for the experimentally
served profiles of the above-mentioned peaks or the de
dence of their positions on the potential difference across
thickness of the insulator.4,5 In this light we investigate the
flow of ions across an insulation layer with a uniform vo
ume distribution of traps having a densityNt . Let the insu-
lator occupy the interval 0,z,h, and at the initial time
t50 let all ions, each of which is assumed for definiteness
carry a single positive charge with a density per unit a
ks , be concentrated at the surfacez50. The relation be-
tween the volume densities of free ionsk and those captured
by trapskt is described by the kinetic equation

dkt
dt

5a t~Nt2kt!k2
kt
t t
, ~1!

and the ion energy potential wellU(z) is described by the
Poisson equation

d2U

dz2
52S 4pq2

¸ D ~k1kt!. ~2!

Here a t is the capture coefficient,t t5t0 exp(Et /T) is the
lifetime of an ion in a trap,Et is the detrapping activation
energy~temperature!, T is the temperature in energy units,q
is the elementary charge, and¸ is the dielectric permittivity.

We assume that the ion system is in equilibrium initial
at t,0. Assuming thatdkt /dt50 and that free ions have
Boltzmann distribution, we infer from Eqs.~1! and ~2! that
traps are filled in the layer 0,z, l , where

l5F S ¸E2

4pqNt
D 21 lmax

2 G1/22 ¸E2

4pqNt
,
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E2 is the modulus of the electric field pushing ions towa
the surface in the regionz. l ; free ions with a density
(ks2 lNt) are concentrated in a narrow channel immediat
contiguous with the boundaryz50 and of width small in
comparison withl. We emphasize that we are looking at th
situation h.2lmax, t t@(a tNt)

21. In the caseks, lNt all
ions are held by traps in a layer of thicknessks /Nt . Note the
perfect physical analogy of the physical distribution of io
at the boundary of the insulator with the distribution patte
of electrons at the electron-enriched surface of ap-type semi-
conductor with a deep acceptor level. Obviously, the wid
of the trap filling layer is determined by the condition th
the line representing the energy position of a trapping ce
on the energy diagram intersect the Fermi level of the cha
carriers. The maximuml5 lmax is attained atE250, which
corresponds to the lowest voltage across the insulator
UI ~in energy units! at which all ions transfer from one sur
face to the other,

UI55
2pq2Ntlmax

2

¸
12T lnS 11

ks2 lmaxNt

2lmaxNt
D , ks.Ntlmax,

2pq2ks
2

¸Nt
, ks,Ntlmax.

~4!

The second term in the expression forUI at ks.Ntlmax is
equal to the advance of the potential along the region
localization of free ions.

We now consider the expulsion of ions from the boun
ary z50 after a voltageUd.UI of opposite polarity from
before~at T.0) is applied to the insulator att50. We dis-
regard the trapping of ions as they pass through the bod
the insulator. This assumption is valid if the inequali
mE1@ha tNt is satisfied. Herem5m0 exp(2Em /T) is the
free-ion mobility, andE1 is the pulling electric field in the
regionz. l . The potential well in the insulator at the begin

360036-05$10.00 © 1997 American Institute of Physics
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ning of the relaxation process is shown in Fig. 1. L
ks. lNt . If E1,4pqlNt /¸, which corresponds to the in
equalityUd,UII , where

UII5
4pq2Ntlh

¸
2
2pq2Ntl

2

¸

22T lnS 11
ks2 lNt

2Ntl1¸E2/2pqD , ~5!

then in order for free ions to cross the insulator gap, th
need to overcome the barrier of heightU*52pq2l

*
2Nt /¸

created by repulsion from trapped carriers~Fig. 1, curve2!.
Here z5 l * is the coordinate of the potential energy ma
mum, l *5 l2(¸E1/4pqNt). The last term on the right-han
side of Eq.~5! describes the advance of the potential alo
the layer of free ions att,0. The expression for the curren
densityj of free ions escaping from the ‘‘macroscopic trap
associated with the potential barrier is obtained from
diffusion-drift equation j52m@k(dU/dz)1T(dk/dz)# in
the approximationsU*@T andkuz5 l50:

j5mTS 2q2Nt

¸T D 1/2k0 expF2
U01U*

T G ,
k0 exp~2U0 /T!5

4U*Nt

T

k̃s

~ k̃s12Ntl * !
, ~6!

FIG. 1. Potential well at the surface of an insulator. Graphs ofU(z): 1!
before the start of the transfer process;2, 3! at the first instant after the
change of polarity of the voltage across the insulator g
Et85Et1T ln(att0Nt): 2! Pulling electric field E1,4pqlNt /¸;
E1.4pqlNt /¸.
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the free-ion layer, andks5ks(t) is the total number of such
ions per unit area at timet.

A few remarks are in order. First, it follows from Eqs
~6! that the escape of ions from the macroscopic trap is ch
acterized by the time constant

t5
ql
*
2

2mU*
S pT

U*
D 1/2exp~U* /T!.

It is much longer than the transit time (ql
*
2 /2mU* ) over the

distancel * . Consequently, free ions in the regionz, l * far
from the top of the barrierU*2U(z)@T exist in quasiequi-
librium. Second, sincet t5(a tNt)

21 exp(2pq2Ntlmax
2 /¸T)

@see~Eq. 3!# andl *, l < lmax, we havet!t t . Thus, detrap-
ping can be ignored in the time that it takes for free ions
escape from the surfacez50. Third, strictly speaking, the
length l * and, accordingly, the barrier heightU* , increase
with time, because the fieldE1 decreases as ions pile up
the boundaryz5h.1! However, ath@ l under the condition
Ud@UI ~but Ud,UII ) we can disregard the time variatio
of the fieldE1 and assume thatE15Ud /h. Fourth, Eqs.~6!
are valid for sufficiently high fieldsE1 , since their deriva-
tion actually rests on the assumption that the time cons
t is much longer than the time to traverse the inter
l,z,h, i.e., the time (h2 l )/mE1 ~otherwise, the condition
kuz5 l50 fails!.

We now analyze the detrapping process. In the reg
z. l * liberated ions are ‘‘driven’’ toward the surfacez5h
by the electric field, while in the regionz, l * they stay close
to the boundaryz50 and are therefore retrapped. We no
that the coordinate of the potential maximumz5 l̃ * now be-
comes strongly time-dependent and, because of the tran
of free ions toward the surfacez5h, its initial value
l̃ * u t505 l * is greater than the value at the beginning of t
relaxation process, the final value isl̃ *50, and it is attained
before the traps are fully discharged. The kinetic equation~1!
can be rewritten in the form

dkt
dt

5H 0, z, l̃ * ,

2kt /t t , z. l̃ * .
~7!

Relations for the lengthl̃ * and the insulator depolarizatio
current densityj ~for the sum of the detrapping and displac
ment currents! are obtained from the Poisson equation~2!:

l̃
*
2 2

2

Nt
E
l̃
*

l

~h2z!ktdz52
¸

2pq2Nt
~Ud2Uh!, ~8!

j52
¸

4pq

]2U

]t]zU
z50

52q
d

dtE0
l

~12z/h!ktdz2
¸

4pqh

dUh

dt
. ~9!

HereUh is the advance of the potential along ions movi
toward the surfacez5h. Equation~9! is simplified in the
casel̃ *.0:

,
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dl̃x

. ~9a!

s
e
ar

al
e
,
nd

t

Note that Eqs.~10!–~14! remain valid in the isothermal re-
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The solution of Eq.~7! for the thermal stimulation often
used in experimental work, wheredT/dt5b.0, has the
form

kt5H Nt , z, l̃ * ,

Nte
2~u t2u tz!, l̃ *,z, l * ,

Nte
2u t, l *,z, l ,

~10!

u t5E
0

t

dt1/t t5teff
~ t !/t t ,

teff
(t).T2/bEt is the characteristic time fort t to decay by the
factor 1/e51/2.71 . . . ; and thefunction u tz(z) is defined as
the inverse of the functionl̃ * (u t), i.e., l̃ * (u tz)[z. Physi-
cally, the functionu tz corresponds to the time at which trap
situated in the planez5const begin to empty. We assum
below that either the layer of filled traps near the bound
z5h has already formed~by virtue of the trapping of previ-
ously incoming carriers!, and the increase in the potenti
Uh is mainly attributable to the increase in the density of fr
ions, orh@ l andUd@UI ~i.e., E15const). In either case
l̃
*
2 varies far more strongly with time than the right-ha

side of Eq.~8!. Replacing this quantity by its initial value
l 222h( l2 l * ) ~with the observation tha
@2h( l2 l * )2 l 2#.0 sinceUd.UI.Uh) and differentiating
relation ~8! with allowance for Eq.~7!, we find

h
dl̃*
du t

1
l̃
*
2 12h~ l2 l * !2 l 2

2
50.

From this result we obtain

l̃ *5@2h~ l2 l * !2 l 2#1/2tanH @2h~ l2 l * !2 l 2#1/2

2h
~u t02u t!J ,

~11!

u tz5u t02
2h

@2h~ l2 l * !2 l 2#1/2
arctanH z

@2h~ l2 l * !2 l 2#1/2J ,
u t05

2h

@2h~ l2 l * !2 l 2#1/2
arctanH l *

@2h~ l2 l * !2 l 2#1/2J . ~12!

The value of the variableu t5u t05u tzuz50 corresponds to the
time at which the maximum of the potentialU(z) vanishes
( l̃ *50). Foru t,u t0 it follows from Eqs.~9a! and ~11! that
the current is expressed as

j5
qNt

t t

@2h~ l2 l * !2 l 2#

2h
cos22

3H @2h~ l2 l * !2 l 2#1/2

2h
~u t02u t!J , ~13!

whereas foru t.u t0 we obtain the following expression from
expressions~9!, ~10! and ~12!, disregarding the derivative
dUh /dt:

j5
qNt

t t

@2h~ l2 l * !2 l 2#

2h
e2~u t2u t0!. ~14!
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gime (T5const withteff replaced by the real timet.
We now turn to the caseE1.4pqlNt /¸ or Ud.UII .

The potential well at the beginning of the transient proces
shown in Fig. 1, curve3. The theory of the transfer of a
charge packet across an insulator gap is well known.6 If
E1,4pqks /¸, the leading edge initially begins to move
while the trailing edge remains at the surfacez50, since
(dU/dz)uz5050. If E1.4pqks /¸, the packet immediately
moves as a whole unit, the leading and trailing edges co
cide if diffusion is ignored, and the depolarization current
the thermal stimulation regime is given by the expression

j5
qm~ks2 lNt!

h
35

FE12
1pq

¸
~ks1 lNt!G

3expH Fks1~h2 l !Nt

ks2 lNt
GuJ , u,u l ,

FE12
2pq

¸
~ks2 lNt!~122l /h!G

3exp~u2u l !, u l,u,uh ,
~15!

Here

u5
4pq~ks2 lNt

¸h E
0

t

mdt15
4pq~ks2 lNt!mteff

¸h
,

teff.T2/bEm is the characteristic time for the mobility t
increase by the factore, u5u l corresponds to the time a
which the packet crosses the boundary of the filled-trap la
z5 l ,

u l5
ks2 lNt

ks1~h2 l !Nt
lnH 11

4pql@ks1~h2 l !Nt#

¸h@E12~2pq/¸!~ks1 lNt!#
J ,

and u5uh corresponds to the time to traverse the insula
gap,

uh5u l1 lnH 11
4pq~h2 l !~ks2 lNt!

¸h@E12~2pq/¸!~122l /h!~ks2 lNt!#
J .

The exponential factors in Eqs.~16! vary only slightly:

expH @ks1~h2 l !Nt#u l
ks2 lNt

J ,11
2l

h H ks1~h2 l !Nt

ks2 lNt
J ,

exp~uh2u l !,3.

The current equations~15! retain their form in the isotherma
regime withteff replaced by the real timet.

In this situation the potentialU(z) is a monotonically
decreasing function of the coordinate. Consequently, all tr
in the layer 0,z5 l are emptied simultaneously, and th
insulator depolarization current associated with their detr
ping obeys the law~14!, in which it is required to set
l *50 andu t050.

Now let us assume that initially there are no free ion
ks, lNt . The traps discharge in the same way as
ks. lNt . If E1,4pqks /¸, which corresponds to the cond
tion Ud,UII with UII evaluated forl5ks /Nt , the potential
U(z) has a maximum at the pointz5 l *5(ks /Nt)
2(¸E1/4pqNt). Disregarding the variation of the fieldE1
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on account of the redistribution of ions in the insulator, i.e
assuming thath@ks

2/(ks2 l *Nt)Nt and settingl5ks /Nt ,
from relations~13! and ~14! we obtain

j5
q~ks2 l *Nt!

t t
H 1, u t,u t0 ,

e2~u t2u t0!, u t.u t0 ,

u t05
l *Nt

ks2 l *Nt
. ~16!

If E1.4pqks /¸ ~or Ud.UII for l5ks /Nt), thenU(z) is a
monotonically decreasing function of the coordinatez, and
the depolarization current of the insulator gap forh@ks /Nt

~this condition stipulates that the contribution to the displac
ment current from the redistribution of ions near the surfa
z5h is small! obeys the lower equation~16!, in which it is
now required to setl *50 andu t050.

Figure 2 shows the qualitative pattern of the temperatu
dependence of the depolarization current for various const
voltagesUd .

2! It is identical in both the thermal stimulation
regime and the isothermal regime~at a fixed observation
time t!. The j (T) curves have two~or three! maxima: a low-
temperature maximum associated with the migration of fr
ions and one or two high-temperature maxima correspond
to detrapping. The free-ion currents from the macrosco
trap ~Fig. 2, curves1 and 2! increase according to the
Arrhenius law almost up to the points of the maxima (Tm

(1)

andTm
(2)), after whichj drops very abruptly. This behavior is

attributable to the fact that the carrier density near the base
the barrierk0 exp(2U0 /T) @see Eq.~6!# for ks@ l *Nt re-
mains practically invariant until depletion of the free-io
layer, which acts as an effective reservoir.3! As the voltage
Ud is raised, the activation energy of the ascending branch
the current (Em1U* ) is lowered, shifting the peak toward
lower temperatures while simultaneously making it high
and narrower. In the caseUd.UII ~Fig. 2, curve3! the low-
temperature maximum is caused by the transfer of a pac
of free ions across the insulator gap. The initial rise of t
current with temperature according to the Arrhenius law a
celerates near the maximumT5Tm

(3) @this behavior is de-
scribed by the exponential factor in the second equat
~15!#; the steep descent ofj after the maximum with increas-

FIG. 2. Temperature curves of the depolarization current.! Ud1; 2! Ud2; 3!
Ud3 (UI,Ud,Ud2,UII,Ud3). The superscripts attached to the temper
turesTm

( i ) andTt0
( i ) give the curve numbers.
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of the packet. The activation energy of the ascending bra
of the functionj (T) is equal toEm and is therefore indepen
dent of the voltage; the fact that the peak shifts more slo
toward low temperatures with increasing voltageUd than in
the caseUd,UII is attributable to a decrease in the tran
time. After the packet is dislodged and driven toward t
surfacez5h, free ions begin to be captured by traps in t
interior of the insulator. The charge center therefore sh
toward the boundaryz50, and the current changes polari
~negative segment of curve3 in Fig. 2!. The capture of ions
by distant traps is a self-inhibiting process, because the fi
squeezing free ions toward the surfacez5h also increases
synchronously with the filling of the traps. For this reas
u j u increases abruptly at first and then gradually decrease
T is increased.

The profile of j (T) in the high-temperature range is sig
nificantly affected by the delay in the emptying of traps si
ated in the layer 0,z, l * . At sufficiently low stresses

¸

2pq2Nt
~Ud2Uh!

5@2h~ l2 l * !2 l 2#, l
*
2 cot2@~p/4!10.5#>0.086l

*
2

the function j (T) has two maxima~see curve1 in Fig. 2!,
where the absolute maximum is reached atT5Tt0

(1) . The
temperatureTt0 corresponds to the time at which the pote
tial U(z) loses its maximum, whereupon detrapping is
longer delayed, and its value is determined from the equa

u tuT5Tt0
2u t0 .

At T.Tt0 the current densityj drops abruptly with increas
ing T, moving to the descending branch of the ‘‘ordinary
peak of the current produced by the thermally stimula
discharge of microscopic traps@see expression~14!#. The
‘‘ordinary,’’ i.e., undelayed, detrapping leads to the relatio8

j;u t exp~2u t!,

and j becomes a maximum atT5Ttm , whereTtm is the
solution of the equationu t51 (Ttm does not depend on th
voltage Ud). Under the conditionl2 l *! l the inequality
u t0@1 holds, and at the time the delay vanishes (T5Tt0) the
majority of the traps have already been emptied, so that
current drop in the rangeT.Tt0 takes place within a far
narrower temperature interval than its rise~see curve1 in
Fig. 2!. As the voltage is increased~see curve 2 in Fig. 2!,
the values ofl * andTt0 decrease, the relative maximum ofj
at T,Tt0 vanishes, and in the case@2h( l2 l * )2 l 2#@ l

*
2 the

ascending branch of the functionj (T) is described up to
T5Tt0 by the Arrhenius law with activation energyEt . At
sufficiently highUd ~but withUd,UII ) we haveu t0,1, and
Tt0 is lower thanTtm . Under these conditions the curre
maximum is attained atT5Ttm , and the time at which de
trapping ceases to be delayed (T5Tt0) corresponds to the
kink in the j (T) curve:

d j

dTUT1Tt0105~12u t0!
d j

dTU
T5Tt020

-
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If Ud.UII ~Fig. 2, curve3!, there is no delay at the outset of
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the depolarization process, and the graph ofj (T) represents
an ordinary peak of the current produced by thermally stim
lated detrapping.

An increase in the fieldE1 is accompanied by a decrea
in the thickness of the layer in which ions are localized at
boundaryz5h after termination of the transfer process. T
areas under the peaks ofj (T) must therefore increase som
what as the voltage is raised. This is especially true of
low-temperature maximum, because in the high-tempera
range traps at the boundaryz5h are filled by previously
incoming ions. The pattern of the temperature curves of
depolarization current in Fig. 2 corresponds to the situat
involving a large number of ions,ks. lNt . In the opposite
situation, ks, lNt , there are no free ions, hence thej (T)
curve contains only the high-temperature peak.

An important characteristic of the ion transfer proces
in an insulator with volume traps is the dependence of th
parameters on the conditions underlying the initial locali
tion of charge carriers near the surfacez50. In particular, if
the ions are uniformly distributed att520, the thicknessl
of the layer of filled traps is a function of the driving fiel
E2 @see expression~3!#. Consequently, at the same volta
Ud the height of the barrierU* for the escape of free ion
from the potential well and the characteristic temperat
Tt0 corresponding to the cessation of delay of detrapp
becomes lower as the fieldE2 increases. On the graph of th
insulator depolarization current as a function of the tempe
ture ~see Fig. 2! the increase ofE2 is manifested as an in
crease in the area under the low-temperature peak, w
simultaneously shifts to the left and becomes narrower, al
with a decrease in the area under the high-temperature m
mum and a leftward shift of the kink in thej (T) curve at
T5Tt0. In the caseks, lmaxNt the low-temperature pea
does not exist for low fieldsE2 , but whenE2 increases, this
peak appears as soon as

E2.
2pq

¸

~ lmaxNt!
22ks

2

ks

~i.e., whenl,ks /Nt).
Strictly speaking, the results obtained in this study

valid for a more or less thick insulator,h.2lmax. If
h,2lmax, the layers of filled traps corresponding to th
boundariesz50 andz5h can overlap. Traps at the bound
aryz5h are filled synchronously with the escape of free io
from the potential well near the surfacez50. The height of
the barrierU* therefore increases until traps throughout t
40 Semiconductors 31 (1), January 1997
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temperaturej (T) curve must acquire an interval of quas
saturation or even slow decay of the current, which chan
over ~after the filled-trap layers have merged! to growth of j
with increasing T according to the Arrhenius law. I
h,min(l ,l h ,ks /Nt), wherel h is the thickness of the filled-
trap layer next to the surfacez5h at t5`, all ion trapping
centers in the insulator remain filled during depolarizatio
The j (T) curve loses the high-temperature part in this ca

In summary, ion transfer processes in an insulating la
with volume traps have a great many distinctive qualitat
features in the temperature and voltage dependences o
depolarization current. Such features as the increase in
area under the peaks of thej (T) curve as the voltage is
increased, the interval of thej (T) curve where the curren
changes polarity, and the ‘‘memory’’ of the field driving ion
toward the surface prior to the onset of the transfer proc
are fundamentally unexplainable in terms of the presenc
traps at the boundaries of the insulator. Consequently, th
characteristic features in fact provide a test of the stated
sumptions as to the presence of volume~nonsurface! traps in
the insulator for the interpretation of experimental data.

The author is grateful to A. G. Zhdan for a discussion
the issues addressed in the work.

1!This explains why the insulator depolarization current differs from t
current described by Eqs.~6! by the amount of the displacement curre
(¸/4p)(dE1 /dt).

2!Highly nonequilibrium depolarization is discussed here. In the oppos
quasiequilibrium case, when the current is induced by slow variation of
voltage, thej (Ud) curve is in the form of a peak of width 2UI symmetric
aboutUd50.

3!A similar ‘‘reservoir effect’’ has been observed in the thermal delocaliz
tion of electrons near a Si–SiO2 interface.
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Relaxation spectra of photoluminescence from porous silicon obtained by chemical

ser
etching of laser-modified silicon
L. L. Fedorenko, A. D. Sardarly, É. B. Kaganovich, S. V. Svechnikov, S. P. Diki ,
and S. V. Baranets

Institute of Semiconductor Physics, Ukraine National Academy of Sciences, 252028 Kiev, Ukraine
~Submitted October 5, 1995; accepted for publication February 1, 1996!
Fiz. Tekh. Poluprovodn.31, 6–10~January 1997!

The distinctive features of time-resolved photoluminescence spectra of porous silicon created by
chemical etching of single-crystal silicon subjected to modification by laser light has been
investigated. Two bands were seen upon examination of the amplitude spectra: a band with a
maximum at a wavelength (lmax.530 nm! and a band withlmax.420 nm and twice the
intensity of the first. The relaxation curves are characterized by two sets of times:t1,231028 s
and 231028 s,t23231024 s in the spectral ranges 420–700 nm and 500–850 nm,
respectively. Upon increasing the energy density of the laser irradiation from;10 to;40
J•cm22, the intensity of the photoluminescence and the contribution of the fast component
increased as well. The difference in the photoluminescence spectra compared to the
spectra of layers of porous silicon obtained by electrochemical etching is attributable to a shift in
the distribution of nanocrystallite sizes toward smaller sizes, which leads to an increase in
the area of the Si/SiOx surface that separates the phases. Although our results can be explained
within the framework of a quantum-well model, we do not rule out the contribution of
local centers at the Si/SiOx phase boundary. The slow component of the relaxation is approximated
by a ‘‘stretched’’ exponential. It is assumed that the slow component is controlled by the
rate at which photocarriers leave the quantum-well nanocrystallites by tunneling through the Si/
SiOx barrier. © 1997 American Institute of Physics.@S1063-7826~97!01712-7#
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The interest in porous silicon layers derives from t
observation of photoluminescence in the visible region of
spectrum coming from these films1 and from recent reports
of the first successful attempts to create electrolumines
sources based on them. However, despite complex inves
tions carried out by many authors, it is not yet possible
make any definitive assumptions about the nature of ph
luminescence in porous silicon, although many of the res
suggest that a quantum-well model is correct.2–7

Traditionally, layers of porous silicon are obtained eith
by electrochemical or by chemical~dye! etching. There is
interest in finding new methods of directed creation of p
rous silicon layers with a specific topology using laser ir
diation.

In the majority of papers to date, laser irradiation
porous layers of Si is used to stimulate chemical etching
single crystals of Si at the stage of void formation,8 and also
to observe the effect of light-induced degradation of
photoluminescence.9–11 At the same time, it is known tha
the intensity of chemical etching processes depends con
erably on the degree of defect content and the type of star
structure. In our previous paper,12 we proposed to use lase
irradiation before dye etching in order to create layers
porous silicon with a nanocrystalline structure like th
shown in Figure 1. Our proposal was based on the idea
the etching efficiency should increase for those portions
the silicon layer with a high degree of disorder of the crys
lattice caused by an increased defect concentration.

We have investigated the time-resolved photolumin

4 Semiconductors 31 (1), January 1997 1063-7826/97/0
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distinctive features of our spectra with photoluminescen
spectra of porous silicon obtained by other technologies,
to seek new arguments in favor of this or some other mo
of porous silicon.

METHOD AND RESULTS OF EXPERIMENTS

Single crystals ofp-type Si with resistivity r510
V•cm were processed by pulses from a YAG laser opera
in the cw regime~the laser wavelength wasl51.06mm, the
energyEi5 0.3 J, and the pulse durationt i5231024 s!.
The laser beam was focused by a SOK-1 optical block
was translated along the surface of the silicon film, there
providing a prespecified power density and degree of blo
ing of the laser spot. The samples were then processed
dye etch with composition HF:HNO3:H2O51:3:5 for 3–10
min at room temperature. The relaxation spectra of the p
toluminescence were measured for excitation by a pul
nitrogen laser LGI-21 (l50.34 mm, t i5731029 s,
Ei5231025 J! as part of a setup assembled around
DFS-12 spectrometer, with the help of a cooled pulsed p
tomultiplier FEU-83 (l50.3–1.2mm!. The setup allowed
us to record amplitude values~in the peak-value detection
regime! and time-integrated values of the photoluminesce
intensity (I pl), to make stroboscopic recordings of the rela
ation spectra in the photon-counting regime with a time re
lution of 1028 s, and to accumulate and process the inform
tion on a computer.

Figure 1 shows spectra of the peak value of the pho

40004-04$10.00 © 1997 American Institute of Physics
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luminescent intensity~curves123! and its integration over
time ~curves18238) for various optical energy densitiesW
from the YAG laser. It is clear that asW increases, the in-
tensity of the peak-value photoluminescence spectrum with
maximum atlmax.420 nm increases along with its integra
over time. In the longer-wavelength region~near l5 540
nm! a distortion of the amplitude spectrum is observed du
to an increase in the relative contribution of the short-live
component as the intensity of the laser processing increas
The relaxation spectra, as is clear from the insets in Fig.
are characterized by two sections of the photoluminescen
decay curve with two sets of relaxation times—a rapid deca
(t1,20 ns! and a slow decay~20 ns,t2,200 ms!. Al-
though both components are present over most of the sp
tral range, the ratio of amplitudes of the two componen
changes, starting with the vanishing of the slow compone
for wavelengths less than 510 nm and ending with the va
ishing of the fast component for wavelengths greater tha
700 nm. Accordingly, the maximum in the photolumines
cence spectrum shifts with time toward longer wavelength
while the shape of the spectrum undergoes a time-depend
transformation similar to that observed in Ref. 13.

Typical relaxation curves for transient photolumines
cence are shown in Fig. 2 for five wavelengths. It is clear th
the relaxation curves for photoluminescence cannot be d
scribed by a single exponential dependence on timet over
the entire spectral range. The relaxation times do not depe
on the excitation intensityI of the light from the nitrogen
laser anywhere within the entire range of nonstationary ph
toluminescence spectra, at least within the limitsI51–10 W.

DISCUSSION OF RESULTS

1. Fast component.A noticeable feature of the peak-
value photoluminescence spectra is a strong ‘‘blue’’ band.

FIG. 1. Photoluminescence spectra of porous silicon layers obtained
laser modification.1–3—amplitude,18–38—time-integrated photolumines-
cence spectra. The energy density for laser processingW in J•cm22 was: 1,
18—11.5; 2, 28—20.0; 3, 38—33.5. In the inset we show the decay of the
photoluminesence at various wavelengths.
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contrast to observations of photoluminescence spectra fr
porous silicon layers obtained by electrochemical etching13

which peak atlmax.500 nm, the maximum of this band is
shifted toward the short-wavelength region of the spectru
(lmax[420 nm!, and the ratio of amplitudes of the intens
ties of the ‘‘blue’’ band and ‘‘red’’ band exceed those ob
served in Ref. 13 by more than a factor of 2 for equal tim
delays between the strobing pulse and the excitation pu
This band, which is connected with transitions between le
els with the highest energy and with relaxation time
t1,20 ns, may be due to: geminal recombination of pho
carriers with the characteristic time for dispersal along t
length of a Bohr radius,14 radiative quasidirect transitions
between bulk quantum states,3 excitonic recombination, and
radiative centers in siloxene, polysilane,4 and silicon oxide.15

The fact that the amplitude of this band greatly exceeds t
of the red band, in contrast to the corresponding relation
photoluminescence spectra from samples obtained by o
technologies,13 we associate with intense laser-stimulate
generation of structural defects in the single-crystal Si in t
process of laser processing.16 In fact, even at comparatively
moderate concentration levels of these defe
(1018 cm23), the average distance between defects as po
tial etch centers amounts to;10 nm. Along with the de-
crease in the etch time, this limits the maximum size of t
nanocrystallites, shifting the maximum of their size distrib
tion toward smaller sizes. In accordance with the quantu
well model, this increases the energy gapEg between quan-
tum levels, shifting the blue band toward short
wavelengths. At the same time, as the concentration of sm
particles increases the effective surface area of the por
layer increases, and consequently the concentration of p
sible radiative centers as well, for example, in the oxide.15 It
is reasonable to assume that in the band withlmax.420 nm
there is a parallel switching-on of two competing recomb
nation channels for our case: bimolecular~geminal recombi-
nation, because it is excitonic according to theoretic

by

FIG. 2. Normalized decay of the slow component of the photoluminesce
from porous silicon layers~dots! and approximation of the experimenta
results~solid curves! by a ‘‘stretched’’ exponential~2! for various energies
of the luminescence radiation.

5Fedorenko et al.



estimates,14 gives a considerably larger value for the relax-
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ation time t1.100 ns! and monomolecular~for example,
through centers in the oxide!. Identification of these channel
requires further investigation of nonstationary photolumin
cence spectra with nanosecond and subnanosecond
resolution.

It should be noted that a similar blue band was a
observed in photoluminescence spectra of fragments of
rous silicon dispersed through a quartz substrate.17

The fact that a fast component is present (t1,20 ns!
over much of the spectral range~420,l,70 nm! indicates a
rapid exchange of a sizable amount of photocarrier ene
~2.9–1.851.1 eV!. This is most likely an indication of the
predominance of some recombination process that is c
mon over this spectral range. The most probable mechan
would appear to be that of geminal recombination coup
with the quantum-well model of Si nanocrystallites in t
form of segments of wires of varying cross section~and ac-
cordingly varyingEg).

1 This model assumes transport
photocarriers along quantum fragments with subsequent
toluminescence in the more long-wavelength portion of
spectrum. Excitation within the volume of one of these cr
tallites can provide photoluminescence at any wavelen
within the entire spectral range. In fact, transport of pho
carriers from the volume of a nanocrystal to its surfa
should lead predominantly to nonradiative recombinati6

~which agrees with the smallness of the quantum efficie
in porous silicon!. In this case, the radiative recombination
the volume of a nanocrystal of length 10 nm should oc
within the transport timeucr!10212 s for photocarriers to
move along such a fragment of~the mean-free path in Si a
T5300 K is l tr<150 nm!; i.e., nearly instantaneously on th
time scale of our observations. Under conditions of ballis
transport, a mechanism of recombination of photocarrier
distances of their dispersal along the length of a Bohr rad
is the most likely mechanism, which is similar to that o
served in amorphous Si. The fast component of the phot
minescence is less likely to have such a wide spectrum
model involving radiative centers in the oxide SiOx, or cen-
ters of molecular nature.

2. Slow component.The second set of times~20 ns,
t2,200 ms! is characterized by a relaxation that cannot
described by a single exponential, and is similar to that
served in samples obtained by other methods, e
anodization.18 Computer analysis of relaxation spectra me
sured in the photon counting regime over a range of m
than three orders of magnitude in intensity show that
spectra are well approximated by a ‘‘stretched’’ exponent
which is used to describe disordered systems with a cha
teristic integration time16

tpl5
1

I pl~0!
E
0

T

I pl~ t !dt5t0b
21G~b21!, ~1!

I pl~ t !5I pl~0!exp@2~ t/t0!
b#, ~2!

whereb is the dispersion parameter.
Other approximations used previously to describe the

netics of photoluminescence spectra~for example, models
that include re-emission~photon transport! of free electrons
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and holes,19 the three-level model,20 and also a model devel
oped to describe the long-period relaxation of the photo
sponse in nonuniform barrier semiconductor structures21! are
inapplicable in our case.

The average time is characterized by a spectral dep
dence that falls off with the photon energyE at a rate close
to exponential,

t̃pl~E!;A exp~2E@eV#/0.27! ~3!

in the range 1.47–2.48 eV~Fig. 3!. Since the photolumines
cence kinetics are independent of the intensity of excitat
over the entire spectrum under observation, this fact arg
in favor of a ‘‘tunneling’’ mechanism for the
recombination,15 according to which its rate is controlled b
tunneling of carriers through potential barriers formed
layers of oxide that coat the surface of the crystallites. T
recombination process itself can be associated with radia
transitions of free electrons and holes~or excitonic transi-
tions! between bulk quantum levels, and also~in light of the
smallness of the quantum efficiency,h,3%, in porous
silicon15,18! with nonradiative transitions at bulk centers,15

surfaces,19 or at Si/SiOx interfaces.
22 In addition, tunneling

of carriers through oxide layers between neighboring crys
lites is also quite probable. In the latter case, the resul
recombination rate will no longer be proportional to the su
of probabilities for the recombination process
WS51/t r11/tnr , wheret r andtnr are lifetimes of carriers
with respect to radiative and nonradiative recombination,
spectively. It can, however, be described by a series-par
scheme that includes the transport and recombination c
nels with a certain effective timetSeff5t tun11/WS , where
t tun is the tunneling time. In any case, the recombination w
take place in regions separated from the region where
carriers appear by tunneling barriers. The dispersion of ch
acteristic times, which determines the nonmonoenergetic
ture of the photoluminescence kinetics curves at a gi
wavelengthl, can arise from a scatter in the thickness
barriersx which determines their transparencyT:

T5T0 expF2~4p/h!E
0

d

~2m*DU !1/2dx, ~4!

FIG. 3. Spectral dependence of the average decay time of the slow co
nent of the photoluminescence from porous silicon layers.
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wherem* is the reduced effective mass of the photocarrie
DU is the height, andd is the maximum thickness of the
barrier.

An additional argument in favor of the model of tunne
ing recombination is the reproducibility which we observe
the slope of the functiontpl(E) for T577 K.

The dispersion parameterb is also spectrally dependen
with a maximum in the neighborhood ofEg51.9 eV~Fig. 4!,
which corresponds to the smallest scatter in character
times~or the largest density of states!. This is found to be in
agreement with the position of the maximum of the int
grated photoluminescence band (lmax.650 nm! ~Fig. 1!.

Thus, our investigation of time-resolved photolumine
cence spectra of porous silicon layers made from silic
modified by laser light and dye etching, and its subsequ
analysis leads us to assume that the fast component o
photoluminescence is caused by transitions between q
tum bulk states in nanocrystallites of variable cross sect
~geminal recombination!, while the bandlmax.420 nm ex-
hibits evidence that quantum-size effects and local cen
are involved. The slow component is controlled by the ra
of tunneling of carriers through the Si/SiOx energy barrier,
which also argues in favor of a quantum-well model.

The method we propose for creating porous silicon la
ers using laser modification, combined with selective che

FIG. 4. Spectral dependence of the dispersion parameterb for porous sili-
con layers.
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use photoresist and ion implantation to obtain a giv
figure.23
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Vibrational spectra of CuInS 2xSe2(12x ) solid solutions

ex-
I. V. Bodnar’

Belarus State University of Information Science and Radio Electronics, 220069 Minsk, Belarus
~Submitted October 3, 1995; accepted for publication February 28, 1996!
Fiz. Tekh. Poluprovodn.31, 49–52~January 1997!

The reflection spectra in the infrared range and the optical Raman spectra are investigated in
single crystals of the ternary compounds CuInS2 and CuInSe2 and in CuInS2xSe2(12x) solid
solutions, all grown by the method of chemical transport reactions. The frequencies of the
optical modes in the given materials are determined, and the type of behavior of these modes in
the solid solutions are established. ©1997 American Institute of Physics.
@S1063-7826~97!01001-6#

In addition to providing information about the phonon at room temperature. The optical Raman spectra were
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frequencies in solid solutions, the study of the vibration
spectra of these materials can also facilitate the identifica
of the spectral bands of the constituent compounds formin
given solid solution. By investigating the vibrational spec
of such materials it is possible to analyze how disorder
them influences the phonon frequencies at the center of
Brillouin zone in contrast with the constituent substances1

It is a well-known fact that solid solutions can be cla
sified as unimodal or bimodal according to the type of b
havior of the optical modes.2,3 Among the unimodal type are
solid solutions, for which the optical mode frequencies va
with the composition in the range extending from freque
cies typical of one of the constituent compounds to frequ
cies typical of another compound, while the mode intens
remains constant. The bimodal classification encompa
solid solutions, in which twice as many modes are obser
for all intermediate compositions as for the constituent co
pounds, and the intensity of each mode is proportional to
mole fraction of the basic components.

The objective of the present study is to determine
optical mode frequencies and to establish their type of
havior in CuIn2xSe2(12x) . The indicated substances crysta
lize in a chalcopyrite structure with space group of symme
D2d
12(14̄2m). Since the primitive cell of such a structure co

tains two formula units, the number of vibrational modes
the center of the Brillouin zone, which determines the nu
ber of degrees of freedom, is equal to 24~Refs. 4 and 5!.
Here the optical modes in the infrared~IR! region of the
spectrum and in the spectral range of the Raman effect~RE!
are classified as

Gopt51A1~RE!12A213B1~RE!13B2~ IR,RE!

16E~ IR,RE!,

and the acoustic modes are classified as

Gac5B21E.

TheB2 modes are polarizedE i c, and theE modes are po-
larizedE'c.

The vibrational spectra of CuIn2xSe2(12x) were investi-
gated by IR and Raman spectroscopy, and the IR reflec
spectra were recorded on a Perkin Elmer 180 spectropho
eter in the frequency range 150–400 cm21 in polarized light
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cited by an argon laser withl54880 Å. The scattered ligh
was analyzed by a DFS-24 dual monochromator and
recorded by means of an FE´U-79 photomultiplier operating
in the photon-counting mode. The spectral resolution w
2–3 cm21.

The homogeneous single crystals investigated in
work were prepared by the method of chemical transp
reactions according to the procedure described in Ref
They were made in the form of wafers with an even mirr
surface corresponding to the~112! plane. The composition o
the grown crystals was determined by an x-ray techniq
based on the satisfaction of Vegard’s law within error lim
of 61.0 mol.%. The homogeneity of the single crystal w
monitored by microradiographic spectral probe analysis.

The IR reflection spectra of the ternary compoun
CuInSe2 and CuInS2, and of the CuInS2xSe2(12x) solid solu-
tions are shown in Fig. 1. Clearly, three reflection bands
observed in the spectra measured in theE'c polarization for
CuInS2, and they agree with previous results7 for this polar-
ization. On the other hand, the reflection spectra for t
compound in what we denote as theE i c polarization differ
significantly from the spectra published in Ref. 7, which c
be attributed to the following causes. A typical feature of t
growth of crystals of the I-III-VI compounds by the metho
of chemical transport reactions is their preferential growth
the @111# direction. This direction forms a 35.3° angle wit
the optical axis of the crystal, so that the optical axis for
this angle with the natural face of the crystal~112!. This
causes theE i c polarization to be achieved partially~66%!,
and it has been shown8 that the strictE i c polarization is
impossible in the given geometry. Consequently, the spe
of this polarization can contain attenuated bands from
E'c polarization. TheE'c conditions, however, are satis
fied 100%~Ref. 8!.

The reflection spectra were processed by a combi
sequential analysis~so-called DAKK! technique,9 which has
lower systematic errors than either dispersion analysis~DA!
or the Kramers–Kronig~KK ! method used separately. It i
evident from Fig. 1 that, when sulfur atoms are replaced
selenium, the spectra of the solid solutions acquire a n
band ~absent from the spectra of pure CuInS2), which we
label with the number 4 forE'c and 5 forE i c. The pres-
ence of bands 1 and 3 in theEic polarization is associated

410041-03$10.00 © 1997 American Institute of Physics
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FIG. 1. Reflection spectra in the infrared range for the CuInSe2 and CuInS2 compounds and CuInS2xSe2(12x) solid solutions. The upper half of the figur
corresponds to light with polarizationE'c, and the lower half toE i c.
with the above-stated causes. As the selenium content of the
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solid solutions is increased, the intensity of bands 4 (E'c)
and 5 (E i c) increase, while the intensities of the hig
frequency bands~bands 1–3 forE'c, bands 2 and 4 for
E i c) decrease. The high-frequency bands do not occu
pure CuInSe2 ~Fig. 1!. The concentration dependence of t
TO and LO photon frequencies for CuInS2xSe2(12x) are
shown in Fig. 2, from which we infer that, as the seleniu
content of the solid solutions is increased, the frequencie
bands 1–3 forE'c and of bands 2 and 4 forE i c vary from
the eigenfrequencies of CuInS2 to the frequencies of loca
vibrations of the sulfur atoms in CuInSe2. On the other hand
for bands 4 (E'c) and 5 (E i c) a transition is observed from
the gap mode frequency of selenium in CuInS2 to the eigen-
frequencies of CuInSe2.

A comparison of the reflection spectra
CuInS2xSe2(12x) for the frequency positions of the band
with previously published data4,7 leads to the conclusion tha
the modes of the solid solutions forE'c ~bands 1 and 2! and
E ic ~bad 2! are determined by the vibrations of the In–
bond, because such bands are not observed in this frequ
range in CuInSe2. The low-frequency bands 3 forE'c and 4
for E i c also correspond to vibrations of the In–S bond w
in

of

ncy

cations. The remaining modes of the solid solutions
E'c ~band 4! andE i c ~band 5! correspond to vibrations o
the In–Se bond, since they do not occur in pure CuInS2.

The foregoing considerations indicate that the vib
tional bands corresponding toE andV2 modes exhibit a bi-
modal behavior in that their intensities and frequency po
tions both vary.

Figure 3 shows the Raman spectra for the ternary co
pounds CuInSe2 and CuInS2, and of certain solid solutions
CuInS2xSe2(12x) . A distinguishing feature of these spectra
the coexistence of twoA1 modes, which are pure anio
modes and which correspond to vibrations of sulfur and
lenium atoms surrounded by motionless neighboring ato
Clearly, theA1 mode corresponding to vibrations of sulfu
atoms has the predominant intensity in solid solutions w
x.0.5. The introduction of selenium atoms in CuInS2 broad-
ens and lowers the intensity of this mode. In solid solutio
with x,0.5 theA1 corresponding to vibrations of selenium
atoms is stronger. The frequency position of the band co
sponding to vibrations of sulfur atoms shifts slightly as t
composition of the solid solution is varied. On the oth
hand, the position of the band corresponding to vibrations
e

.

FIG. 2. Concentration dependence of th
phonon frequencies~E andB2 modes! for
CuInS2xSe2(12x) solid solutions, deter-
mined from the reflection spectra in Fig. 1
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selenium atoms in the interval 0.5,x,1.0 varies slightly as
x is increased and, beginning withx,0.5, its frequency
gradually increases. Our results on the behavior of theA1

mode for CuInS2xSe2(12x) solid solutions are in satisfactory
agreement with the results of Ref. 10. The broadening of t
vibrational bands of symmetryA1 is attributable to disorder
processes in an anonymous sublattice of the solid solutio
the degree of disorder becoming a maximum for the 50–
composition.

The behavior of the high-frequency bands in the Ram
spectra corresponding toE andB2 modes is similar to the
behavior of these modes in the IR reflection spectra. Th
exhibit a bimodal behavior~Fig. 4!. The low-frequency
bands corresponding toE andB2 modes are induced by Cu–
S~Se! vibrations and exhibit unimodal behavior.

Our investigations have thus shown that the optic
modes in CuInS2xSe2(12x) solid solutions exhibit a mixed
~unimodal and bimodal! type of behavior.

FIG. 3. Optical Raman spectra of the compounds CuInSe2 and CuInS2 and
CuInS2xSe2(12x) solid solutions.
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FIG. 4. Concentration dependence of the phonon frequencies
CuInS2xSe2(12x) solid solutions, determined from the spectra in Fig. 3.
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Charge instability effects in the system silicon carbide–insulator

V. A. Karachinov

Novgorod State University, 173003 Novgorod, Russia
~Submitted December 14, 1995; accepted for publication January 16, 1996!
Fiz. Tekh. Poluprovodn.31, 53–55~January 1997!

The influence of laser radiation on the electric strength and characteristics of the interface of the
system silicon carbide–insulator is investigated by nondestructive inspection according to
the noise characteristics and by means of the capacitance–voltage characteristics. It is found that
a laser beam can be used to control the fixed charge in the insulating layer and to modify
the distribution of the density of surface states. Possible mechanisms underlying the observed
effects are discussed. ©1997 American Institute of Physics.@S1063-7826~97!01101-0#

INTRODUCTION cm23 and a dislocation densityND5103–104 cm22. The
c
th
l-
b
ta
.

de
f
s
ar
de
rin

n
tie
to

y
d

e

ical
ure
er

ser

ti-
ise
e
cy

tive
s of
re-
ted

re
t the
n
n
ies
e

The laser irradiation of such well-studied semicondu
tors as silicon, germanium, and gallium arsenide in
implementation of cutting~scribing! operations, the annea
ing of implanted layers, evaporation, etc., is known to
capable of producing various modifications of their crys
structure as well as their electrical and optical properties1,2

Laser technologies are especially valuable in application
high-temperature semiconductors, including silicon carbi

For example, studies associated with the influence o
laser beam on layered structures, SiC–insulator structure
particular, which not only have interesting properties but
also typical in the planar technology of semiconductor
vices, have important bearing on a number of enginee
applications.3–6

Here we give the results of experimental investigatio
of the influence of millisecond laser pulses on the proper
of insulating films and interfaces in insulator–semiconduc
structures made from 6H-SiC.

EXPERIMENTAL PROCEDURE

Silicon dioxide films of thicknessd'0.2 mm were de-
posited on the~0001!C face of silicon carbide substrates b
the following methods: thermal oxidation of SiC in dry an
wet oxygen SiO2t ; oxidation of silane with oxygen SiO2s .
Silicon nitride films of thicknessd'0.2 mm were prepared
by the reactive cathode sputtering of silicon in a nitrog
atmosphere. The substrates were 6H-SiC single crystals with
a density of uncompensated donorsNd2Na5(1–3)31018
-
e

e
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to
.
a
in
e
-
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deposition of the insulating films was preceded by chem
etching of the substrates in a KOH melt at a temperat
T5450 °C for 20 min. Some of the substrates were furth
etched in an argon plasma.

The SiC–insulator structures were irradiated with la
pulses (l51.06mm, t50.8 3 1024 s, pulse energy density
Ep50.3–20 J/cm2).

The electric strength of the insulating films was es
mated by nondestructive inspection from the no
characteristics.7 The properties of the SiC–insulator interfac
were investigated on the basis of the high-frequen
capacitance–voltage characteristics.8

EXPERIMENTAL RESULTS AND DISCUSSION

By performing the measurements under nondestruc
conditions we were able to compare the electric strength
the untreated and irradiated insulating films. The measu
ments showed that the electric strength of nonirradia
SiO2t films on SiC is one third the value for SiO2s films. This
fact is obviously attributable to defects of the initial structu
of the substrates and the presence of unbonded carbon a
SiC–SiO2t interface formed during the oxidation of silico
carbide.9 The irradiation of the untreated insulator–silico
carbide structures in the interval of pulse energ
;(0.3–7! J/cm2 increased the electric strength of th
SiO2t , SiO2s , and Si3N4 films. The dependence ofEs on the
energy density in the pulse exhibits a complex behavior~Fig.
1!. It can only be assumed that the increase inEs is associ-
;
FIG. 1. Experimental graphs of the electric strength of insulating films vs laser energy density.1! After chemical1 ion-plasma~Ar! etching of the substrate
2! after chemical etching of the substrate in a KOH melt; a! SiC–SiO2t ; b! SiC–SiO2s ; c! SiC–Si3N4.

44 44Semiconductors 31 (1), January 1997 1063-7826/97/010044-02$10.00 © 1997 American Institute of Physics



ce
in

i–
y
e

e
i

o
ti
se
r-
d,

ag
te

range of laser energies. In the intervalEp5(3–5! J/cm2,

ges
ons
on

th,
de
ncy
ated

tri-
o-
lters
ent

n
ltage
e
the

ere
ef.

di-
ges
r-

rge
u-

ls

n-

.

ov,

ste
ated mainly with variations in the properties of the interfa
In particular, for SiO2t it can be attributed to a decrease
the concentration of nonuniformly distributed carbon as
result of diffusion toward the surface, the formation of S
O–C bonds, and chemical reactions, which result in the s
thesis of CO from CO2 accumulated during oxidation of th
interface.10

From all appearances, the decrease inEs is explained by
purely mechanical disturbances that set in at high pulse
ergy densities and by the nonuniform energy distribution
the laser spot.

The results of our investigation of the characteristics
the insulator–SiC interface suggest an apparent correla
between the variations ofEs and the charge state. In the ca
of SiC–SiO2t structures, for example, beginning with ene
gies Ep54 J/cm2 and higher, the flat-band voltage an
hence, the fixed charge in the oxide decrease~Fig. 2!. It is
important to note that the slope of the capacitance–volt
characteristics vary only slightly over the entire investiga

FIG. 3. High-frequency capacitance–voltage characteristics of the sy
SiC–SiO2t ~experimental!. 1! After laser irradiationEp5(3–5! J/cm2; 2!
untreated.

FIG. 2. Flat-band voltage of the systems SiC–SiO2t vs laser energy density
~experimental!.
45 Semiconductors 31 (1), January 1997
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however, the characteristic acquires a step, and atEp55.98
J/cm2 the path traversed around the hysteresis loop chan
~Fig. 3!. In this case hysteresis is caused by the electr
falling into traps situated in the oxide layer near the silic
carbide surface, and beginning with energyEp56 J/cm2, the
traversal of the hysteresis loop reverts to its original pa
and ion drift becomes predominant in the silicon dioxi
film.8 The appearance of the step on the high-freque
capacitance–voltage characteristic is obviously associ
with flaws in the crystal structure at the SiC–SiO2t interface
under the influence of laser irradiation. This creates a dis
bution of the density of surface states in the form of a m
noenergic surface level. The presence of such a level a
the dependence of the surface potential on the displacem
voltage of the SiC–SiO2t structure, and its shielding actio
merely causes isolated segments of the capacitance–vo
characteristic to shift relative to the initial characteristic. W
can assume that we have a monoenergic surface level in
form of a trap, which exchanges charge with the SiC. H
the maximum density of surface states, calculated from R
8, isNss52.531011 eV•cm22.

CONCLUSION

1. The system silicon carbide–insulator has been irra
ated with a laser, producing significant structural chan
both in the insulating films and in the vicinity of the inte
face.

2. A laser beam can be used to control the fixed cha
in the insulating layer and to alter the nature of the distrib
tion of surface states.
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Optical properties of quasiperiodic and aperiodic PbS–CdS superlattices

S. F. Musikhin, V. I. Il’in, O. V. Rabizo, L. G. Bakueva, and T. V. Yudintseva

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
~Submitted February 26, 1996; accepted for publication February 28, 1996!
Fiz. Tekh. Poluprovodn.31, 56–62~January 1997!

The transmission spectra of quasiperiodic Fibonacci superlattices and aperiodic Thue–Morse
superlattices of the system PbS–CdS at room temperature and at 77 K are investigated. The
superlattices are fabricated by pulsed laser-beam evaporation. The spectrum of optical
transitions of the aperiodic superlattice is much richer than implied by a calculation of the spectrum
of periodic superlattices. This is a consequence of the fractal structure of the energy
spectrum of the aperiodic superlattices. Self-similarity is observed in the energy spectra of
Thue–Morse lattices. ©1997 American Institute of Physics.@S1063-7826~97!01201-5#
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The capability of creating artificial media on the basis
layered structures using materials endowed with extrem
diverse properties is a reality today. Of special interest
layered structures with quantum-well layers. Electronic c
cuitry components with distinctive new properties can
constructed on the basis of such quantum-well structure
superlattices. Intriguing attributes can be expected in st
tures composed of lead sulfide and cadmium sulfide lay
Lead sulfide is a photosensitive material with a narrow ba
gap (Eg50.41 eV!, a high static dielectric permittivity, and
nonparabolic conduction band. Cadmium sulfide is a wi
gap semiconductor (Eg52.4–2.6 eV! that exhibits photosen
sitivity and piezoelectric properties. The consolidation
these materials into a superlattice can lead to the creatio
a structure in which photostimulated nonequilibrium carri
and piezoelectric excitations closely interact with one
other.

Here we report an investigation of the optical transm
sion spectra of multilayer structures consisting of quantu
size lead sulfide and cadmium sulfide layers, which are c
bined in such a way as to form two types of superlattice
Fibonacci quasiperiodic superlattice or a Thue–Morse su
lattice.

The quasiperiodic Fibonacci superlattice, which
grown in the pattern of a Fibonacci sequence, is classifie
intermediate between periodic and disordered media. Ce
salient features of the energy spectrum of such struct
have already been studied in the example of GaAs–GaA
Fibonacci superlattices.1

The Thue–Morse superlattice is based on a sequenc
which each term is defined by the ruleTr5Tr211Tr21

1 ,
wherer enumerates the elements in the sequence, andTr21

1

is the complement of the termTr21. For example, given two
structural elementsA andB of a Thue–Morse sequence, th
complement of elementA is B (A15B) and, conversely, the
complement of elementB is A (B15A). In the complement,
which consists of several layers, the position of elementA is
occupied byB, and vice versa. A Thue–Morse superlatti
constructed by this rule never repeats itself. Despite the a
riodicity, it is inherently self-similar.2
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The investigated superlattices were constructed from
structural elements: ElementA comprised a lead sulfide laye
of thickness 20 Å and a lead sulfide layer of thickness 10
elementB comprised a lead sulfide layer of thickness 40
and a cadmium sulfide layer of thickness 10 Å. ElementA
and B were combined to form structure
S*5ABABAABABAABAABABAAin conformity with a
Fibonacci number sequence and T*
5ABBABAABBAABABBAin accordance with a Thue–Mors
sequence. The structures were prepared by pulsed laser-
vacuum evaporation.3

3. EXPERIMENTAL RESULTS AND DISCUSSION

The spectra of the optical transmissionT of the superlat-
tices were investigated in the infrared, visible, and ultravio
regions at room temperature and at liquid-nitrogen tempe
ture. In this article all the spectra are displayed with t
ordinate 12T, which is proportional to the absorption coe
ficient.

The one-to-one relation between the absorption spe
and the density of states function in superlattices is w
known.4,5 Minibands are formed in periodic superlattice
whereas in aperiodic superlattices levels common to the
tire lattice coexist with energy levels associated with loc
ized states in solitary quantum wells and in groups of ma
mally tight-coupled wells. The result is an energy spectr
having a stepped character with several diffuse transiti
from one step to another. The electron energy levels w
calculated in the Kronig-Penney model for isolated quant
wells separated by barriers. The previously used6 energy dia-
gram of a type-II PbS–CdS superlattice with overlap of t
CdS conduction bands and the PbS valence band at r
temperature was employed in the present study. The dist
tive features of the carrier energy spectrum show up in
optical spectra and are a consequence of intraband and i
band transitions in the superlattices.

The widths of the band gaps of the superlattice com
nents were measured at liquid-nitrogen temperature; the
width decreases for lead sulfide (Eg50.31 eV! and increases
for cadmium sulfide (Eg52.5 eV!.

460046-05$10.00 © 1997 American Institute of Physics
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If we assume, for example, that the discontinuity of t
valence bands of the superlattice components (DEv5const)
remains constant,1! then the partial overlap of the allowe
bands of the superlattice components is eliminated, and
band gaps overlap~Fig. 1!.

Calculations show that the quantum well formed by t
conduction band of cadmium sulfide contains one quan
levelE150.257 eV,which is not occupied by electrons. A
77 K, depending on the width of the barrier, whether a le
sulfide layer of thickness 20 Å or 40 Å, the quantum well f
cadmium sulfide has four closely spaced quantum level
the energy interval 0.171–0.183 eV. The hole quantum w
formed by lead sulfide layers contain from five to ten qua
tum levels in the valence band for lead sulfide layers
thickness 20 Å and 40 Å, respectively.

Investigations of the Hall effect on films of satellit
samples yield values of the concentration such that the Fe
level at the given doping levels of the superlattice com
nents is situated below the top of the cadmium sulfide
lence band. In this case the firstH1 level in the quantum well

FIG. 1. Energy band diagram of a CdS–PbS superlattice at 77 K.
numbers indicate the widths of the energy intervals in electron-volts.
TABLE I. Calculated and experimental data for the e
the spectrum.
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interband transitions between free electron levels in the c
mium sulfide conduction band and filled levels in the le
sulfide valence bands are possible, along with intraband t
sitions between the first unfilled level in the valence band
the lead sulfide layer of thickness 40 Å and deeper fil
levels in the valence bands of lead sulfide. Table I giv
calculated and experimental data on the possible energy
sitions in the superlattices.

Figures 2–4 give the optical spectra of the Fibonacci a
Thue–Morse superlattices at room temperature and at liq
nitrogen temperature in the IR region of the spectrum
barium fluoride and glass substrates. An absorption peak
pears in the IR range of the transmission spectrum
BaF2 substrates at a temperature of 77 K, making it diffic
to analyze the transmission spectra of the superlattices.
therefore constructed superlattices on glass and investig
them in the same spectral range as the superlattices
BaF2 substrate. Against the background of the transmiss
spectrum in all the structures there is a stepped struct
which characterizes the prominent features of the superla
and does not occur in the spectrum of the substrates. T
cally, the spectrum of the Fibonacci superlattices is stepp
whereas the spectra of the Thue–Morse superlattices disc
absorption peaks in addition to the steps~see, e.g., Fig. 2 for
energies of 0.389 eV and 0.434 eV!. The numbers in the
figures indicate transitions, whose order numbers coinc
with those of the transitions in Table I.

The spectra for lattices constructed on BaF2 substrates
~Fig. 2! have a distinct stepped profile. The greatest num
of steps is observed in the spectra of the Thue–Morse su
lattices at room temperature. The experimentally determi
spectrum discloses a far greater number of steps for
Thue–Morse superlattices than predicted by calculations
the solitary quantum wells~see Table I!. These results are
consistent with recent theoretical studies of the electron sp
tra of Thue–Morse superlattices,2,7,8which show that in ape-
riodic superlattices of the given form the spectra contai
greater number of energy steps than for periodic and qu
periodic superlattices. As mentioned above, despite
change in the shape of the spectrum, the elements of
similarity or fragmentation are preserved in the Thue–Mo
superlattices. This fact is revealed in the observation of t

e

nergy transitions in superlattices in the infrared region of
47hin et al.
Transition energy, eV
Experiment on super-

Transition Type of lattices~BaF2 substrate! Experimental
No. transition Calculated Fibonacci Thue–Morse temperature, K

1 H18–H1 0.148 0.150–0.236 0.144–0.164 300
2 H2–H1 0.206 0.150–0.236 0.198–0.216 300
3 H3–H1 0.438 0.423–0.439 0.440 300
4 H18–E1 0.476 0.445–0.487 0.459–0.473 300
18 H18–H1 0.141 0.139–0.155 0.144–0.164 77
28 H18–E1 0.486 0.478–0.483 0.482–0.496 77

Note: Hk denotes the quantum levels in the valence band of a PbS layer of thickness 40 Å,Hk8 is the same in
a layer of thickness 20 Å, andE1 is the quantum level in the conduction band of CdS.

uctors 31 (1), January 1997 Musik
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FIG. 2. Absorption spectra in the IR re
gion for superlattices fabricated on
BaF2 substrate. a! Thue–Morse superlat-
tice at 300 K; b! Fibonacci superlattice at
300 K; c! Thue–Morse superlattice at 77
K. The transitions are numbered along th
spectra in accordance with the order num
bers in Table I.
narrow steps between two broader steps in the absorption
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spectra.7

A lucid example of self-similarity is the absorption spec
trum of a Fibonacci superlattice on a barium fluoride su
strate, shown in Fig. 2. Three broad steps are observed in
spectrum in the energy intervals 0.150–0.240, 0.340–0.3
and 0.445–0.480 eV, etc. This arrangement of the steps
the spectrum exhibits the self-similarity of the energy spe
trum and corroborates the existence of a bona fide Fibona
superlattice.

The spectrum of a Thue–Morse superlattice at roo
temperature~Fig. 2! consists almost entirely of energy step
Self-similarity elements can be seen in the low-energy ran
in the interval 0.107–0.250 eV. For example, several narr
steps are interspersed between the broad steps 0.144–0
eV, 0.205–0.220, and 0.255–0.280 eV. This pattern of t

FIG. 3. Absorption spectra at 300 K in the IR region for superlattices fa
ricated on a glass substrate.1) Thue–Morse superlattice;2) Fibonacci su-
perlattice.

48 Semiconductors 31 (1), January 1997
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tain energy shift of the broad steps. At higher energies in t
IR range 0.280–0.500 eV the room-temperature spectru
comprises a sequence of steps of approximately identi
width.

Figures 3 and 4 show the absorption spectra in the
range for superlattices prepared on a glass substrate. A se
of prominent features associated with the grown structures
observed in the superlattice spectra against the backgrou
of the substrate transmission spectrum. The energy positio
of the majority of the steps for superlattices on BaF2 and
glass substrates practically coincide. In fact, the spectra
the Fibonacci superlattices on glass also have a stepped p
file. Lowering the temperature does not alter the general a
pearance of the spectrum. The analyzed part of the spectr
of a structure on a glass substrate is a fragment of the sp

-FIG. 4. Absorption spectra at 77 K in the IR region for superlattices fabr
cated on a glass substrate.1) Thue–Morse superlattice;2) Fibonacci super-
lattice.
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TABLE II. Calculated and experimental data for the energy transitions in
superlattices in the infrared region of the spectrum.
trum of the structure grown on a BaF2, and the general fea-
tures of the two spectra concur quite well. For example, ste
are observed in the energy intervals 0.340–370 eV, 0.42
0.440 eV, and 0.493–0.521 eV. An exception is the ste
0.269–0.300 eV, which splits into two narrow steps for
structure grown on a glass substrate.

Prominent features in the form of steps and in the for
of absorption peaks are observed in the spectra measure
room temperature for Thue–Morse superlattices grown on
glass substrate. However, the number of such features

FIG. 5. Absorption spectra in the UV spectral region for Thue–Morse s
perlattices fabricated on a glass substrate. a! 300 K; b! 77 K. The transitions
are numbered along the spectra in accordance with the order number
Table II.

Transition energy, eV
Experiment on super-

Transition Type of lattices~BaF2 substrate!
No. transition Calculated Fibonacci Thue–Morse

1 H8–H1 1.72 0.160 1.70–1.754
2 H7–E1 1.79 1.75–1.80 1.70–1.75
3 H4–E1 1.84 1.86–1.89 1.85
4 H9–E1 1.92 1.86–1.89 1.85
5 H9–H1 1.99 2.02 2.06
6 H5–H1 2.01 2.02 2.06
7 H8–E1 2.05 2.02 2.06
8 H10–H1 2.25 2.30 2.28–2.32
9 H5–E1 2.34 2.43 2.34–2.41
10 H10–E1 2.58 2.58 2.58

18 H8–H1 1.62 0.162 1.62
28 H7–E 1.71–1.83 1.70–1.73 1.70
38 H9–H1 1.87 1.86 1.83
48 H4–E 1.76–1.88 1.86 1.85
58 H8–E 1.96–2.08 1.97 1.97–2.00
68 H5–H1 2.00 1.97 1.97–2.00
78 H10–H1 2.12 2.13 2.16–2.24
88 H9–E 2.15–2.27 2.24 2.16–2.24
98 H5–E 2.24–2.27 2.24 2.30
108 H10–E 2.58 2.58 2.50–2.53

Note: Transitions 1–10 were observed at 300 K, and transitions 18–108 at
77 K.
49 Semiconductors 31 (1), January 1997
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much smaller than in the analogous spectrum of the struct
on a BaF2 substrate. An exception is the energy interv
0.475–0.525 eV, where the positions of the steps for bo
types of substrates essentially coincide. The absorption p
at an energy of 0.390 eV, which is observed in structures
both glass and BaF2 substrates, can be explained on the a
sumption that the superlattice exhibits a common ener
level situated 0.501 eV below the top of the lead sulfid
valence band. The absorption peak in the vicinity of 0.43
eV is associated with an intrabandH3–H1 transition in the
valence band of a lead sulfide layer of thickness 40 Å. T
presence of an absorption peak at energy 1.83 eV in

spectra is associated with a transition of the typeL6–L3
68 in

lead sulfide.
Table II summarizes the calculated and experimen

data for energy transitions in the superlattices in the visib
and UV spectral ranges. The calculations were carried ou
the approximation of two quantum wells. It is evident from
these data that good agreement is observed between th
and experiment.

CONCLUSION

Laser-beam vacuum evaporation has been used to fa
cate two types of structures on barium fluoride and gla
substrates: quasiperiodic superlattices fabricated in a
bonacci sequence and aperiodic superlattices fabricated
Thue–Morse sequence. The coincidence of the positions
the steps on an orienting substrate~BaF2) and on a nonori-
enting amorphous substrate~glass! does not have a decisive
influence on the growth of quantum-well structures fabr
cated by pulsed laser-beam evaporation.

An investigation of the optical transmission spectra
the fabricated structures in the infrared, visible, and ultravi
let ranges of the spectrum has shown that the spectra ha
series of prominent features~steps and absorption peaks!,
whose presence, as we know,4,5 evinces a stepped behavio
of the density of states function. This knowledge has enab
us to identify the synthesized structures as superlattices.

-

in

FIG. 6. Absorption spectra in the UV spectral region for Fibonacci sup
lattices fabricated on a glass substrate. a! 300 K; b! 77 K. The transitions are
numbered along the spectra in accordance with the order numbers in T
II.
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investigations have shown that the spectrum of the Fibonacci
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1!Being deeper, the valence bands should be less prone to changes induced
by temperature variations.
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superlattices exhibits a self-similarity effect inherent in qu
siperiodic structures.1

It was found for the first time that self-similarity ele
ments are also present in the spectra of periodic struct
constructed in accordance with a Thue–Morse seque
corroborating recent theoretical work.1,2

A calculation of superlattice energy levels in the Kroni
Penney model for isolated quantum wells gives good ag
ment between theory and experiment. The results lead to
conclusion that the fabricated structures are quasiperiodic
bonacci superlattices and aperiodic Thue–Morse supe
tices.

This work has received support from the Russian Fu
for Fundamental Research, Grants 94-02-05886 and 96
17200, and from the International Soros Science Educa
Program~ISSEP!, Grant 1027P.
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Waveguide properties of gallium, aluminum, and indium nitride heterostructures

the
V. E. Bugrov and A. S. Zubrilov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences; Cree Research EED Inc.,
194021 St. Petersburg, Russia
~Submitted February 21, 1996; accepted for publication February 29, 1996!
Fiz. Tekh. Poluprovodn.31, 63–67~January 1997!

The waveguide properties of double heterostructures constructed from nitrides of group-III
elements are investigated. It is established that a maximum 8–10% AlN is sufficient~for limiting
the optical mode inside the active region! in the solid solution of the wide-gap layer. The
influence of light absorption in the wide-gap layers on the threshold current density of
heterostructure lasers is taken into account. This form of light absorption is probably a
decisive factor for heterostructures utilizing III-nitrides. A threshold current density at levels of
the order of 10 kA/cm2 is expected for lasers utilizing such structures. Because of strong
light absorption in the waveguide layer, the threshold current density for lasers with solitary
quantum wells cannot be expected to be any lower than that of conventional double-
heterostructure lasers. The threshold current density can be lowered to a few kA/cm2 in the case
of lasers with a large number of quantum wells. ©1997 American Institute of Physics.
@S1063-7826~97!01301-X#
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The nitrides of group-III elements~III-nitrides!, specifi-
cally In, GaN, AIN, and their solid solutions are promisin
materials for the fabrication of short-wavelength las
diodes.1,2 Recent advances in nitride technology have ma
the construction of such diodes an entirely real possibil
The fabrication of the world’s first injection laser utilizin
III-nitrides was announced in January of 1996~Ref. 3!. The
present-day theory of semiconductor injection lasers us
heterostructures is tailored to the properties of III-arsenid
III-antimonides, and III-phosphides. For heterostructure
sers utilizing these materials both theory and experim
show4 that the threshold current density decreases regul
as the thickness of the active narrow-gap zone is decrea
The phenomenon is very simple in essence: The thinner
zone, the fewer the carriers that need to be injected into
induce population inversion.

In the case of the simplest double heterostructure~DH!
lasers, where the active zone serves in the additional cap
of waveguide, the curve representing the threshold cur
density as a function of the thickness of the active zone h
minimum. This is attributable to the fact that only the part
the optical mode propagating through the active zone is
plified, so that too much of a reduction in the thickness of
active zone leads to extremely rapid degradation of opt
mode confinement to the active zone and, as a consequ
an increase in the current required to achieve lasing.

In double heterostructure lasers with separate mode
finement~SCDH lasers! nonequilibrium carriers are confine
within the active zone, whereas the optical field is confin
within the relatively thick waveguide layer. In this case o
tical confinement is not significantly diminished; hence t
threshold current decreases monotonically with the thickn
of the active zone. This decrease is particularly noticeabl
transition from lasers using a bulk material to lasers ope
ing on quantum wells or even quantum points, where a lo
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However, these considerations are valid when light

sorption does not take place in the passive wide-gap layer
the structure. This is, in fact, the case for the majority
direct-band-gap materials characterized by sharp absorp
edges. In particular, for the photon energy of a GaA
AlGaAs laser, which corresponds to a shift of the order
40-meV into the red part of the spectrum from the width
the band gap, the absorption coefficient of GaA is appro
mately 10 cm21 ~Ref. 4!, and the absorption coefficient o
AlGaAs solid solutions used as materials for wide-gap lay
is only a few reciprocal centimeters.

Existing data on the absorption coefficients of galliu
and aluminum nitrides1,5 show that the absorption spectra
these materials have a low-energy ‘‘tail,’’ which leads
appreciable absorption of the generated light in the wide-
layers. For nitride materials the absorption coefficient at
emission wavelength of the laser is clearly of the order
103 cm21. The present study has shown that a conseque
of this figure is the fact that the curve of the threshold curr
density as a function of the thickness of the active zone h
pronounced minimum for DH and — especially important
SCDH lasers made from III-nitrides.

It is evident from Fig. 1 that allowance for strong a
sorption in the wide-gap claddings has the effect of shift
the optimum thickness of the active zone from a value of
order of 0.05mm to values of the order of 0.2mm. Here the
expected threshold current density of the laser increases
eralfold, arriving at the level 10 kA/cm2. Figure 1 shows the
dependence of the threshold current density on the thickn
of the active zone for a DH laser with various wide-g
regions containing from 2% to 20% aluminum nitride and
narrow-gap region of pure gallium nitride. This dependen
has a minimum, which becomes lower as the wide-gap a
tion of aluminum nitride is increased. This tendency reac
saturation: Curves 3 and 4 in Fig. 1 scarcely differ from o

510051-04$10.00 © 1997 American Institute of Physics
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another, even though curve 3 refers to a 10% content
aluminum nitride, and curve 4 to a 20% content.

The nature of the dependence of the threshold curr
density on the thickness of the active zone changes in
case of a SCDH laser. This variation is shown in Fig. 2. It
evident from the figure that in the range of the most signi
cant practical thicknesses of the active zone the thresh
current density is not observed to decrease with diminish

FIG. 1. Threshold current densityj th in laser double heterostructures of th
type GaN/AlGaN~l5370 nm! vs thickness of the active zoned for four
solid solution compositions~percentage AlN! in the wide-gap layers.1! 2%;
2! 5%;3! 10%;4! 20%. The graphs represent the results of calculations w
~solid curves! and without~dashed curves! regard for light absorption in the
wide-gap layers.

FIG. 2. Threshold current densityj th for a laser utilizing a double hetero-
structure with separate confinement of the type In0.1Ga0.9N/GaN/
Al0.1Ga0.9N ~l5395 nm! vs thickness of the active zoned for three thick-
nesses of the GaN waveguide layer.1! 0.2mm; 2! 0.4mm; 3! 0.8mm. The
graphs represent the results of calculations with~solid curves! and without
~dashed curves! regard for light absorption in the wide-gap layers.
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thickness of the active zone but, conversely, to grow. T
optimum thickness of the active zone in this case is on
again approximately 0.2mm. As a result, the minimum at-
tainable threshold current density is found at the level of t
threshold current densities in ordinary DH lasers.

2. THEORY

Here we consider planar heterostructures, for which t
GaN active zone~DH! or the GaN waveguide layer with an
InGaN active zone in the center~SCDH! is contained be-
tween two thick, wide-gap AlGaN~cladding! layers so that
the optical mode cannot penetrate the outer layers of
structure. An end-fire laser geometry is assumed everywh
in this case.

All the calculations for the modeled heterostructure
with a GaN active zone are carried out for a laser emissi
wavelengthl5370 nm in accordance with existing data o
stimulated emission in a GaN/AlGaN DH (;368 nm; Ref. 6!
at 300 K. The laser wavelengthsl for a SCDH with an
InGaN active zone corresponds to the composition of t
solid solution.

The distribution of the optical field in the structure
~transverse mode! is determined from the standard wave
equation

E9~x!1k2@n2~x!2N2#E~x!50, ~1!

wherex is the direction normal to the planes of the layers,k
is the light wave vector in vacuum,n(x) is the refractive
index, andN is an effective refractive index, which must be
determined for each mode separately. All the results a
given for the fundamental laser mode.

In solving the wave equation, we assume that the refra
tive indices of the GaN and AlGaN~InGaN! solid solutions
correspond to those in Fig. 3, and that they do not depend
the temperature, the doping level, or the type of electric
conductivity. In plotting the refractive-index spectra in Fig
3, we have taken into account the dependence of the width

h

FIG. 3. Spectrum of the refractive index of GaN and various compositio
of AlGaN and InGaN solid solutions at room temperature.1! 10% AlN, 0%
InN; 2! 5% AlN, 0% InN;3! 0% AlN, 0% InN;4! 0% AlN, 5% InN;5! 0%
AlN, 10% InN. 6! Experimental data from Ref. 6; the curves represent th
approximation proposed in the present article.
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The refractive indices of the materials used have val
as;103 cm21 ~Refs. 1 and 5! at the given wavelengths, an
the values obtained for the gain in the active zone are m
lower than the magnitude of the light wave vectork;105

cm21. Consequently, the imaginary parts of the refract
indicesas(x)/2k do not have any appreciable influence
the profiles of the intensity distribution of the field, and th
can be disregarded in solving the wave equation.

The required gain in the active zone to achieve lasing
determined by the rate of losses that must be overcome in
structure. The losses are made up of the losses in the e
sion of radiationaL5(1/L)ln(1/R), whereL is the length of
the cavity, andR is the reflection coefficient of the mirror
plus the internal losses in the structurea i , which cannot be
determined by knowing only the parameters of the structu
The internal losses can, for example, encompass losse
free carriers in the active zone or losses in the scatterin
radiation by the heterointerfaces and scattering centers~in-
homogeneities!. As mentioned above, the losses due to lig
absorption in the passive layers,as , must also be taken into
account in III-nitrides. Once the above-described loss mec
nisms have been taken into account, the expression for
gain in the active zone at the lasing threshold assumes
form

gth5~1/G!~a i1aL1Gwas
w1Gcas

c!, ~2!

whereGw andGc are the fractions of the optical mode ass
ciated with the waveguide and cladding layers, respectiv
andG is the fraction of the optical mode associated with t
active zone~the optical confinement factor4!. The standard
relation for bulk materials is4:

gth5b~ j nom2 j 0!, ~3!

whereb and j 0 are constants, andj nom is the nominal current
density required to maintain the existing rate of pumping
a uniformly excited layer of thickness 1mm. For bulk GaN
at 300 K we can setb58.33 cm/kA andj 0522 kA/cm2

~Ref. 8!. If the injection efficiency and the injection coeffi
cient are equal to unity, the threshold current density of
laser can be defined as

j th5d jnom5d~ j 01gth /b!, ~4!

where d is a dimensionless quantity corresponding to
thickness of the active zone in micrometers.

3. DISCUSSION OF THE RESULTS

The most important parameter of a heterostructure in
design of injection lasers is the thickness of the active zo
It has already been mentioned that the optimum thickne
of the active zone differ significantly in III-nitride and clas
sical III-arsenide, etc., lasers. Figure 1 illustrates the in
ence of the thickness of the active zone on the thresh
current density for a GaN/AlGaN DH for various compos
tions of the solid solution in the claddings. In the calculatio
it is assumed thataL540 cm21 ~corresponding to a cavity
length of approximately 400mm and a mirror reflection co
efficient of the order of 0.2!, a i50, andas

c5800 cm21. It
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greater than or of the order of 5% the optimum thickness
the active zone is approximately 0.15–0.2mm.

Separately confined DH lasers are widely used. Laser
this configuration not only have far superior degradat
characteristics and less beam divergence, but also, as
tioned, have lower current thresholds than conventional
lasers. Two fundamentally different situations need to be d
tinguished in the case of SCDH lasers.

1. The active zone is not too thin and cannot be regar
as a quantum well. The threshold current densities in InG
GaN/AlGaN SCDH lasers with this kind of active zone c
be determined from relation~3! with the same values ofb
and j 0 as in the case of GaN/AlGaN DH lasers. Calculatio
without regard for absorption in the wide-gap layers sh
that even when a SCDH of this type is used, the expec
threshold current density is lowered in comparison with co
ventional DH lasers~e.g, by 1/2 to 1/3 for GaAs/AlGaAs DH
lasers4!. In nitride lasers, however, a GaN waveguide layer
highly absorbing. The absorption coefficient of GaN at t
wavelengthl5395 nm~10% InN in the active zone! is ap-
proximately 800 cm21 ~Refs. 1 and 5!. Such large light ab-
sorption raises the threshold gain. Figure 2 shows the de
dence of the threshold current density on the thickness of
active zone for three In0.1Ga0.9N/GaN/Al0.1Ga0.9N DH lasers
with GaN waveguide layers of thickness 0.2mm, 0.4mm,
and 0.8mm. In the calculations it is assumed thatas

c5500
cm21, as

w5800 cm21, a i50, andaL540 cm21.
The calculations show that the expected current dens

in SCDH lasers are approximately equal to those expecte
conventional DH lasers. Also shown for comparison in Fig
are data from calculations of the threshold current den
without regard for the absorption (as50) in the waveguide
and adjacent layers. The strong influence of this absorp
on the expected value of the threshold current is clearly e
dent.

2. Quite a different situation is encountered for SCD
lasers with one or several quantum wells. The dependenc
the gain in the active zone on the current density through
structure differs from that used for bulk GaN. The scarcity
data on this dependence for the quantum wells of InG
GaN makes it impossible to run detailed calculations
SCDH lasers with quantum wells~e.g., to calculate the influ-
ence of the thickness of the active zone on the thresh
current density!.

The known9 dependence of the gain on the current f
the quantum well of In0.1Ga0.9N/Al0.2Ga0.8N with a thickness
of 50 Å can presumably be used to estimate the expe
threshold current in these lasers and to compare with c
ventional DH lasers.

The calculations show that the optical confinement f
tor in the case of an In0.1Ga0.9N/GaN/Al0.1Ga0.9N SCDH la-
ser with a quantum well in the role of an active zone
thickness 50 Å is approximately equal to 0.025 for optimu
thicknesses of the waveguide layer. If absorption in the p
sive layers of the structure is ignored, this result means th
gain of 200 cm21 can be expected in the active zone at t
lasing threshold, along with~according to Ref. 9! a threshold
current density of about 600 A/cm2. The inclusion of absorp-
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thatas5500 cm andas 5800 cm , we obtain a thresh-
old gain in the active zone at the level~2–3!3104 cm21. So
far the literature does not offer any data on the expec
values of the threshold current density at such gains. Tak
into account the well-known phenomenon of gain saturat
as the current increases, we infer that the attainment of s
a high gain level at threshold current densities lower th
those needed to operate a conventional DH laser is cle
impossible.

It appears most certain that this situation can be avoi
in the design of SCDH lasers by using structures with a la
number of quantum wells. The fraction of the optical mo
associated with the passive layers in these structures is m
smaller, which means a reduction in the losses due to l
absorption in the wide-gap layers and, hence, lowering of
threshold current density. Let us consider, for example
structure consisting of ten In0.1Ga0.9N/GaN quantum wells
50 Å thick, contained between In0.1Ga0.9N cladding layers.
The fraction of the optical mode dedicated to the act
zones of this structure is approximately 0.3. Sett
as
w5500 cm21 and aL540 cm21, we obtain a threshold

gain in the active zones of the order of 1300 cm21 and, as a
consequence, a threshold current density of approxima
5 kA/cm2. Clearly, the expected threshold current density
half the value in conventional DH lasers. Further lowering
the threshold current density can be expected when the
gree of confinement of the light field in the active zone
increased and the thicknesses of the quantum wells are
creased.

By way of comparison we note that the first demo
strated laser using a III-nitride heterostructure3 as the active
zone had 26 In0.1Ga0.9N/In0.05Ga0.95N quantum wells of
thickness 25 Å and had a threshold current density o
kA/cm2.

An obvious feature common to all heterostructures m
from III-nitrides is the very unfavorable configuration of th
light field in III-nitride layers in that the generated wav
guide mode is present, for the most part, in all layers. T
‘‘leakage’’ of the mode beyond the active zone produc
strong absorption of the emitted radiation and a correspo
ing increase of the required gain in the active zone. Stron
localization of the light field in the active zone is preferab
for III-nitride lasers.

In closing, we should mention one other important fe
ture of III-nitride heterostructures. It is evident from Fig.
that the influence of the composition of the cladding lay
on the threshold current is no longer significant when
claddings contain more than 10% AlN. Such a small cont
of the wide-gap component in the solid solutions of the cl
dings has not been sufficient in lasers utilizing arsenides,
Two factors account for the adequacy of such a low A
level for achieving good optical confinement. First, the em
sion wavelength of III-nitride lasers is shorter than in I
arsenide lasers. Second, the III-nitrides are characterize
large dispersion of the refractive index~Fig. 3!. It follows,
therefore, that the required AlN content in the solid soluti
of the wide-gap layers for good confinement of the opti
mode to the active zone should be relatively low. This res
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with doping of the AlGaN layers are still encountered
nitride technology.

4. CONCLUSIONS

1. In the investigation of laser configurations utilizin
double heterostructures and double heterostructures
separate confinement the threshold current densities are
pected to have levels of approximately 10 kA/cm2 ~for ideal
laser structures with 100% internal quantum efficiencies
injection efficiencies!.

2. The low-energy ‘‘tails’’ in the absorption spectra o
the III-nitrides clearly play a very important role in the d
sign of laser structures in that they raise considerably
attainable threshold currents. The influence of the absorp
‘‘tails’’ is particularly strong in the case of SCDH lasers wit
quantum wells, where a large fraction of the optical mo
propagates in the highly absorbing passive zones. For SC
lasers with single quantum wells the required gains in
active zone at the lasing threshold, calculated with allowa
for interband absorption in the wide-gap layers adjacen
the active zone, are ten or more times the gains calcula
without absorption taken into account.

3. For lasers utilizing III-nitride heterostructures wit
single quantum wells, clearly, one cannot expect the thre
old current density to be lowered from that of convention
DH lasers. The threshold current densities can be lowere
values of the order of a few kA/cm2 in heterostructures with
a large number of quantum wells.

4. For a DH with a GaN active zone the optimum thic
ness of this zone is approximately 0.15–0.2mm.

5. Because of the short emission wavelengths and ap
ciable dispersion of the refractive index in III-nitride DH
lasers, an AlN level of the order of 8–10% in the solid s
lution of the wide-gap layer is definitely sufficient fo
achieving good optical mode confinement.

The authors are grateful to O. V. Konstantinov for ma
assistance in the investigation.
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Photoluminescence of InSb quantum dots in GaAs and GaSb matrices
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The photoluminescent properties of quantum dots formed in the deposition of an InSb thin film
~1–3 monolayers! on GaAs~100! and GaSb~100! surface are investigated. The results
indicate the importance of As–Sb substitution reactions in the formation of quantum dots on a
GaAs surface. ©1997 American Institute of Physics.@S1063-7826~97!01401-4#

The fabrication of optoelectronic light-emitting devices @;1–3 monolayers~ML !# on GaAs~100! and GaSb~100!
i
in
u

tin
.
a

n
e
e
a

ng
e
a
ns

m
a
al

m
o
ic
ica
h

n
n
o
a
w
e
-d
o
th
o

lm

b
e

he
s a
his
le,
her

of

f a

nSb
ere
lad

the
to
to

he
on
lay-
u-
ve
one
ature
r to
ture
ce
tron
r

r
di-
b
the
ss

1

~LEDs! with emission wavelengths close to 1.3mm and 1.5
mm is an important task in the physics of semiconductors
view of the sharp reduction of the absorption coefficient
optical fibers at these wavelengths. Adequate techniq
have not been developed to date for the preparation
dislocation-free GaAs heterostructures capable of emit
radiation in the vicinity of 1.5mm at a temperature of 300 K
This deficit is explained by the fact that materials with
narrow band gap such as, for example, GaxIn12xAsyP12y

and InxGa12xAs have a lattice constant that differs substa
tially from that of GaAs. This difference means that the lay
of narrow-gap material deposited on GaAs must have a v
small critical thickness, making it impossible to achieve
substantial shift of the photoluminescence line to the lo
wavelength side of the absorption edge of GaAs, becaus
quantum size effects. The growth of layers with greater th
critical thickness leads to the formation of misfit dislocatio
and to catastrophic degradation of the optical properties.

Major progress in the physics and technology of se
conductors has been achieved lately through the creation
study of the properties of objects of limited dimension in
directions: quantum dots. One method for thein situ forma-
tion of quantum dots is through the spontaneous transfor
tion of an elastically stressed layer of one material grown
the surface of another material having a different latt
constant.1 When the deposited layer has greater than crit
thickness, it begins to fragment. The greatest progress
been achieved in the formation of~In,Ga!As quantum dots
on a GaAs~100! surface. The resulting dislocation-free qua
tum dots are distinguished by a high degree of dimensio
homogeneity. This method can be used to obtain islands
narrow-gap material in a wide-gap matrix material with
height much greater than the critical thickness, thereby lo
ering the quantum-dot energy and shifting the photolumin
cence line to lower energies. The advantages of quantum
lasers — a high characteristic temperature and low thresh
current density — have been successfully exploited on
basis of structures with InAs quantum dots obtained by m
lecular beam epitaxy~MBE!.2–4

We have prepared and investigated the properties
quantum dots formed in the deposition of an InSb thin fi

55 Semiconductors 31 (1), January 1997 1063-7826/97/0
n

es
of
g

-
r
ry

-
of
n

i-
nd
l

a-
n
e
l
as

-
al
f a

-
s-
ot
ld
e
-

of

surfaces by MBE. The width of the band gap for InS
(Eg'0.17 eV! is small in comparison with the width of th
band gap for GaAs (Eg'1.42 eV! and GaSb (Eg'0.72 eV!.
Even more important is the fact that the discontinuity in t
valence band for the InSb/GaAs heterojunction constitute
large part of the total discontinuity of the bands, and t
fact, coupled with the large effective mass of a heavy ho
radically increases the localization energy. On the ot
hand, the lattice constant of InSb (a56.4794 Å! is ;15%
times greater than the lattice constant of GaAs (a55.6533
Å!. Such a marked difference means that transformation
the surface with the formation of three-dimensional~3D! is-
lands must take place in the deposition of a very thin,;1
ML, InSb layer.

The investigated structures were grown by means o
Riber 32 MBE apparatus on GaAs~100! and GaSb~100! sub-
strates. For the structures grown on GaAs substrates I
films of various thicknesses and a 200-Å GaAs layer w
deposited on a 1000-Å GaAs layer. The structure was c
on both sides by a~20-Å Al0.4Ga0.6As/20-Å GaAs!310 su-
perlattice. The substrate temperature during growth of
structure was 610 °C. The temperature was lowered
420 °C prior to the deposition of InSb and was raised back
610 °C after deposition of the InSb film and 50-Å GaAs. T
InSb growth rate was 18 Å/min. The structures grown
GaSb substrates consisted of the following sequence of
ers: 0.3-mm GaSb, a five-period 55-Å AlSb/20-Å GaSb s
perlattice, 1000-Å GaSb, an InSb film of various effecti
thicknesses, 300-Å GaSb, a superlattice analogous to the
described above, and 20-Å GaSb. The substrate temper
was 500 °C; the temperature was lowered to 420 °C prio
deposition of the dots and was maintained at that tempera
until completion of the growth of the structure. The surfa
transformation process was monitored from the fast-elec
diffraction pattern. Photoluminescence was induced by A1

~quantum energy;2.56 eV, power;200 W/cm2) and a
semiconductor laser~excitation energy 1.55 eV, powe
;60 W/cm2) and was detected by means of a Ge photo
ode. It has been shown5 that the transformation of a GaS
surface with the formation of quantum dots takes place in
deposition of an InSb film having an effective thickne

550055-03$10.00 © 1997 American Institute of Physics
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;1.7–2.8 ML. According to the Stransky–Krastanov growt
model, quantum dots are formed on a thin film~wetting
layer! of InSb. Figure 1a shows the photoluminescence sp
tra of structures with effective thicknesses of the deposit
InSb film;1.7 and;3 ML at T577 K. For both structures
the formation of quantum dots was monitored by fas
electron diffraction. The deposition of;1.7-ML InSb pro-
duces, in addition to the B line associated with the recom
nation of nonequilibrium carriers in the GaSb region,
strong QD line with maximum at;0.75 eV due to carrier
recombination through the quantum dots. The fringe width
;25 meV. An increase in the thickness of the InSb caus
the QD line to shift in the long-wavelength direction to
;0.73 eV and to broaden to;40 meV. This behavior of the
photoluminescence is attributable to an increase in the
mensions of the newly formed quantum dots and an incre
in the size dispersion. Figure 1b shows the photolumine
cence spectra of these structures atT55 K. It is evident from
the figure that lowering the temperature causes the spect
of a sample with 3-ML InSb to acquire a strong WL line
with maximum at;0.78 eV. The appearance of this fringe i
most likely associated with the recombination of electron

FIG. 1. Photoluminescence spectra of structures with InSb layers of thi
ness 1.7 ML and 3 ML deposited on the surface of GaSb at temperature
77 K ~a! and 4 K ~b!.
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hole pairs in the InSb wetting layer. Raising the temperatu
produces an increase in the thermal ejection of carriers fro
states of the wetting layer and a decrease in the intensity
the WL line.

An important problem encountered in the deposition o
InSb on a GaAs surface is the substitution of Sb atoms f
As atoms, which results in the formation of a GaSb thin film
on the GaAs surface. Since the lattice constant of Ga
(a566.0959 Å! differs from that of GaAs by;7.8%, the
surface can acquire a long-wavelength undulation which a
counts for the partial stress relaxation. Moreover, after th
deposition of;3 ML GaSb the GaSb layer begins to frag
ment into quantum drops. These phenomena can influen
the kinetics of the transformation process.

We have investigated the influence of the InSb depos
tion conditions on the formation of quantum dots. W
know6,7 that a GaSb layer of thickness;1 ML is formed on
the surface of GaAs exposed for 10 s to a flux of Sb atoms
a temperature;470 °C. Figure 2 shows the spectra of struc
tures in which growth has been halted for;10 s while ex-
posed to a flux of Sb atoms at various substrate temperatu
It is evident from the figure that raising the temperatur
shifts the photoluminescence line into the high-energy ran
until it vanishes at a temperature;550 °C, probably because
of the decrease in the thickness of the GaSb layer. Comp
ing the position of the maximum of the line with previous
results,7 we conclude that exposure atT5420 °C results in
the formation of a GaSb layer of thickness;3 ML, while
exposure atT5470 °C produces a layer of thickness;1

k-
of

FIG. 2. Photoluminescence spectra of structures grown on GaAs and
posed to an Sb flux for 10 s at various temperatures.1! 550 °C;2! 470 °C;
3! 420 °C. Curve 4 corresponds to a sample in which a 10-s exposure to
Sb flux was followed by the deposition of an InSb film of effective thicknes
1.7 ML.
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ML, which indicates that arsenic atoms are being rapidl
replaced by antimony atoms at low growth temperature
Figure 2 also shows the photoluminescence spectrum of
structure in which an InSb layer of thickness 1.7 ML wa
deposited after 10-s exposure to an Sb flux atT5420 °C.
This process broadened the photoluminescence line a
shifted it in the long-wavelength direction.

Figure 3a shows the photoluminescence spectra of stru
tures with various thicknesses of the deposited InSb film
T577 K. In the deposition of;0.8 ML InSb a narrow line
with maximum at;1.415 eV and width;15 meV is ob-
served in the spectrum. An increase in the quantity of mat
rial deposited causes the energy of the maximum of the lin
to shift far into the long-wavelength range and to broaden
;75 meV. This fact is consistent with fast-electron diffrac
tion data, illustrating the broadening of the diffraction order
as evidence of morphological transformation of the InS
film. Raising the temperature to 300 K causes the line to sh
to longer wavelengths and to broaden~Fig. 3 b!.

Figure 4 shows a picture obtained with a transmissio
electron microscope~top view! of the surface of GaAs after
the deposition of 1 ML InSb. It is evident from the micro-
graph that surface transformation has taken place in th
structure with the formation of islands. These islands hav
typical lateral dimensions;200 Å.

Consequently, the reported investigations have esta
lished that the deposition of an InSb thin film of thicknes

FIG. 3. Photoluminescence spectra of structures grown on GaAs with effe
tive thicknesses of the InSb layer 0.8 ML, 1.7 ML, and 2.5 ML at tempera
tures of 77 K~a! and 300 K~b!.
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greater than;1.7 ML on GaAs and GaSb surfaces is acco
panied by its spontaneous transformation into quantum d
The results of the study reveal the importance of As–
substitution reactions in the formation of islands.
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Investigation of the structure of the edge of the valence band of Cd 12xMnxS crystals on

the basis of magnetooptical measurements

V. G. Abramishvili, A. V. Komarov, and S. M. Ryabchenko
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The results of magnetooptical studies are reported for Cd12xMnxS crystals with concentrations of
the magnetic componentx150.0056, andx250.0013,x150.0002 atT52 K in a magnetic
field H<3.5 T forH'c andHic, wherec is the hexagonal axis of the crystal. The first reliable
confirmation of spin splitting of the exciton reflection spectra of theB exciton transition is
successfully obtained as a result of working in anH'c experimental geometry. The values of the
crystal-field and spin–orbit interaction parametersD1 ,D2 ,D3 and the exchange constantsJe
andJh of Cd12xMnxS crystals for achieving the best description of the experimental results in the
mean exchange field approximation are found on the basis of the data obtained forH'c
and forHic. An analysis shows that the main qualitative features of the observed reflection spectra
for the entire series of investigated Cd12xMnxS crystals can be described only if the
condition (D12D2),0 is satisfied. ©1997 American Institute of Physics.
@S1063-7826~97!01501-9#
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Investigations of giant spin splittings of the exciton r
flection spectra in Cd12xMnxS crystals have revealed1–5 a
number of distinctive features of the giant spin splittings
this compound in contrast with other A12x

II MnxB
VI com-

pounds. The most widely discussed topic is the depende
of the exchange interaction constant ofJh carriers of the
valence band~holes! with Mn21 ions on the content of mag
netic ionsx ~Ref. 3!.

On the other hand, beginning with the earlie
experiments,1,2 difficulties were noted in attempting to de
scribe simultaneously the magnetic field splittings of theA
andB exciton reflection bands when using the notions g
erally accepted by most researchers as to the paramete
the crystal field and spin–orbit interaction, which form t
structure of the edge of the valence band of CdS crystal

Since the publication of the papers of Birman6 and Tho-
mas and Hopfield7 a keen debate has been waged regard
the genesis of theA, B, andC subbands for CdS, which ar
ordered according to decreasing energy and which co
spond to symmetriesG9, G7, andG7, respectively. It is ob-
vious ~see Fig. 33 in Bir and Pikus8! that theG9 subband and
one of theG7 subbands originate from spin–orbit splitting
theG5 band, while the otherG7 subband originates from th
G7 subband split off by the crystal field. It has also be
argued which of the subbandsB or C is identified with these
two G7 subbands of different origins. In the case of CdSe,
example, theA andC subbands are associated with spin
orbit splitting ofG5, and theB subband withG1. This kind of
scheme has been proposed for CdS by Thomas and Hop
~TH scheme!.7 Birman6 has proposed a scheme whereby
B subband is identified withG5, and theC subband with
G1 ~B scheme!.
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external strains on the positions of the exciton spectra in C
and their interpretation on the basis of the Birman’s sche
most researchers began to express a preference for
scheme of the origin of the valence subbands in CdS.1,4,8

The group ofA, B, andC levels is described in the bas
of the wave functionsX, Y, andZ for valence electrons by
the Hamiltonian~see, e.g., Ref. 10!

H5D1Lz
212DLzSz12D3~LxSx1LySy!, ~1!

whereL andS are the orbital momentum (L51! and spin
(S51/2! operators, respectively;D1 is the crystal field pa-
rameters,D2 andD3 are the anisotropic spin–orbit interac
tion parameters, and thez axis coincides with the hexagona
c axis of the crystal.

The solution of the Hamiltonian~1! for statesB andC in
the basis functions corresponding toG5 andG1 is written in
the form

uB6&5A~11j0!/2uG5
6&7A~12j0!/2uG1

6&,

uC6&56A~12j0!/2uG5
6&1A~11j0!/2uG1

6&, ~2!

where in the notation of the functionsB andC the symbols
G5 andG1 refer to the description of the orbital parts of th
corresponding functions, and the symbols6 refer to the de-
scription of the twofold~spin! degeneracy of the correspond
ing states.

The quantityj0 is related to the parametersD1, D2,
andD3:

j05~D12D2!/v0 , ~3!

wherev05A(D12D2)
218D3

2.
It is evident that statesB andC are a mixture ofG5 and

G1. As to which scheme each should be identified with

580058-05$10.00 © 1997 American Institute of Physics
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tally determined value ofp5(EA2EB)/(EA2EC), where
EA,B,C are the energies of tops of the corresponding s
bands, corresponds to two different values
q5(D12D2)/(D11D2), even in the approximation
D2ÞD3. The problem is more complex yet forD2 Þ D3.

Experiments aimed at the influence of external strains
theA, B, andC exciton positions~Ref. 9! do not provide a
qualitative answer as to the sign of (D12D2), and their
quantitative interpretation could lead to a reliable conclus
in this regard only if the deformation potential constants
known with sufficient accuracy. In view of the limited acc
racy (620%) with which these constants are known, t
possibility of ambiguity in the choice of sign for (D12D2)
persists.

Here we report measurements of the magnetic field s
tings of the exciton reflection spectra in Cd12xMnxS crystals
with significantly different concentrations of Mn ions, whe
we have attempted to surmount the above-mentioned d
culties of interpreting the magnetic field splittings of aB
exciton by performing measurements not only with the m
netic field orientationHic, but also, for the first time, with
H'c.

It will be shown below that an analysis of the report
experiments favors the TH scheme associated w
(D12D2),0 for the investigated Cd12xMnxS crystals. We
have obtained data on the behavior ofD1, D2, andD3 as
functions ofx. At the same time, we have obtained an une
pected result for a crystal with minimal concentrationx,
grown from the vapor phase. We have found the magn
field splittings in it to be anomalously small, contradictin
the previously established3,12 trend of uJhu to increase as the
Mn concentration of the solid mixture is lowered.

EXPERIMENTAL

The light reflection spectra in theA, B, andC exciton
regions of Cd12xMnxS crystals with Mn contents
x150.0056,x250.0013, andx350.0002 were investigated
at the temperatureT52 K in magnetic fieldsH<3.5 T for
Hic and H'c. The values ofx were measured by x-ra
microscopic analysis and were additionally verified from t
comparative total intensities of the electron spin resona
~ESR! spectra of the Mn21 ions. The crystals with
x5x1 ,x2 were grown from the melt by the Bridgma
method at the Institute of Solid State Physics of the Russ
Academy of Sciences in Chernogolovka, and the crystal w
x5x3 was grown from the vapor phase at the Institute
Semiconductor Physics of the National Academy of Scien
of Ukraine in Kiev. The optical measurements were p
formed on a DFS-12 double grid spectrophotometer wit
linear dispersion of 5 Å/mm.

Figure 1 shows examples ofA andB exciton reflection
spectra for the sample withx5x1 at H50 ~curves 1 and 3
for polarizationsEic andE'c, respectively! and in a field
H53 T perpendicular to the crystalc axis (H'c); curve 2
corresponds toEic, kiH, E'H, curve 4 toE'c, kiH,
E'H, and curve 5 toE'c, k'H, EiH. HereE andk denote
the electric and wave vectors of the light wave.
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Recorded spectra similar to those shown here were
tained for the samples withx5x1 ,x2 for various fixed values
of 0,H<3.5 T. The positions of the inflection points of th
exciton reflection lines were used to plot the magnetic fi
dependences of the energies and splittings of the exc
bands. The magnetic field dependences of the spectra
Hic were recorded analogously for the samples w
x5x1 ,x2, except that circularly polarized light with polariza
tions s1 ands2 were used forkiH. For the sample with
x5x3 the magnetic field was found to have an apprecia
influence only in theA exciton band. These spectra we
processed to incorporate the recommendations of Dmitre
et al.13 The measurements withx5x3 were carried out only
for Hic.

The reflection lines in theC exciton region were deter
mined for all the investigated crystals, making it possible
find EA2EC andEB2EC for them. On the other hand, mag
netic field splittings for theC exciton could not be observe
against the background linewidth. The values ofEB2EC for
H50 were then taken into account by fitting the experime
to the calculations. These values were equal to 67 meV
meV, and 60 meV forx5x1 ,x2 ,x3, respectively. The results
of the measurements forx1 andx2 with Hic andH'c were
coprocessed according to equations in Refs. 10, 11, an
describing the splittings ofA andB excitons as a function o
the exchange fieldsGe andGh acting on the electron and th
hole:

Ge~h!5Je~h!x^Sz&. ~4!

Here^Sz& is the thermodynamic average of the projection
the spin of Mn21 ions onto thez axis, which coincides with
the direction of the external magnetic fieldH; Je is the ex-
change interaction constant between the electron and
ions, andJh is the same between the hole and Mn ions. T
quantity^Sz& is related toH andT by the Brillouin function
for S55/2. Only for the concentrationx5x3 was the direct
action of the magnetic field on the electron and hole spin
all significant against the background of the exchange fie
To describe it, we used the difference between the elec

FIG. 1. Reflection spectrum in a Cd12xMnxS crystal withx150.0056 for
H'c at T52 K. 1, 3! H50; 2, 4, 5! H530 kOe; 1, 2! measurements in the
polarizationEiciz, kiH, EiH; 3, 4! E'c, kiH, E'H; 5! E'c, k'H,
EiH.
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and holeg factors from Ref. 15: (ge2gh)50.63. The follow-
ing parameters were chosen to achieve the best match
tween the calculated and experimental data:h5Jh /Je ,
D1 ,D2 ,D3. Moreover, an attempt was made to include th
anisotropy of the exchange interaction of holes with Mn ion
in much the same way as in Ref. 4~for H'c). It is important
to note that large experimental errors and large widths of t
exciton reflection lines limited the possibility of optimal se
lection. ForH'c the closely spaced lines predicted by th
calculations to be resolvable in the same polarization we
generally unresolved experimentally, and for compariso
with experiment the calculated transition probabilities in di
ferent, simultaneously resolved polarizations were taken in
account, along with the widths of the observed combine
reflection lines.

It is essential to note that the position of theB exciton
reflection line forH50 differs by 0.8 meV in the polariza-
tionsEic andE'c. This difference is not described by the
model used for the calculations. It could be associated w
electron–hole exchange interaction within the exciton,2,16

which we have ignored to simplify the problem. It must als
be noted that the indicated anomalies have resulted in l
than full correspondence between the experimental and c
culated results, creating instead a conflict in the comparis
of the calculations with the experiment within the existin
error limits.

The parametersh53DJh /Je ,D1 ,D2 ,D3 were chosen
by fitting the measured magnetic field dependences of t
positions of the inflection points of the exciton reflectio
spectra to the calculated curves. As a matter of convenien
the magnetic field dependences have been transformed
dependences onGh with selective fitting of the parameter

FIG. 2. Energies of theA and B exciton spin components vs exchange
interaction parameterGh in a Cd12xMnxS crystal with x150.0056 for
H'c at T52 K. The curves represent the results of calculations with th
fitting parameters given in Table I, and the point symbols represent t
experimental data: 1–4! transitions resolved in the polarization
Eic, kiH, E'H; s) experimental data for this polarization; 1, 2, 6, 8
h) E'c, kiH, E'H; 3, 4, 5, 7,n) E'c, k'H, EiH.
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h, these curves having initially been matched with the o
served splittings of theA exciton reflection line forHic in
the corresponding crystal, followed by variation of the p
rametersD1, D2, andD3. Experiment the optimal graphs o
these dependences from the standpoint of matching the
culations with are shown in Figs. 2 and 3. The values of t
parameters corresponding to the calculated curves in Fig
and 3 are given in Table I. The parametersD1, D2, andD3

were also chosen with due regard for the requirement that
C exciton position be described correctly forH50. It is im-
portant to note that the strongest qualitative argument in s
port of assigning values ofD1,D2 are the results on the
splitting of theB exciton in the geometryHic ~Fig. 3!; spe-

e
e

FIG. 3. Energies of theA and B exciton spin components vs exchang
interaction parameterGh for Hic atT52 K in Cd12xMnxS crystals with: a!
x150.0056; b! x250.0013. The curves represent the results of calculatio
with the fitting parameters given in Table I, and the point symbols repres
the experimental data: 1,s) s2 polarization (E'H); 2, d) s1 polariza-
tion (E'H); 3, h) p polarization (EiH).
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TABLE I. Band parameters and exchange constants of Cd12xMnxS, ob-
tained by numerical fitting of the calculated energies and experimentally

ng
tio
cifically: 1! observed in the crystals withx5x1 ,x2, the ab-
sence of any visible splitting between the componentss1

ands2; 2! a shift of one observedp-component in the crys
tal with x5x2 such as to become external relative to t
unsplits1 ands2; 3! relative positioning of the componen
s1 ands2 as observed in Ref. 4 forx50.014, where the
energy of the components1 is lower than that ofs2. This
distinctive feature of theB exciton spin splittings in a mag
netic field can occur only when the sign of the differen
satisfies the conditionD12D2,0.

DISCUSSION OF THE RESULTS

Table I gives the parameters of the valence bandD1,
D2, andD3 that best describe the splittings between theA, B,
andC components of the exciton spectrum atH50 and give
the necessary correspondence of experimentalA andB exci-
ton splittings in a magnetic field. In view of the deviation
these parameters of the valence band of Cd12xMnxS crystals
from those used in the literature, it is natural to inquire in
the possibility of using our band parameters to descr
experiments9 on uniaxial strains in CdS. We have analyz
this question on the basis of data for the crystal w
x5x3. For this purpose we have followed a procedure
numerical diagonalization of the strain matrix, similar to th
in Ref. 9. As a result, using the values ofD1, D2, andD3 for
x5x3 from Table I, we have succeeded in completely d
scribing theA andB exciton energy shifts for deformation
applied in all the directions used in Ref. 9, and the desc
tion with these parameters is as good as for those use
Ref. 9, because of the insignificant variations of the def
mation potential constants. The necessary values of the
formation potential constantsCi* to achieve such agreeme
are given in Table II. Also shown for comparison in the tab
are the corresponding values ofCi from Ref. 9. Clearly, the
two sets of values are acceptably close to one another w
admissible error limits for these constants.

According to the data in Table I, the valence band p
rametersD i for Cd12xMnxS crystals are also observed
depend on the content of the magnetic componentx. This
effect is most conspicuous in the rather abrupt increase~by 5

observed inflection points of the exciton reflection spectra.

x D1, meV D2, meV D3, meV Jh , eV Je , eV

x1 0.0056 2561 3063 2462 22.8260.2 0.2360.02
x2 0.0013 2361 2762 2161 24.060.3 0.3060.02
x3 0.0002 1662 2562 2161 20.760.3 0.2160.02

TABLE II. Deformation potential parameters obtained by numerical fitti
to data in Ref. 9 according to the energy shifts of the exciton reflec
spectra.

i 1 2 3 4 5 6

Ci* , eV 22.7 23.8 21.1 2.6 21.3 1.2
Ci , eV 22.8 24.5 21.3 2.9 21.5 1.2
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x3,x,x2. Here the composition withx3 corresponds to the
value ofD1 that should be chosen for pure CdS in the T
scheme, whereas for the crystal withx5x1 the value ofD1

increases, as in a crystal withx50.014~Ref. 4!. This type of
dependence could be a consequence of carrier–ion exch
interaction of a biquadratic-spin magnetic ion and the eff
tive hole spin when included in higher perturbation orders16

On the other hand, constant growth ofD1 with increasing
concentrationx is not observed within the framework of ou
data, making it difficult to apply the theory of Ref 16 direct
to the given results.

The exchange interaction constantJh given in Table I for
x5x1 exhibits good agreement with previously publish
values for this composition2,3,5,17; for x5x2 the constant is
more accurate than in Refs. 1, 3, and 5. Here the tendenc
Jh to increase asx is lowered, which was noted in Ref. 3 an
subsequently interpreted theoretically in Ref. 18, is corro
rated for the two given concentrations. An unexpected re
for x3 is the fact that the value ofJh does not increase, but i
actually much lower than in crystals withx5x2 ,x3. This
violates the previously established trend in the depende
of Jh on x; however, investigations for such a low conce
trationx asx3 have not been carried out before. We note th
a dependenceJh(x) somewhat different from that establishe
previously for Cd12xMnxS has also been recorded in anoth
sulfide compound Zn12xMnxS ~Ref. 19!. In Ref. 19Jh was
observed to increase in the interval of concentratio
x50.001–0.01. The explanation of the new features
served in the dependenceJh5Jh(x) for the casex5x3 may
well require further modification of the theory.18 An alterna-
tive possibility is the persistence of special aspects of
doping of the crystal with Mn ions in growth from the vapo
phase.

CONCLUSIONS

We have found that theA andC valence subbands of
Cd12xMnxS crystal with all the investigated concentrationsx
are formed from theG5 as a result of its spin–orbit splitting
as postulated in the Thomas–Hopfield band genesis sche7

Since as the optical properties of CdS are described in m
papers on the basis of the set of parametersD i corresponding
to the Birman’s scheme,6 the interpretation of several prev
ous results might have to be reexamined.

We have obtained data on the variation of the behav
of uJh(x)u in the range of extremely low concentrationsx. In
this range we have discovered a strong dependence o
crystal field parameterD1 on x. To make use of the theoreti
cal models, therefore, it is important to study these pheno
ena further in the interval of concentrations of the magne
component 0.0002,x,0.0015.

The authors are grateful to S. I. Gubarev for furnishi
the crystal withx1 andx2 and to G. S. Pekar’ for the crysta
grown with x3.
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Analysis of the temporal instability of the parameters of an insulator/III–V compound by

tor–
the isothermal capacitance relaxation method
L. S. Berman

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted December 14, 1995; accepted for publication March 12, 1996!
Fiz. Tekh. Poluprovodn.31, 78–82~January 1997!

Existing diagnostic techniques used to evaluate the temporal instability of the parameters of a
semiconductor–insulator interface with deep-level centers are analyzed. A method is
proposed for evaluating temporal instability according to the long-term isothermal transient
behavior of the capacitance of a metal–insulator–semiconductor structure. The energy spectrum of
the effective density of surface states is determined forn-type InP–SiO2–Al structures
prepared by chemical vapor deposition. The variation of the capacitance during long-term
isothermal relaxation provides a criterion of temporal instability of a semiconductor–insulator
interface. ©1997 American Institute of Physics.@S1063-7826~97!01601-3#

INTRODUCTION the order of several tens of angstroms near the insula
o
o

il
s
or
o
io
a
t
rie
th
th
g

t

n

L
r
m

in
er
IS

d

s

the
on
ulti-
the
the
the
t on
nly
the
ume
tor
mi-
L
t for

at
to
ag-

pth

ee-

-

1

The foremost unsolved problem in the physics
insulator/III–V compound interface structures is the temp
ral instability of the interface parameters.

A unified procedure for evaluating the temporal instab
ity of the interface does not exist at present. Estimates ba
on the capacitance properties of a metal–insulat
semiconductor~MIS! are preferred over estimates based
the drift current of an MIS transistor, because the fabricat
of an MIS structure requires fewer auxiliary technologic
operations affecting the interface parameters; moreover,
stability of an MIS structure does not depend on the car
mobility. In a number of papers, therefore, it has been
practice to characterize the instability of the interface by
width of the hysteresis loop of the capacitance–volta
~C–V! characteristic and/or the flat-band voltage shift1–3

DVFB, and also by deep-level transient spectroscopy~DLTS!
signals.4–6

However, the behavior of theC–V characteristic de-
pends significantly on the measurement technique, i.e.,
initial filling of surface states and deep-level~DL! centers in
the insulator, the voltage amplitude, and the direction a
rate of change of the voltage~see, e.g., Ref. 7!. The results of
DLTS measurements depend on the initial filling of the D
centers. If the period and duration of the filling pulses a
shorter than or commensurate with the carrier tunneling ti
the initial filling of the DL centers is ambiguous.

A more reliable approach is to analyze the temporal
stability of the interface by the method of long-term isoth
mal relaxation of the capacitance after switching of the M
structure, for example, from enrichment to depletion~after
prolonged holding in the enrichment mode!. We propose to
carry out such an analysis in the present article.

THEORY

(A) Statement of the Problem

The thickness of the insulatord exceeds a few hundre
angstroms, and tunneling clear through the insulator can
disregarded. There is a fragmented layer with a thicknes
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semiconductor interface and a fragmented layer near
metal–insulator interface. Upon integration of the Poiss
equation the space charge density in the insulator is m
plied by the distance from the charge to the electrode on
insulator. Consequently, if the densities of DL centers in
two both layers are of the same order of magnitude, then
second layer exerts a much weaker influence than the firs
the capacitance of the MIS structure. We shall consider o
the first fragmented layer and ignore the influence of
second on the capacitance of the MIS structure. We ass
that the DL centers in the fragmented layer of the insula
exchange charge carriers only with the surface of the se
conductor by tunneling but not by tunneling between D
centers. For definiteness the calculations are carried ou
n-type semiconductors.

(B) Basic Equations

We specify long-term holding of the MIS structure
V5V1 ~Fig. 1a! for a time exceeding the subsequent time
measure the transient process by more than an order of m
nitude. Surface states with energiesE,Fn are filled with
electrons, which tunnel from the surface states into the de
of the insulator with a time constanttT , which is determined
from the approximate equation6,8

tT5a21exp@z~bF!1/2#, ~1!

wherez is the tunneling depth~in angstroms!, b is the ratio of
the effective mass of an electron in the insulator to the fr
electron mass,F is the height of the potential barrier~in
electron-volts!, anda is the preexponential factor, which de
pends onF andz and on the parameters of the insulator~see
Fig. 4 in Ref. 6!.

During the holding period atV5V1, the DL centers in
the insulator with energiesE,Fn are filled with electrons in
the layer 0–z1.

The following relation holds atV5V1:

V12Vbi5Cs12Ci
21@Qsc11Qss11Qieff#, ~2!

630063-04$10.00 © 1997 American Institute of Physics
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whereV12Vbi is the difference between the work function
of the metal and the semiconductor,q is the electron charge,
Cs1 is the surface potential,Ci is the capacitance of the
insulator,Qsc1 is the charge in the space charge region of t
semiconductor,Qss1 is the charge of the surface states an
DL centers in thed layer of the insulator,Qieff is the effec-
tive ~averaged! charge in the insulator, determined from th
expression

Qieff5~d2d!21E
0

d2d
xr~x!dx, ~3!

d is the thickness of the layer~of the order of several tens of
angstroms! in which charge carriers are exchanged betwe
the insulator and the semiconductor during the measurem
r is the space charge density, and the coordinatex is mea-
sured from the metal~the capacitances and charges are giv
per unit area!.

At t50, we switch the structure fromV1 to V2 ~from
enrichment to depletion; see Fig. 1!. Switching is followed
by the thermionic emission of electrons from surface sta
into the conduction band with a time constantt th , which is
determined from standard relations.9,10 After thermionic
emission from surface states with energiesE.E(j) elec-
trons tunnel their way to these surface states from DL cent
in the insulator with a time constanttT determined from~1!;

FIG. 1. Filling of surface states and deep-level centers with electrons in
insulator. a! In enrichment,V5V1; b! in depletion,V5V2. HereFn is the
Fermi level in the semiconductor,En is the electron energy,Ec is the energy
of the lower edge of the conduction band, andEcs is the value ofEc on the
surface of the semiconductor.
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surface states into the conduction band. The layer fr
which the electrons arrive is marked with horizontal str
tions in Fig. 1b.

The following relation holds atV5V2:

V22Vbi5Cs22Ci
21@Qsc21Qss11DQss1Qieff

1DQieff#, ~4!

whereDQss is the charge variation of the surface states a
DL centers in thed layer after switching; from now on we
regard these two interacting charges as a single charge o
centers with a number densityNt ; DQieff is the charge varia-
tion in the insulator in strong fields~avalanche injection or
the Fowler–Nordheim effect!. The rest of the notation ha
the same significance as in~2!, and the subscript 2 corre
sponds toV5V2.

After Cs2 is increased~diminishing band bending! to a
certain valueCs2* , the chargeDQieff does not change. We
assume that after switching fromV1 to V2 the inequality
Cs2.Cs2* holds during the entire transient process, so t
DQieff can be disregarded.

(C) Solution

Subtracting Eq.~4! from ~2!, we obtain

V12V25Cs12Cs22Ci
21@Qsc12Qsc22DQss#. ~5!

a! We specifyV1 in such a way as to satisfy the inequali
Csc1@Css1, whereCsc1 andCss1 are the capacitance of th
space charge region and the capacitance of the surface s
respectively; atV5V1

1!, this inequality can be satisfied i
the enrichment mode. We then have

Csc15@C~V1!
212Ci

21#21, ~6!

where C(V1) is the capacitance of the MIS structure
V5V1. The capacitanceCsc1 can be calculated from~6! us-
ing the known values ofC(V1) andCi . SinceCsc andQcs

are known functions ofCs ~Refs. 9 and 10!, Cs1 andQsc1

can be calculated from the known value ofCsc1.
b! We specifyV1 in such a way as to satisfy the inequa

ity Cs1,Cscr , whereCscr is determined from the condition

2p f t th~Cscr!51, ~7!

in which t th(Cscr) is the time of thermionic emission from
the levelE5Fn whenCs5Cscr ; in other words, the rf ca-
pacitance is measured atV5V1 ~see also Ref. 11!. Now
Csc1 ,Qsc1, andCs1 can be calculated as in case a!.

Let us assume that the inequalityCs2,Cscr holds after
switching. We also assume that the MIS structure stays in
depletion mode~without forming an inversion layer!. At
V5V2 the values ofCsc2 ,Qsc2, andCs2 can then be calcu-
lated as forV5V1, i.e., from the experimental values of th
measured capacitance. Consequently,DQss(t) can be deter-
mined from~5!.

We now examine limiting cases.
a! The inequalitytT!t th is satisfied ford of the order of

a few angstroms. Methods for determining the energy sp
trum of the surface statesNss(E) in this case have bee
developed in detail.9,10,12

e
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lated from ~1! over the entire energy interva
E(0),E,E1, whereE15Fn for V5V1, andE(0)5Fn for
V5V2 at t50. From now on we restrict the discussion
case b!.

We consider two methods for the analysis of the tra
sient processes.

1) Constant capacitance method. After switching, the
voltageV2(t) is varied in such a way as to keep the capa
tance of the structure constant, i.e., we haveCs25const and
Qsc25const;DQss(t) is determined from~5! according to
the experimental dependenceV2(t).

On the other hand,DQss(t) is calculated from the ex
pression

q21DQss~ t !5E
0

z~ t,E!E
E~0!

E1
Nt~E,y!dEdy, ~8!

whereE1 andE(0) are determined from the expressions

Ecs2E15Ec2Fn2qCs1 , ~9!

Ecs2E~0!5Ec2Fn2qCs2~0! ~10!

~see Fig. 1!. From Eqs.~9! and ~10! we deduce the relation

E12E~0!5q@Cs12Cs2~0!#, ~11!

whereCs2(0) is the value ofCs2 at t50.
For n-n-type InP/SiO2 and n-n-type Si/SiO2 structures

we haveF'3 eV. ForF'3 eV andE12E(0) of the order
of several tens of electron-volts we can ignore the dep
dence ofzonE; in addition, we can setF5const in the layer
d!d. We therefore assume from now on thatz does not
depend onE.

We now consider the special case whereNt(E,z) de-
creases into the depth of the insulator as

Nt~E,z!5Nt~E,0!exp~2bz!, ~12!

andb does not depend onE. Expression~8! is then trans-
formed to

q21DQss~ t !5z* N̄t~0!@E12E~0!#5z* N̄t~0!q@Cs1

2Cs2~0!#, ~13!

where

N̄~0!@E12E~0!#5E
E~0!

E1
Nt~E,0!dE,

z*5
12exp@2bz~ t !#

b
, ~14!

N̄t(0) is the average value ofNt(0) in the intervalCs1–
Cs2(0), N̄t(0)z* is the average value of the effective de
sity of surface states in the intervalCs1–Cs2(0), andz* is
the effective thickness of the fragmented layer@this concept
is useful in situations where the decrease ofNt into the depth
of the insulator is not described by expression~12!#.

Consequently, having determinedDQss from ~5!, we
then use~13! to calculate the average value of the effecti
density of surface states in the intervalCs1–Cs2(0). The
long-term variation of the chargeDQss is also a criterion of
the temporal stability of the interface.
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by switching fromV1 to various values ofV2; this switching
technique can be used to determineN̄t(0)z* in different en-
ergy intervals but within one time interval, i.e., for identic
values of z* . Comparing N̄t(0)z* in the intervalsCs1–
Cs2(0) andCs1–Cs2(0)1DCs2, we determineNt(0)z* in
a narrow energy intervalDCs2. After a series of switchings
we find the dependence ofNt(0)z* on E.

2) Constant voltage method. After switching, we have
V25const; Cs2 ,Qsc2, and DQsc are time-dependent. Th
tunneling of electrons from the insulator into surface sta
and their thermionic emission into the conduction band
duce band bending and increase the capacitance of the s
ture, and levels with energiesE(0),E,Fn are again filled
with electrons~this layer is marked by vertical striations i
Fig. 1b!. We assume that forE,Fn all DL centers in the 0–z
layer are filled with electrons; this assumption is justified
the logarithmic dependence ofzon tT . Now N̄t(0)z* can be
calculated in the intervalCs1–Cs2(t) from Eq. ~13! with
Cs2(0), replaced byCs2(t). The dependence ofNt(0)z* on
E can be determined as in the constant capacitance met

EXPERIMENTAL

Samples were prepared fromn-InP~111!, Nd5231016

cm23. A SiO2 layer was formed by chemical vapor depos
tion at 350 °C. An Al film was deposited on the SiO2 by
vacuum evaporation at room temperature. An ohmic con
to the InP was created by depositing Au1Ge according to
standard technology.

Measurement results. The current density I was
,10212 A/cm2 as the voltage was varied from23 V to 13
V. The isothermal capacitance relaxation was measured
an apparatus described in Ref. 13. The constant volt
method was used, as it permits the measurement of fa
transient processes than the constant capacitance method
ter the samples were switched from enrichment to the bou
ary between depletion and mild inversion, the relative inc
ment of the capacitance in the time interval 0.1–1300 s w
DC/C50.05–0.06.

The value ofN̄t(0)z* and the dependence ofNt(0)z*
on E were determined by switching fromV1 to various val-
ues ofV2. The dependence ofNt(0)z* onE is shown in Fig.
2; at the minimumNt(0)zmin* 55310211 cm22

•eV21. In the
interval Ec52~0.28–0.80! eV we have N̄t(0)z*52.4
31012 cm22

•eV21 for this sample.
We have also compared the width of the hysteresis lo

with the amplitude of the long-term isothermal capacitan
relaxation for ourn-n-type InP–SiO2–Al samples and for
control samples ofn-n-type Si on low-temperature SiO2. The
experimental results show that no detectable correlation
ists between these quantities.

CONCLUSION

It follows from the analysis above that the energy sp
trum of the effective density of surface states can be de
mined by switching the MIS structure from enrichment
depletion or from depletion to stronger depletion accord
to one of two methods:
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1! the constant capacitance method, using the exp
mental time dependence of the voltage on the sample;

2! the constant voltage method, using the time dep
dence of the capacitance.

Moreover, a simple criterion of the stability of th
semiconductor–insulator interface is the relative variation
the capacitance in a given time interval after the indica
switching.

The author is grateful to L. E. Klyachkin for preparin
the samples and to N. M. Shmidt for valuable discussion
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Depth distribution of deep-level centers in silicon dioxide near an interface with indium

the
phosphide
L. S. Berman

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted December 29, 1995; accepted for publication March 12, 1996!
Fiz. Tekh. Poluprovodn.31, 83–84~January 1997!

The constant capacitance method with measurement of the voltage–time dependence over a long
period of time is used to determine the profile of the density of deep-level centers in an
insulator at an interface with a semiconductor. The distribution of deep-level centers in silicon
dioxide near an interface with indium phosphide is measured. It is shown that the density
of deep-level centers does not depend on the coordinate at distances in the interval 22–27 Å from
the interface. ©1997 American Institute of Physics.@S1063-7826~97!01701-8#

The long-term temporal instability of an insulator/III–V DQt of DL centers near the interface is described by
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compound interface presents a major obstacle to the uti
tion of such structures. The instability is caused by the pr
ence of deep-level~DL! centers near the interface and the
distribution with depth in the insulatorNt(z).

This distribution can be estimated qualitatively from t
dependence of the flat-band voltage shift on the time that
metal–insulator–semiconductor~MIS! structure is held in
the enrichment mode.1 When deep-level transient spectro
copy ~DLTS! is used and tunneling is taken into accoun2

the depth resolution is limited by the duration or the per
~or both! of the filling pulses.

In the present article the constant capacitance metho3,4

is used to determineNt(z), with the time dependence of th
voltage measured over a long period of time with a vi
toward enhancing the depth resolution. The theory of
method is given in Ref. 5. The initial carrier population
the DL centers is set by holding the MIS structure for a lo
time in, say, the enrichment mode so that the holding tim
much longer than the subsequent measurement time
t50 the MIS structure is switched from enrichment to dep
tion. We write the function Nt(z) in the form
Nt(z)5Nt(0) f (z), whereNt(0) is the density of DL centers
at the interface, andz is the distance from the interface. W
assume thatf (z) does not depend on the energyE. For a
potential barrier having a height of several electron-volts a
a narrow energy interval we can assume thatz does not de-
pend onE. After switching, therefore, the charge increme

FIG. 1. Density of deep-level centers vs the depth coordinate.
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expression

DQt~ t !5qN̄t~0!DEz* , ~1!

wherez*5*0
z f (y)dy, q is the electron charge,N̄t(0) is the

average value ofNt(0) in the energy intervalDE, andz is
the tunneling depth after a timet. The intervalDE is speci-
fied by the choice of switching regime. The functio
DQt(t) is determined by processing experimental results5

Differentiating Eq.~1! with respect to the time, we ob
tain

d

dt
~DQt!5qN̄t~0!DEf~z!

dz

dt
. ~2!

The functionz(t) and its derivativedz/dt are calculated ac-
cording to the theory in Refs. 2 and 6. The profile of t
density of DL centers is then determined from the express

N̄t~0! f ~z!5
d~DQt!/dt

qDEdz/dt
. ~3!

Samples were prepared fromn-InP~111!, Nd5231016

cm23. A SiO2 layer was applied by chemical vapor depo
tion atT5350 °C.

The measurements were performed on an apparatus
scribed in Ref. 7 atT'300 K. The capacitance of the samp
was held constant by means of a negative feedback circ
the output voltage of the phase detector of an MTsE-12 A

FIG. 2. Effective density of surface states vs time.

670067-02$10.00 © 1997 American Institute of Physics
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sample in series with an initial constant voltage.
Figure 1 shows a typical dependence ofN̄t(0) f (z) on z

in the energy intervalEc5~0.4–0.6! eV. In the interval
z522–27 Å the density of DL centers is almost independ
of the coordinate, i.e., we havef (z)'1 andz5z* . Figure 2
shows the time variation ofN̄(0) f (z)z due to widening of
the insulator layer in which electrons escape from DL cen
to the surface of the semiconductor.

An imminent objective is to investigate the behavior
Nt(z) for different insulator deposition techniques and
various energy intervals; such a study can provide new
formation about the physical nature of the instability of
interface formed between a semiconductor and an insul
with deep-level centers.

The author is indebted to L. E. Klyachin for preparin
the samples and to N. M. Shmidt for a discussion of
problem and valuable consultations.
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Electron-phonon scattering engineering

J. Požela, V. Jucienė, A. Namajũnas, and K. Požela

Semiconductor Physics Institute, Vilnius, Lithuania
~Received May 20, 1996; accepted for publication May 21, 1996!
Fiz. Tekh. Poluprovodn.31, 85–88~January 1997!

We present calculations which show that independent quantization of electrons and phonons
allows the intra- and intersubband electron-phonon scattering rate in two-dimensional structures to
be changed. It is considered how the design of multi-heterostructure quantum well~QW!
changes the electron mobility and population of subbands in the QW. It was shown that the
insertion of the phonon wall~a few AlAs monolayers! into an AlAs/GaAs/AlAs double
heterostructure allows the electron mobility in the QW to be enhanced and electron intersubband
population to be inverted. ©1997 American Institute of Physics.@S1063-7826~97!01801-2#

INTRODUCTION is the electron-phonon coupling coefficient,
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In pure GaAs electron scattering by optical phonons i
dominating scattering mechanism. The electron-optical p
non scattering limits the electron mobility and determines
intersubband population of optically excited~or injected!
electrons. A method for changing the electron-optical p
non scattering rate in a two-dimensional~2D! structure was
recently proposed by Pozˇela.1,2 According to this method, an
insertion of a phonon wall~Ph-wall! ~a few AlAs monolay-
ers! into an AlAs/GaAs/AlAs QW is a good tool for chang
ing the electron-phonon scattering rate.3 In this paper we
consider an enhancement of electron mobility by insertin
Ph-wall into a rectangular QW and the possibility of inver
ing the intersubband population of optically excited electro
in the QW with aPh-wall. The large increase in the electro
optical phonon scattering rate in a MODFET channel by
serting aPh-wall is also considered.

Electron mobility enhancement in GaAs QW with an
inserted AlAs Ph-wall

The division of a QW by aPh-wall changes the frequen
cies of phonon modes, the electron-phonon coupling, and
shape of confined electron and phonon wavefunctions. A
result, the electron-optical phonon scattering rate and
electron mobility change significantly.1,3 We performed the
electron-optical phonon scattering rate calculations in
AlAs/GaAs/AlAs QW with a GaAsPh-wall inserted at the
center of the QW~Fig. 1!.

The electron-phonon scattering rate is treated within
dielectric continuum approach. Assuming that the o
phonon process is the only process, the rate of the intra
band ~1→1! scattering of an electron with the initial wav
vectork by nth mode phonon emission or absorption in t
heterostructure quantized in thez-direction is given by3–5

W11n~k!5
e2m

p\3 E
0

2p

CnSNqn1
1

2
6
1

2D uGnu2

2qn
2 dQ, ~1!

wheree andm are the electron charge and effective massh
is Planck’s constant,Nqn is the number ofnth mode
phonons, the ‘‘1’’ sign represents emission, the ‘‘2’’ de-
notes absorption,

Cn5S ]«n
]v D 21

~2!
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Gn5E
L
we*wewqndz, ~3!

L is the width of the electron QW,qn5qi1qz is the emitted
or absorbed phonon wave vector in the plane of the het
structure

qi5Ak21k0
222kk0 cosQ, ~4!

k05Ak22kn
2, kn5A(2m/\2)\vn, and\vn is the energy of

thenth mode phonon. Thez-components of the electron an
phonon wave functions,we andwqn , and the dielectric func-
tion «n are determined by the structure of the heterosyste

The total scattering rateW11 is considered as a sum o
the scattering rates of eachn-phonon mode:

W115(
n

W11n . ~5!

We use the slab model for confined phonon modes. We
therefore write thez-component of the confined phonon p
tential wave function in the phonon well forz>0 as follows:

wq5A 2

dw
sinS qzFz2

d

2G D ,

~6!

qz5n
2p

~L2d!
, n51,2,...,

wheredw5(L2d)/2 is the confined phonon QW width, an
d is the AlAs Ph Ph-wall thickness~Fig. 1!. The interface
~IF! phonon wave functions in the double heterostruct
with the AlAs Ph-wall centered atz50 can be written for
z>0 in the form

wq15B
cosh~qiz!

cosh~qid/2!
z,d/2,

wq215B•e2qi~z2d/2! d/2,z,L/2 ,

wq235B•e1qi~z2L/2! d/2,z,L/2 ,

wq35B•e2qi~z2L/2! z,L/2 , ~7!

whereB is the normalization coefficient.

690069-03$10.00 © 1997 American Institute of Physics
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We have assumed that in the regiond/2,z,L/2 the IF
phonon wave functions consist of two independent branc
w21 andw23, which have different phonon frequencies and
not interact with each other~Fig. 1!.

On the basis of this assumption the dielectric function«
determined from the boundary conditions for the wave fu
tion and their derivatives is different for thew21 and w23
branches of IF phonons:

«21[«1 tanh~qid/2!1«250, wq21 branch mode, ~8!

«23[«11«250, wq23 branch mode, ~9!

where

«1~2!5«`1~2!

v22vL1~2!
2

v22vT1~2!
2 . ~10!

The Indexes 1~2! stand for AlAs~GaAs!, vL andvT are the
longitudinal and transverse phonon frequencies, respectiv
and «` is the high-frequency dielectric constant. The fr
quencies of phonon modes are obtained from the disper
relation«50. Note that the frequencies and the coupling c
efficientsCn~v! @Eq. ~2!# for the wq21 and w23 IF phonon
modes are different.

The z-component of the lower subband electron en
lope function can be approximated by the functions~for
z>0!

FIG. 1. a—The double AlAs/GaAs/AlAs heterojunction QW which conta
the AlAs Ph-wall at the center of the structure. The wave functions
interface,wq , and confined,wc , phonon modes are shown schematical
b—The numerically calculated electron wave function in the AlAs/GaA
AlAs QW with a AlAs Ph-wall of thicknessd55 Å ~curve1!. The electron
wavefunction in the structure without thePh-wall is shown for comparison
~curve2!.
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we15A
cosh~k1z!

cosh~k1d/2!
z<d/2,

we25A
cos~k2z1w0!

cos~k2d/21w0!
d/2<z<L/2,

we35A
cos~k2L/21w0!

cos~k2d/21w0!
e2k1~z2L/2! z>L/2, ~11!

where A is the normalization coefficient, k15k2
A(U0 /E1)21, k25A(2m/\2)E1, the AlAs/GaAs hetero-
junction height isU050.5 eV, andE1 is the lower subband
energy. Using the boundary conditions forwe and their de-
rivatives, we obtain the equations for the subband ene
E1 and the phasew0

arctanS k1k2D2arctanS k1k2 e
2k1d21

e2k1d11D5k2
L2d

2
, ~12!

arctanS k1k2D5k2
L

2
1w0 . ~13!

It is worth noting that division of the GaAs QW by th
AlAs barrier at its center simultaneously changes the s
band energyE1 in both parts of the QW. Ford→0 and
U0→` the electron envelope function in the QW is

we5A2

L
cos~kzz!, kz5p/L.

The numerically calculated electron wave functions
the GaAs QW, divided by the AlAsPh-wall, are shown in
Fig. 1b.

Figure 2 shows the calculated rates of the scattering
electrons with an energy of 1.4\v1,2 by the emission of all
optical phonon modes in the AlAs/GaAs/AlAs QW with an
without the inserted AlAsPh-wall. We see that the insertion
of thePh-wall decreases the total intrasubband scattering
by more than a factor of 1.5 in a wide range of the Q
widths. This decrease is greater than that obtained in the
of an idealized QW.3 In a pure GaAs in a wide temperatur
range ~100–400 K! electron scattering by polar optica

/

FIG. 2. The rate of intrasubband electron scatteringW11 by phonon emis-
sion in a AlAs/GaAs/AlAs QW of thicknessL without ~curve2! and with
~curve1! the AlAsPh-wall ~d55 Å!. Electron energyEe51.4\vL2, T5300
K.
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tron mobility. Since the ratio of the phonon scattering ra
in the GaAs QW with and without thePh-wall depends only
slightly on the scattered electron energy, we can assume
the electron mobility changes proportionally to the scatter
rate change. This means that in a pure GaAs QW wit
Ph-wall the electron mobility increases by more than a fac
of 1.5 and can reach 1.2 m2/~V•s! at T5300 K.

Intersubband scattering in a QW with a Ph-wall

In recently demonstrated intersubband lasers the c
fined electron-phonon scattering is used to achieve the p
lation inversion. In a three-subband-level laser the inver
population of electrons, which are photoexcited from the fi
level to the third, is achieved when the rate of the nonrad
tive electron transition by phonon emission from the th
level to the second~W32! is much less than the transition ra
from the second level to the first~W21!. The population in-
version take place when

Dn5n32n2'S 12
W32

W21
Dn3 , W32!W21. ~14!

In order to maximize the population inversion we ne
to minimize the nonradiative transitions between the up
levels ~W32! and to maximize the transition between t
lower levels~W21!.

Let us consider how the insertion of thePh-wall into an
electron QW allows us to attain intersubband population
version. For simplicity we shall consider the intersubba
electron transition by emission of IF phonon only. This is
reasonable approximation in the QW with a width less th
100 Å, where the electron-IF phonon scattering rate is do
nating.

We can write the intersubband scattering rateWif in an
approximate form as follows:

Wif'Woi f

uGif u2

AEsi2Esf2\v0

, ~15!

whereEsi andEsf are the initial and final subband energie
\v0 is the IF optical phonon energy, andGif is the overlap
integral~3!. The electron kinetic energy in the initial state
assumed to be zero.

The intersubband transition rate is sensitive to the des
of a heterostructure because of the dependence of ele
and phonon wave function overlap integrals and the subb
energies on the heterostructure parameters.

We shall consider the electron population in the fi
three subband levels. First of all, we shall determine how
design of the electron and phonon wave function over
integrals allows us to obtain population inversion. In a sin
QW the electron wave functions are symmetric in the fi
and third levels and asymmetric in the second level. Beca
of this circumstance, the rate of theE2→E1 transition by
emission of symmetric IF phonons is very low.

In order to obtain the inversion population we need
maximize theE2→E1 transition. The insertion of thePh-wall
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sublevels. Note that the electron wave functions of these s
levels have the same symmetry, and that the scattering
between the sublevels increases. In the QW with aPh-wall
the split levels become the lower two levels in the three-le
laser model. The increase ofW21 in this case creates th
population inversion between the third level and the ne
second subband level.

The insertion of thePh-wall into the QW changes the
subband energies and, according to Eq.~15!, the intersub-
band scattering rate. The intersubband scattering rate
creases when the energy difference between the subb
decreases. The population inversion between the third
the second subband levels can occur wh
E32E2.E22E1 . Especially great is the increase of the i
tersubband scattering rate when the energy difference
tween the subbands is equal to the emitted phonon en
~Wif→` atEi2Ef2\v020!. The resonance phonon scatte
ing is used in many papers in order to obtain populat
inversion in intersubband lasers~see, for example, Ref. 6!.

The insertion of thePh-wall at the boundary of MOD-
FET channel~triangular QW! separately shifts up the energ
levels of subbands with higher quantum numbers. The re
nance optical phonon scattering arises under the condit
where the energy difference between the lower subband
the shifted subband~with the same wave function symmetry!
is equal to the emitted optical phonon energy. As a result,
electron mobility in the MODFET channel decreases sign
cantly.

CONCLUSIONS

The insertion of thePh-wall into the QW is a good tool
for the electron-phonon scattering engineering. The inser
of the AlAsPh-wall into the center of rectangular GaAs QW
enhances the electron mobility 1.5 times. The insertion of
Ph-wall at the boundary of the MODFET channel decrea
the electron mobility. The insertion of thePh-wall into the
QW changes the intersubband scattering rate because o
change in symmetry of the subband electron wave functi
and the intersubband energies. Both mechanisms can c
population inversion.

This work was supported by Human Capital and Mob
ity Programme of the EC~project contract ERBCIPDCT
940007! and Grant 5/94 from the Lithuanian State Scienc
and Studies Foundation.
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Monte Carlo simulation of the low-temperature mobility of two-dimensional electrons in

a silicon inversion layer

V. M. Borzdov and T. A. Petrovich

Belarus State University, 220050 Minsk, Belarus
~Submitted December 19, 1995; accepted for publication March 23, 1996!
Fiz. Tekh. Poluprovodn.31, 89–92~January 1997!

The transport of two-dimensional electrons in a silicon inversion layer is determined by Monte
Carlo simulation in the temperature range 4.2–40 K, where the electrical quantum limit
occurs and only the lowest subband is populated. Two scattering mechanisms are taken into
account: scattering by distant ionized impurities and scattering by surface roughness elements,
along with their dependence on the polarizability of the two-dimensional electron gas. The
mobility and coefficient of warm electrons in weak electric fields are calculated. The data are
compared with previously published results. ©1997 American Institute of Physics.
@S1063-7826~97!01901-7#

The characteristics of the transfer of two-dimensionala bottom energy equal toE0 ~Refs. 1 and 18!.
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~2D! electrons in a silicon inversion layer at temperatu
and concentrations such that the electric quantum limi
valid, where only the lowest energy subband is popula
have been studied long and diligently.1 In view of the
widespread application of siliconn-channel metal-oxide-
semiconductor~MOS! field-effect transistors in integrate
electronics, these studies are of great theoretical and prac
importance. It is a well-known fact1 that the principal mecha
nism underlying the scattering of inversion layer electrons
low temperatures, in cases where electron–electron sca
ing can be neglected,2 is scattering by ionized impurities an
surface roughness. The rigorous calculation of the kin
properties of the 2D electron gas in this case requires
screening of the scattering potential be taken i
account.1,3–10 For example, it has been shown analytical5

that the low-temperature dependence of the screening ca
the conductivity of the 2D electron gas to decrease linea
with increasing temperature.

Of unquestionable interest in this regard is the Mo
Carlo numerical method as a means of calculating the kin
parameters characterizing electron transfer in the inver
layer at low temperatures; it affords a powerful tool for t
investigation of kinetic effects in semiconductors and se
conducting structures.11 To the best of our knowledge, how
ever, this simulation method has never been employed f
degenerate electron gas in the electric quantum limit, des
the fair abundance of papers published for the range of t
peratures and electric fields wherein not only the lowest,
also higher subbands are populated. Noteworthy am
these publications are Refs. 12–14, along with several re
papers15–17in which the heating of 2D electrons is simulate
with allowance for their transition to the 3D state.

Here we give the results of single-frequency Mon
Carlo computations of the dependence of the mobility of
electrons in the inversion layer of silicon with surface orie
tation ~100! on their number densityNs and the temperature
T. We also estimate the warm-electron coefficientb in weak
warming fields in the range of electric field strengthsE from
10 V/m to 100 V/m. In the simulation we assume that
conduction electrons are situated in the lowest subband
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The mobilitym is calculated according to an expressi
based on the assumption of a linear relation between
average electron drift velocityV̄d and the strengthE of the
longitudinal electric field in the channel.12,13 In this case the
average mobilitym̄ can be calculated from the equation

m̄5
V̄d

E
5

eS i t i~kxi8 2kxi!

m*S i~kxi8 2kxi!
, ~1!

wheree is the electron charge,t i is the time of theith free
transit of an electron,kxi and kxi8 are the projections of the
2D electron wave vector onto the field directionx at the
beginning and end of the given free transit, respectively.
also assume that the constant-energy contour formed by
projections of twofold-degenerate silicon valleys onto t
~100! plane is a circle, whereupon we interpret the effect
mass of an electron in its 2D motion in the plane as the m
m*5mt*50.19•m0, wheremt* is the transverse effective
electron mass in bulk silicon, andm0 is the free-electron
mass.

The simulation algorithm includes all the basic ste
typical of the single-frequency Monte Carlo method in bu
semiconductors. In the ensuing discussion we shall indic
only the following salient characteristics of the method us
in our work.

First of all, the accuracy of the Monte Carlo method
known to deteriorate in weak electric fields,11,19 because the
electron drift velocity becomes small in comparison with t
electron thermal velocity. For this reason, a simula
sample of sufficient volume must be chosen if data are to
obtained with acceptable accuracy. Estimate have shown
good convergence and the required accuracy of the resul
our case are attained for a sample size of at least 53104

collisions. Second, since the electron gas is degenerate in
investigated range of temperatures and concentrations,1 the
Pauli principle must be taken into account in statistical sa
pling of the postscattering electron energy states; this is
complished by incorporating into the general simulation
gorithm a procedure proposed20 for degenerate semi
conductors.

720072-04$10.00 © 1997 American Institute of Physics
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scattering by distant ionized impurities is calculated from
equation

Wi~k!5
m*Ni

4p\3E
qmin

2p F e2

~«sc1«ox!«0e~q,T,Ns!
G2

3S 11
q

bD
26dq

q
, ~2!

whereq52ksin(q/2), k is the modulus of the 2D electro
wave vector,q is the scattering angle,qmin is its minimum
value,Ni is the density of ionized impurities per unit vo
ume,\ is the reduced Planck’s constant,«sc and«ox are the
dielectric constants of the semiconductor and the oxide,
spectively,b is a parameter of the Fang–Howard variation
wave function,21 and e(q,T,Ns) is the dielectric function.
The parameterb is1 b5(12mz* e

2N* /«sc«0\
2)1/3, where

mz* is the effective mass of an electron in the direction p
pendicular to the surface, andN*5Ndepl1(11/32)Ns , and
Ndepl is the surface charge density in the depletion layer.

The dependence of the dielectric function on the para
etersq, T, andNs in the linear approximation can be writte
as follows on the basis of Refs. 1 and 5:

e~q,t,Ns!511
e2

q~«sc1«ox!«0
F~q,Ns!P~q,T,Ns!, ~3!

where F(q,Ns) is the form factor, which is given by the
equation1

F~q,Ns!5
1

16S 11
«ox
«sc

D S 11
q

bD
23F819

q

b
13S qbD

2G
1
1

2 S 12
«ox
«sc

D S 11
q

bD
26

, ~4!

andP(q,T,Ns) is the polarizability of the 2D electron gas
whose temperature dependence is given in Ref. 22. Acc
ing to this paper, in the electric quantum limit at sufficien
low temperatures, when the chemical potential can be
garded as equal to the Fermi energy,5,6,9,10 P(q,T,Ns) is
written in the form

P~q,T,Ns!5E
0

` P~q,0,E!Ed

4kBTcosh
2@~EF2E!/2kBT#

, ~5!

where P(q,0,E) is the polarizability at the temperatur
T50,E is the electron energy,kB is the Boltzmann constant
andEF is the Fermi energy:EF5p\2Ns/2m* .

To eliminate the divergence of the integral asq→0 in
calculating the intensity of scattering by an ionized impur
according to Eq.~2!, we choose a certain nonzero ang
qmin as the lower limit of integration. Since the theoretic
value of this angle is not knowna priori, it can be estimated
from the condition of compatibility of the results of Mont
Carlo mobility calculations with experimental or analytic
data obtained by other methods. As the required control
bility we adopt its maximum value of 2 m2/~V•s!, which was
determined previously23 at T54.2 K, Ni53.531023 m23,
L51.5 nm, andD50.52 nm for the same scattering mech
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nisms as in the present study, but without regard for t
temperature dependence of the polarizability of the 2D el
tron gas.

To find the instantaneous values ofq, which must be
chosen at random according to the specified angular dis
bution

P~q!dq;
~11q/b!26

q3e2~q,T,Ns!
dq,

we use the sampling method in Ref. 11.
According to Refs. 1, 3, and 7, the intensity of scatterin

by surface roughness is calculated from the equation

WSR~k!5
m*D2L2

2\2 E
0

2p G2~q,Ns!

e~q,T,Ns!
expS 2

q2L2

4 Ddq,

~6!

whereD is the average height of the roughness elements,L is
the average distance between them, and forq/b@1 the func-
tion G(q,Ns) is

3

G~Ns!5
e2

«sc«0
SNs

2
1NdeplD . ~7!

As in the case of impurity scattering, statistical sampling
used to estimate the scattering angleq from the angular
distribution

P~q!dq;
exp~2q2L2/4!

e2~q,T,Ns!
dq.

Figure 1 shows the results of calculations of the mobili
m as a function of the surface density of electrons in t
inversion layerNs ~curve 1! at the temperatureT54.2 K in a
field E510 V/m. Also shown on the same graph is a cur
taken from Ref. 23~curve 2! and a curve calculated by Mat
thiessen’s rule~curve 3!. It follows from the figure that

FIG. 1. Mobility m vs surface densityNs of electrons in the inversion layer
at the temperatureT54.2 K. 1! Monte Carlo results,E510 V/m; 2! results
from Ref. 23; 3! according to Matthiessen’s rule. HereL51.5 nm,
D50.52 nm, Ni53.531023 m23, «sc511.7, «ox54.1, and Ndepl

51.9231016 m22.
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tant,

ro-
curves 1 and 2 coincide at the point of the maximum, sinc
this point they are matched by appropriate selection of
angleqmin at equal temperatures, along with the parame
Ns ,D,L, andNi . The two curves also exhibit good agre
ment over the entire range ofNs except forNs,431015

m22. Another fact worth noting is that curves 1 and 3 co
relate with each other. This is reasonable in light of the f
that Matthiessen’s rule must be valid at the temperat
T54.2 K ~Ref. 4!.

As an example, Fig. 2 shows the results of calculatio
of m as a function of the temperatureT for three values of
Ns and a fieldE5100 V/m. It is evident from the figure tha
the mobility decreases slightly as the temperature increa
The decrease in mobility is attributable to the temperat
dependence of the polarizability of the 2D gas.4–6 This be-
havior of the curves is qualitatively consistent with resu
published earlier4 for the same temperature range and
same scattering mechanisms, provided allowance is mad
the temperature dependence of the polarizability of the
gas, but with the mobility calculated by suitable averaging
the relaxation timet on the basis of a Fermi–Dirac distribu
tion.

Finally, Fig. 3 shows the results of calculations of t
mobility m as a function of the fieldE at T54.2 K in the
presence of slight warming of the electron gas. This fig
reveals a slight increase in the value ofm as the field is
varied from 10 V/m to 100 V/m. The approximation of th
dependence by a function of the formm5m0(11bE2),
wherem0 is the ‘‘zero-field’’ mobility, yields the following
estimates for the coefficientb: b153.1131027 m2/V2 for
Ns15531015 m22 and b252.3831026 m2/V2 for
Ns251016 m22. The value ofb2 agrees in order of magni
tude with the results published in Ref. 24, according
which b.1026 m2/V2 for Ns,1016 m26 at T54.2 K.

We have thus demonstrated the effective applicability
the Monte Carlo method for calculating the low-temperat
mobility of the 2D electron gas in an inversion layer of si
con MOS structures under conditions such that the elec
gas is degenerate. We have relied on two principal scatte
mechanisms: scattering by charges in the oxide and sca
ing by surface roughness elements. Despite the ample e
ing store of theoretical and experimental results describ

FIG. 2. Mobility m vs temperatureT for E5100 V/m and various densities
Ns . 1! Ns51016 m22; 2! 531016 m22; 3! 1017 m22. The parameters
«sc ,«ox ,Ndepl,L,D, andNi have the same values as in Fig. 1.
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electron transport in inversion layers at low temperatures,
approach discussed in this article has the advantage th
permits any number of significant scattering processes to
used in the calculations, and regardless of the complexit
the model description, it facilitates the incorporation of tho
mechanisms into the general simulation algorithm.
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Study of PbTe photodiodes on a buffer sublayer of porous silicon

L. V. Belyakov

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

I. B. Zakharova, T. I. Zubkova, S. F. Musikhin, and S. A. Rykov

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
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The formation of epitaxial lead-telluride films on a silicon substrate with a porous-silicon
sublayer is investigated. In these structures vertical-type infrared photodiodes were produced using
ion doping. Despite a great mismatch in the lattice constants and the temperature expansion
coefficients between silicon and lead telluride, the photodiode parameters are similar to those of
photodiodes in the orienting substrates. ©1997 American Institute of Physics.
@S1063-7826~97!02001-2#
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can serve as a basis for the formation of a wide class
optoelectronic devices operating in the infrared in conju
tion with silicon-based readout circuits. However, a serio
obstacle to the growth of high-quality silicon epitaxial film
is the great mismatch of the lattice constants~for lead tellu-
ride it is 17%! and the temperature expansion coefficients
lead and silicon, which makes it necessary to use buffer
blayers of calcium and barium fluoride. It is well know
however, that porous silicon~PS! can serve as the buffe
sublayer in the growth of semiconducting epitaxial films
silicon. The porous-silicon layer in this case plays the role
an elastic matrix with nanosize voids which compensate
the elastic stresses of the polymorphic layer. Bondare
et al.1 recently reported a successful attempt to grow le
sulfide films of a quality acceptable for optoelectronic d
vices on porous silicon by molecular-beam epitaxy. In
present paper we report the results of an experimental s
of the formation of lead-telluride films by condensation fro
a gas-dynamic flow onto porous-silicon sublayers with va
ous parameters, as well as the formation on such layer
ion implantation of vertical-type photodiodes with high ph
toelectrical characteristics.

Vertical-type photodiodes based on PbTe epitaxial fil
on a BaF2 orienting substrate have several advantages o
diodes with planar geometry2 and exhibit a photosensitivity
in the range 3–5mm, near its limiting value, i.e., in the
noise-limited regime. An obstacle to the formation of gr
ings or matrices of such photodiodes on a silicon substra
the need for a high level of perfection of such films since
the case of polycrystalline PbTe films the crystallite boun
aries shunt thep–n-junctions, leading to the growth of leak
age currents, etc. It might be expected that the use o
porous-silicon buffer sublayer would make it possible to o
tain high-quality epitaxial PbTe films and corresponding
highly-sensitive, vertical-type infrared photodiodes on a s
con substrate.

Porous-silicon layers of 0.5–1.0mm thickness were
formed on phosphorus-doped,n-type silicon substrates with
resistivity r51V•cm and boron-doped,p-type silicon with
resisitivty r510V•cm and orientation@100#. Anodization
regimes with and without backlighting were used, with
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48% HF–isopropyl alcohol in the ratio 1:1. An MII-4 inter-
ferometer was used to determine the thickness of the poro
silicon layers after etching the porous silicon in a 5% sol
tion of KOH at 50 °C. The structure of the porous-silico
layers so obtained was examined using a scanning tunne
microscope ~STM! and a scanning electron microscop
~SEM!. To achieve electrical contact when carrying out th
structural studies, a gold layer of 10 nm thickness was sp
tered onto the porous-silicon surface. The results show t
large-void layers with characteristic inhomogeneity siz
equal to 0.5–1mm are formed onn-type silicon. On
p-type silicon at current densities up to 10 mA/cm2 in dark-
ness for a porous-silicon layer thickness;1 mm the charac-
teristic inhomogeneity size, revealed by the STM, is 30–
nm ~Fig. 1!. Such layers have manifested intense photolum
nescence with a wide maximum in the region 600–650 n
when illuminated with light in the wavelength range 300
400 nm~mercury lamp with a UFS-1 filter!. The presence of
such a luminescence can serve as a method for express m
toring of quality and uniformity of porous-silicon layers an
their suitability for further epitaxy since the highest-qualit
PbTe layers have been obtained on such sublayers.

Using the method of condensation from a gas-dynam

FIG. 1. Morphology of the porous-silicon buffer sublayer obtained by th
STM method.

760076-02$10.00 © 1997 American Institute of Physics
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FIG. 2. a! Temperature dependence of the ele
trical conductivity of PbTe films on different
substrates:1! on an amorphous substrate~pho-
tographic glass!, 2! on a porous-silicon silicon
(n-type Si!, 3! on a substrate of porous-silicon
substrate (p-type Si!, 4! on an orienting sub-
strate~mica!; b! temperature dependence of th
specific detecting power of vertical infrare
photodiodes on substrates of1! mica,2! porous
silicon (p-type Si!, and3! Si.
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sated lead telluride of thickness 0.5–0.6mm on both types of
porous-silicon buffer layers, and also on control layers
silicon ~unoriented substrate, which leads to condensatio
polycrystalline PbTe films! and mica ~oriented substrate
high-quality PbTe epitaxial films are formed on it!. The re-
gimes in which the PbTe films were obtained and the str
ture of the films on the orienting substrate and the silic
substrate are described in Ref. 3. Measurements of the
perature dependence of the electrical conductivity of
PbTe films over a wide temperature range~Fig. 2a! allowed
us to determine the activation energy of conduction, fr
which we were able to estimate the drift barriers to curr
flow (Ed). For PbTe films with a porous-silicon buffer laye
on p-type siliconEd is equal to 13–15 meV, which is clos
to its value on high-quality epitaxial films on mica. On th
other hand, for PbTe films deposited onn-type porous sili-
con Ed is 39–40 eV, which is the same asEd of films on
deposited silicon; the same value ofEd was observed for
polycrystalline films of compensated PbTe on an amorph
unoriented substrate—photographic glass.3

We used the method of ion implantation to obta
vertical-type photodiodes. Since the intrinsic defects in le
chalcogenides are electrically active, whenp-type PbTe
films are implanted with Ar1 ions, because of the formatio
in the implanted region of intrinsic defects a stablen-type
region is formed with current-carrier concentrations up
1018 cm23 ~Ref. 4!. Here the depth of the layers in which th
inversion of conductivity type is observed exceeds the ca
lated penetration depth of implanted ions by at least an o
of magnitude. At ion energy of 100 keV the penetrati
depth is 0.2–0.6mm. In our case, we used 60-keV N2

1 ion
implantation at an ion current density of 2 mA/cm2 and ob-
tained 1-mm-wide, vertical-type photodiodes. The opti
area of the photodiode is governed by the collection len
of the current carriers in then- andp-type regions and stand
at (1–2)31022 mm2. Measurements of the current–voltag
characteristics of the structures so obtained showed tha
the indicated implantation regimes ap–n junction, with an
energy barrierw;60–120 meV and zero-bias resistan
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film ~0.5mm!. The best values of the photodiode paramet
were obtained for PbTe epitaxial films on mica and poro
silicon. We measured the temperature dependence of the
cific detecting powerD* of the photodiodes on an IChFR
11A ‘‘blackbody’’ setup in the presence of background r
diation with a temperature of 300 K. The parameters
devices based on high-quality epitaxial PbTe films depos
on mica and on a buffer sublayer of porous silicon w
nanosize voids essentially coincide over a wide tempera
range~Fig. 2b!, while without the porous-silicon buffer sub
layer the photosensitivity of the diodes is one or two ord
of magnitude lower.

We have determined the regularities of the growth
epitaxial lead-telluride films with a large mismatch of th
lattice constants and large temperature expansion coeffic
on a nanosize matrix of porous silicon of varying structu
The use of buffer sublayers of porous silicon has been sh
to be promising for the formation on silicon of structur
sensitive in the infrared region of the spectrum. By using
doping we have obtained vertical-type infrared photodiod
with parameters approaching the parameters of photodio
on an oriented substrate.

The authors express their deep gratitude to I. A. Abroy
for performing ion implantation of the lead-telluride films.
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High-frequency capacitance–voltage characteristic of GaAs-based, thin-film structures

N. B. Gorev, T. V. Makarova, E. F. Prokhorov, A. T. Ukolov, and V. I. Éppel’
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An analytical calculation of the high-frequency capacitance–voltage characteristic of a GaAs thin-
film structure is carried out. It is shown that the peculiarities of this characteristic, namely
an abrupt drop followed by a falloff to zero, are due to the merging of the depletion regions of
the Schottky barrier and the film–substrate junction and to a lag in the recharging of deep
centers in the substrate. ©1997 American Institute of Physics.@S1063-7826~97!02101-7#

Manifestations of the role of then–n junction at the capacitance a change in the barrier biasdV does not lead to
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boundary of a film with substrate in GaAs-based structu
are extremely varied in their nature1 and, in particular, have
a nontrivial effect on low-frequencyC–V ~capacitance–
voltage! measurements.2 The latter, as is well known, mak
it possible to determine the concentration of the unfilled d
centers in the substrate.3 Current thinking gives sufficien
grounds to expect that the presence of ann–n junction
should also have a substantial effect on high-frequencyC–
V measurements, which serve as the main method of ob
ing information about the dopant impurity in the structu
However, despite the obvious relevance of this quest
there is virtually nothing reported in the literature on th
subject. We hope that the present work, dedicated to a s
of the effect of then–n junction on high-frequencyC–V
measurements, will to some extent fill this gap.

To determine the effect of then–n junction on the re-
sults of high-frequencyC–V measurements, it is first of a
necessary to obtain an analytical description of the hi
frequency barrier capacitanceC under conditions in which
the depletion region of the Schottky barrier is linked with t
region of the film–substrate junction, i.e., when at so
point on the filmxm the free electron concentration reach
its maximum valuenm,N0, whereN0 is the concentration
of the dopant impurity in the film.

In out further analysis it is more convenient to repres
the barrier capacitanceC in the form

C5««0S
dEb

dV
, ~1!

whereS is the area of the barrier contact,dEb is the amount
by which the electric fieldEb at the metal–semiconducto
interface changes when the Schottky barrier bias change
dV. When the depletion region of the Schottky barrier a
the region of the film–substraten–n junction are joined, the
magnitude ofdEb is determined by, among other factors, t
change in the electric fieldEj in the plane of then–n junc-
tion. In this regard, a well-known property of then–n junc-
tion of the type film–~semiconducting compensated su
strate! becomes very important. This property has to do w
the fact that the charge of the accumulation layer locate
the substrate is formed by carriers bound to deep cen
since in the substrate the concentration of unfilled deep c
ters is 5–7 orders of magnitude higher than the concentra
of free carriers. Therefore, in the case of the high-freque
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a change in the charge of the accumulation layer of then–
n junction and, consequently, it does not lead to a chang
the electric fieldEj ; i.e.,

dEj50. ~2!

Using relations~1! and ~2!, we can obtain, using a metho
similar to that used in Ref. 3 to calculate the low-frequen
capacitance, a parametric expression for the dependenc
the high-frequency capacitanceC on V (nm serves as this
parameter!, valid for N0.nm@nj , wherenj is the free car-
rier concentration in the plane of then–n j junction:

C5qSS 2««0N0

kT D 1/2 B

2AB1N0/nm21
,

~3!

V5
kT

q S ln Nc

nm
1
nm
N0

1A2D2wb ,

where

A5
h

A2l d
12S ln 32

nm
N0

D 1/2
2

A2
A112t

ln
~A113t1A112t !2

t
2D,

B5S ln 32
nm
N0

D 21/2

1
A2

~112t !3/2

3 ln
~A113t1A112t !2

t
1

A2
t~112t !A113t

,

D5F Nt2Ns

Nt2Ns1N0
S ln nm

ni
2
nm
N0

D
2

Nt

Nt2Ns1N0
ln
Nt

Ns
G1/2,

t512nm/N0.

Hereh is the film thickness,Ns , Nt , andni are the concen-
trations of the minority donors which compensate the de
centers in the substrate and the free carriers in the interio
the substrate,Nc is the density of states in the conductio
band of the semiconductor,wb is the barrier height from the
metal side, andl d5kT««0 /q

2N0 is the Debye length in the
film.
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decreases,C falls abruptly and tends to zero asnm /N0. How-
ever, for a significant decrease ofnm ~increase ofV), when
the junction begins to flatten out, the conditionnm@nj ,
which restricts the applicability of relation~3!, is violated.
Nevertheless, this situation can be calculated analytic
with sufficient accuracy.

The point is that by virtue of the large value ofN0 /ni
this flattening out of the junction can commence only wh
nm!N0, i.e., when the film is almost completely depleted
its free carriers. In this case, as will be shown below,
high-frequency capacitanceC becomes equal to zero. In
deed, fornm!N0 it follows from the Poisson equation tha

Eb5Ej1~q/««0!N0h. ~4!

According to~1! and ~2!, it follows thatC equals zero@the
abrupt drop ofC before it falls to zero, given by relation
~3!, obviously corresponds to the case in whichnm is still not
small enough in comparison withN0, anddEb is governed in
this case also by the variation of the free charge in the fil#.
Note that condition~2! remains valid as long as the accum
lation layer of the film–substrate junction continues to ex
i.e., for nm.ni . Therefore, making use of the expressi
obtained in Ref. 3 forV in the casenm!N0 for the junction
flatting out forni,nm!N0, we have

C50,

V5
kT

q F ln N0

nj
1
1

2S hl dD
2

2
A2h
l d

S nj2ni1Nt ln
n11nj
n11ni

2Ns ln
nj
ni

D 1/2G2wb ,

~5!

wheren15Ncexp(2Et /kT) is the Shockley–Reed paramete
which is governed by the embedding depth of the deep c
ter Et .

Calculation shows that the two functional dependen
C(V), defined respectively by~3! and ~5!, practically coin-
cide over a considerable interval inV in which the conditions
nm@nj andnm!N0 are simultaneously satisfied. This allow
us, by joining these two forms in the indicated interval,
calculate the dependenceC(V) over a wide interval inV
corresponding to the conditionni,nm,N0.

With further increase of the reverse biasV, the film–
substrate junction completely disappears, leaving only
depletion layer of the Schottky barrier, which covers the
tire film and penetrates into the substrate. In this case, for
high-frequency barrier capacitance the customary expres
is valid

C5««0S/hb , ~6!

wherehb is the width of the depletion layer of the Schottk
barrier. Therefore, at the moment the junction disappe
(nj5ni) a jump appears on theC(V) curve from zero to the
value of the capacitance given by expression~6!. Here two
cases are possible.

1. The Fermi levelEF in the interior of the substrate lie
above the deep layerEt , i.e.,ni,n1. In such a situation the
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substrate is determined only by the minority impurityNs

since upon the escape of the free carriers the negati
charged, filled deep centers in this case are immedia
wiped out and become neutral. The dependenceC(V) in this
case is easily represented in the following parametric fo
~wherenj<ni serves as the parameter!:

C5««0s/~h1xs!,

V5
kT

q S ln Nc

nj
1
1

2S hl dD
2

1
xsh

l d
2

Ns

N0
D 2wb , ~7!

where

xs5F2««0kT ln~ni /nj !

q2Ns
G1/2

is the width of the depletion layer of the Schottky barrier
the substrate.

2. EF,Et , i.e., ni.n1. In the depletion layer of the
barrier in the substrate in this case, there is a part wh
charge is determined only by the escape of free carriers w
out discharge of the deep centers. Fornj.n1 this part
spreads out over the entire depletion layer in the subst
and we now have for the dependenceC(V)

C5««0S/~h1xs!,

V5
kT

q S ln Nc

nj
1
1

2S hl dD
2

1
xsh

l d
2

ni
N0

D 2wb , ~8!

where we now have

xs5F2««0kT ln~ni /nj !

q2no
G1/2.

For nj,n1 the depletion layer in the substrate consists o
part, whose charge is determined only by the escape of
carriers without discharge of the deep centers (n1,n,ni),
and a part whose charge is determined by the minority
purity (nj,n,n1). In this case the dependenceC(V) is
given by

C5««0S/~h1xs!,

V5
kT

q F ln Nc

nj
1
1

2S hl dD
2

1
h

l d
2N0

~xs1ni1xs2Ns!G2wb ,

~9!

where

xs15F2««0kT ln~ni /n1!

q2ni
G1/2,

xs25 2
xs1
2

1Fxs124 1
2««0kT ln n1/nj

q2Ns
G1/2.

Relations~3!, ~5!, and ~7!–~9! allow us to calculate the
dependenceC(V) over a very wide range of variation o
V. Typical calculated results are shown in Fig. 1~Fig. 1a
corresponds to the caseni.n1, and Fig. 1b corresponds t
the caseni,n1). The above-noted peculiarities of the hig
frequency dependenceC(V) are clearly visible in these
graphs, namely 1! the abrupt drop with subsequent drop
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zero, due to a combination of the depletion of the film of its
free carriers and the zero variation of the charge of the a
cumulation layer of the film–substrate junction, and 2! the
subsequent upward jump due to the removal of the film
substrate junction by the reverse bias of the Schottky barrie
Note that in the caseni.n1 this jump is in fact manifested as
the upward jump of one point corresponding to the momen
the film–substrate junction is removed, i.e., the point a
which the concentrationnj reaches the valueni since with
further increase ofV the dependenceC(V) defined by~8!
and~9! very rapidly falls to zero by virtue of the smallness of
ni . Calculation shows that for typical values of the param
eter of the film–substrate structure the width of this drop i
of the order of 1024 V.

Summing up the results of our theoretical analysis, w
note two main features of the high-frequency barrier capac
tance of the structure in question—1! the falloff of the ca-
pacitance to zero, due to the absence of any reaction of t
junction’s negative charge to the variable voltage, and 2! the
jump in the capacitance due to the complete removal of th
junction followed by a more or less rapid falloff to zero by
virtue of the propagation of the space charge region into th
depth of the lightly doped substrate. Here the width of th
jump is connected mainly with the relation betweenn1 and
ni and forn1,ni it is so small that an experimental record-
ing of the capacitance jump upon removal of the film–
substrate junction is nearly impossible. However, real sub
strates actually satisfy such a relation betweenn1 and ni ,
since the compensating impurity here is either chromium o
structural defects, both yielding theEL2 level, whose depth
in each case lies in the range 0.520.6 eV, which even for
ni.109 cm23 ensures the inequalityn1,ni . Therefore, ex-
perimental curves, a typical example of which is shown in
Fig. 2, are completely smooth. It is clear from the graph tha
the behavior of the experimental curve is similar to the ca
culated dependence~Fig. 1a! with the one exception that as
V grows, the experimental curve does not fall to zero, bu
rather to some constant value. Here it is worth recalling tha
the above calculation pertains only to the barrier capacitan
which is controlled by the space charge in the semiconduct
and which naturally does not include the geometrical inter
electrode capacitance, the elimination of which from th

FIG. 1. Dependence of the high-frequency barrier capacitanceC on the
blocking voltageV across the Schottky barrier, calculated forwb50.8 eV,
h50.2 mm, S5300 mm2, T5300 K,N051017 cm23, ns5109 cm23, and
Nt5531016 cm22 for n1553108 cm ~a! and 4.931010 cm ~b!.
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measurement results can be a nontrivial task and is ne
impossible when using sputtered contacts of complex sh
TheC–V dependences which are measured were made
cifically in such a situation. Consequently, the constant
which the curve in Fig. 2 falls is the interelectrode capa
tance of the sputtered contacts, which, as can be seen
the graph, is comparable to the barrier capacitance.

The determination of the interelectrode capacitance
necessary if we are to obtain the correct results from
C–V measurements and all the more so if the results of th
measurements are to be used to determine the impurity
file. It follows from the foregoing arguments that such
determination may be based on a measurement of the s
ration value of the high-frequency dependenceC(V).

In conclusion we note that the zero level of variation
bound charge, which determines the zero value of the cap
tance for deep linking is in no way connected with the nat
of the doping of the film. Hence it follows that the drop o
the high-frequency capacitance to zero, which we have
tablished within the framework of the assumption of a co
stant impurity profile, is invariant with respect to the lev
and nature of the impurity profile of the film.

This work was carried out within the framework of th
project ‘‘Development of new methods for measuring ele
trical parameters of thin-film structures of III–V com
pounds,’’ financed by the Ukraine State Committee on S
ence and Technology.

1S. A. Kostylev, E. F. Prokhorov, and A. T. Ukolov,Current Transport
Phenomena in Thin-Film Gallium-Arsenide Structures@in Russian#,
Naukova Dumka, Kiev, 1990.

2N. B. Gorev, S. A. Kostylev, T. V. Makarova, E. F. Prokhorov, and A.
Ukolov, Fiz. Tekh. Poluprovodn.23, 357 ~1989! @Sov. Phys. Semicond
23, 220 ~1989!#.

3N. B. Gorev, T. V. Makarova, S. A. Kostylev, E. F. Prokhorov, and A.
Ukolov, Fiz. Tekh. Poluprovodn.26, 861 ~1992! @Sov. Phys. Semicond
26, 485 ~1992!#.

Translated by Paul F. Schippnick

FIG. 2. Experimental dependence of the high-frequency barrier capacit
C on the blocking voltageV across the Schottky barrier; measurement f
quency 1 MHz,N0.1017 cm23.
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Electrical properties of ZnSe/GaAs (100) heterostructures grown by photostimulated

vapor-phase epitaxy

A. V. Kovalenko

Dnepropetrovsk State University, 320625 Dnepropetrovsk, Ukraine
~Submitted March 10, 1995; accepted for publication February 2, 1996!
Fiz. Tekh. Poluprovodn.31, 11–14~January 1997!

Epitaxial layers of ZnSe were grown on GaAs~100! by photostimulated vapor-phase epitaxy,
using a He–Cd laser~powerP.1 mW/cm2, hn52.807 eV! at a substrate temperature
of T5 ~175–300! K. The temperature dependences of the mobility of the majority charge carriers
were studied in layers doped during growth, using such sources as AlCl3, Zn, Al, and Ga.
Based on an analysis of the thermally stimulated current and thermally stimulated depolarization
curves, parameters were established for seven deep local levels that have a substantial
effect on the electrical characteristics of the heterostructures. ©1997 American Institute of
Physics.@S1063-7826~97!01912-6#

The identical crystal structure and the closeness of the~Ref. 4!, T5320 °C~Ref. 5! andT5300 °C, Ref. 6!, not only
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lattice parameters of the compounds ZnSe and GaAs m
this pair of semiconductors nearly ideal for creating hete
structures, which have already become widely used in p
tice as photodetectors and solar cells.1,2 Further improvement
of the characteristics of devices based on ZnSe/GaAs he
structures involves searching for a cheap and efficient te
nology that, on one hand, must provide economical m
production and, on the other hand, must satisfy the high
requirements on their quality.

An analysis of the results of studies of ZnSe/GaAs h
erostructures obtained by high-temperature liquid-phase
taxy of GaAs on a ZnSe substrate, the deposition of ZnSe
a GaAs substrate in a closed volume atT5~750–800! °C,
and the deposition of ZnSe from metallo-organic compou
atT5450° and above, described in Ref. 3, showed that hi
temperature techniques for obtaining heterostructures c
blurring of the layer–substrate boundary as a result of di
sion processes and the formation of the transitional co
pounds Ga2Se3•9ZnSe and~ZnSe!x~GaAs!12x , wherex de-
pends on the deposition conditions. These data show tha
electrical characteristics of heterostructures strongly dep
on the transition-layer thickness, which in turn increases w
increasing deposition temperature.

In Ref. 2, ZnSe/GaAs heterostructures were also
tained by depositing ZnSe on GaAs from metallo-orga
compounds at even lower substrate temperatu
T5~350–400! °C. However, a transition layer~0.1–0.2!
mm thick with a high level of Ga doping was observed
the interface even in this case. This can be caused by d
sion of Ga from the substrate during growth and by the tra
fer of Ga by alkyl radicals formed during the decompositi
of diethylzinc at the initial stages of film growth.

Substantial success in improving the quality of ZnS
GaAs heterostructures has been achieved by such techn
as molecular-beam epitaxy~MBE!, vapor-phase epitaxy
from metallo-organic compounds~MOCVD!, and atomic-
layer epitaxy~ALE!.3–6 Because of the high purity of th
materials used, the reliable system for monitoring the str
ture and chemical composition of the epitaxial layer, and
low temperature of the GaAs substrate (T5150–210 °C

8 Semiconductors 31 (1), January 1997 1063-7826/97/0
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were high-quality single-crystal ZnSe layers,but also spa-
tially quantized structures of the single-quantum-well4 and
superlattice types,5,6 for which the presence of a sharp layer
substrate interface is a fundamental condition.

The low-temperature technology of photostimulat
vapor-phase epitaxy~PSVPE! is a particularly promising
technology.7–9 PSVPE is substantially less expensive th
the MBE, MOCVD, and ALE technologies. However, it als
makes it possible to obtain high-quality, single-crystal Zn
films on GaAs without transition layers and with optic
characteristics that are not inferior to similar layers grown
MBE.7 The high potential of this technology is also show
by the fact that we were able to use it to synthesize spati
quantized structures of the single-quantum-well and supe
tice types.8 The low substrate temperatureT5(175–
300) °C provided by forced-water cooling of the grow
zone, combined with the high migration capability of th
adsorbed atoms on the surface caused by weakening o
ionic bond due to perturbation of thesp3 configuration of the
atoms by resonance excitation of the growing ZnSe layer
He–Cd laser radiation~power P.1 mW/cm2, hn52.807
eV!, made it possible to obtain single-crystal, mirror-smoo
ZnSe films. Their optical characteristics are considered
detail in Ref. 9, while the optimal technological growth p
rameters are evaluated in Refs. 10 and 11.

The reactor design and the growth technique of the Zn
film using PSVPE make it possible to obtain an entire vari
of ZnSe(n, p)/GaAs(n, p) heterostructures. Since the GaA
substrates, which are used with a~100! orientation, can be
eithern or p type, the control of the electrical characteristi
of the epitaxial layer is an essential factor in this case. T
standard growth technology10,11 makes it possible to obtain
single-crystal,n-type epitaxial layers. Their electrical cha
acteristics, measured by the Van der Pauw method, indic
low resistivity @r5(0.5–102) V•cm#, high concentration
@n5(1015–1018) cm23#, and relatively high mobility
@m5(110–130! cm2/~V•s!# of the majority charge carriers
which is characteristic of high-quality ZnSe single crysta
The n-type conductivity is stabilized when the ZnSe film

80008-03$10.00 © 1997 American Institute of Physics
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are grown under a superpressure of Zn vapor, as wel
when the film is doped during growth with impurities fro
such sources as Al, AlCl3, and Ga. The temperature depe
dences of the charge-carrier mobility in such samples ha
similar form, passing in the temperature regi
T5210–280 K through a distinct maximum~Fig. 1! caused
by redistribution of the scattering mechanisms. In the hi
temperature region we havem } T23/2, which is evidence
that lattice scattering of the charge carriers predomina
Charge-carrier scattering at impurity centers, withm } T3/2,
predominates at low temperatures. This type of scatte
imposes a limit on the mobility near the extremum, equa
m5(130–150! cm2/~V•s!. Then-type ZnSe films were char
acterized by a high majority charge-carrier concentrat
@n.(1017–1019) cm23# and low resistivity (r;5
31023 V•cm! of the epitaxial layer. The latter is extreme
important for reducing the total series resistance of hete
structures used as solar cells. For all kinds ofn-type samples,
the ionization energy of the shallow donor levels was
tween 10 and 23 meV.

Growing epitaxial ZnSe films with a superpressure of
increases their resistivity@r;(109–1012) V•cm# and re-
duces the mobility and charge-carrier concentration. Cha
ing the stoichiometry of the ZnSe film toward a Se exc
can invert the conductivity type. We observed a similar
fect on bulk crystals of ZnSe.12 The p-type conductivity of
an epitaxial ZnSe layer is also caused by doping the la
during growth with such an acceptor impurity as Li. W
obtained control data concerning the introduction of accep
and donor impurities into a crystal lattice by analyzing d
on the nature of the photoluminescence bands of a Z
film.9

To obtain information on deep charge-carrier trapp
levels in the ZnSe/GaAs heterostructure, we analyzed t
mally stimulated current~TSC! curves~Fig. 2! and thermally
stimulated depolarization~TSD! curves~Fig. 3!. The studies
were carried out on heterostructures with an epitaxial laye
mm thick, a substrate 300mm thick, and a sample area o
10310 mm. Platinum electrodes were deposited by cath
sputtering. First a sample atT5300 K was placed in an
external polarizing electric field with a voltage ofU5100 V
for 3 min, creating a spatially inhomogeneous charge-car
distribution~Maxwell–Wagner polarization!. To increase the

FIG. 1. Temperature dependences of the mobility of the majority cha
carriers in ZnSe films on GaAs substrate with~100! orientation, doped dur-
ing growth using AlCl3 ~1!, Zn ~2!, Al ~3!, and Ga~4! sources.

9 Semiconductors 31 (1), January 1997
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degree of filling of the local centers, the heterostructure w
illuminated during this period with light having a waveleng
of l50.66 mm. After the electric field is removed, a meta
stable state is established in the sample. Subsequent he
of the short-circuited sample was accompanied by the
pearance of TSC in the external circuit.13 The TSC curves
for an extracting field ofU51 V, measured at different hea
ing rates ~Fig. 2!, indicate that several local centers a
present. The thermogram recorded at a high heating rate
in the region of large currents, and four extrema in all can
distinguished on it. At a lower heating rate, the TSC cur
shifts toward lower currents, but at least six extrema can
distinguished on it. In the TSC method, the charge carr
migrate in a constant external electric field, which subst
tially reduces the sensitivity. In contrast with the TS

e

FIG. 2. TSC spectra for a ZnSe/GaAs heterostructure with~100! orientation,
measured at different heating rates, deg/min:1—2.7,2—1.05.

FIG. 3. TSD spectra for a ZnSe/GaAs heterostructure with~100! orientation.

9A. V. Kovalenko
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TABLE I. Parameters of the individual Gaussian bands in the TSD spec-
trum of ZnSe/GaAs heterostructures with~100! orientation and the charac-
method, the charge carriers during TSD migrate in an in
rior electric field that self-consistently varies during heati
of the sample. All these factors increase the resolution,
seven extrema can be reliably distinguished on the T
curve~Fig. 3!. The method developed in Ref. 14 for analy
ing the increments of the functionI5 f (T) was used for pro-
cessing the TSD curve. This provides the exact numbe
the individual bands and an approximate estimate of s
parameters of the center as the activation energyDE of a
local center, the total chargeQ liberated from a local cente
during heating of the sample, and the concentrationN of the
centers. The TSD curve was mathematically processed
the assumption that the elementary extremum is describe
a Gaussian contour. The activation energy was estimate
the initial-rise method~the Garlic–Gibson method!. The
main characteristics of the individual bands of the Gauss
spectra (Imax is the current in the region of an extremum
the TSD spectrum, andTmax is the temperature at which th
extremum is observed in the TSD spectrum! and the corre-
sponding parameters of the local centers (DE, Q, N) are
shown in Table I.

It is quite difficult to determine the spatial localization
the identified centers, which can lie in the ZnSe and Ga

teristics of the corresponding local centers.

No. Imax, A Tmax, K DE, eV Q, C N, cm23

1 2.79310211 342 0.30 1.4931029 9.3431013

2 3.43310211 353 0.41 2.1631029 1.3531014

3 7.07310211 378 0.65 7.6331029 4.7631014

4 1.51310210 396 0.68 1.7531028 1.0931015

5 6.52310210 410 0.70 6.8131028 4.2531015

6 3.04310210 425 0.73 1.9931028 1.2431015

7 5.71310210 435 0.75 4.5131028 2.8131015
10 Semiconductors 31 (1), January 1997
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of the results with the data of Ref. 12, where the parame
of local centers in bulk ZnSe crystals were establish
shows that the centers numbered 1, 2, and 7 in the t
occur in the ZnSe layer.

I wish to thank A. Yu. Mekekechko and G. V. Snezhn�
for help in this study and for useful discussions.
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Quasiballistic model of current transport and formation of the S-type current–voltage

characteristic in the lightly doped, double-barrier heterostructure
Al xGa12xAs–GaAs–AlAs

A. M. Belyantsev and Yu. Yu. Romanova

Institute of the Physics of Microstructures, Russian Academy of Sciences, Nizhni� Novgorod, Russia
~Submitted March 6, 1996; accepted for publication April 4, 1996!
Fiz. Tekh. Poluprovodn.31, 100–103~January 1997!

The quasiballistic model of current-carrier transport in the lightly doped, double-barrier
heterostructure AlxGa12xAs–GaAs–AlAs is considered. Electron scattering into theX-valley in
the GaAs layer, nonspecular electron reflection from the AlAs layer, and energy
quantization in the pre-barrier region are all taken into account. The possibility of an S-shaped
current–voltage characteristic in lightly doped, double-barrier heterostructures in the
absence of electron–electron collision is demonstrated for a comparatively wide AlAs barrier.
© 1997 American Institute of Physics.@S1063-7826~97!02201-1#

In the quasiballistic approximation of the motion of elec-
15 23

potential well in weak fields is quasiballistic.
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trons in a lightly doped (n,10 cm ) GaAs layer Bely-
antsev et al.1 showed that the current–voltage chara
teristic of the single-barrier heterostructuren-GaAs–
i -Al0.25Ga0.75As can be multivalued, and that the structu
can possess aS-type negative differential conductivity
~NDC! in the absence of electron–electron collisions. In th
calculations they assumed that the barrier is thin and tha
the electrons of all GaAs valleys it has a high tunneli
transparency. The mechanism for the appearance ofS-type
NDC in such a structure owes its existence to changes in
lifetime of the electrons at the quantum-well level in t
near-barrier region that accompany variation of the field
that region. As the barrier width~more than 100 Å! in-
creases, this mechanism for the appearance of NDC in
considered heterostructure model becomes inefficient.1 Hig-
manet al.2 have experimentally observedS-type NDC in a
double-layer heterostructure with a wide AlAs barrier~on the
order of 1000 Å! and lightly doped well (n-GaAs,n,1015

cm23). They assumed that the transition of the system to
unstable state is connected with intervalley scattering, w
the transition of the electrons from theG-valley to the
X-valley of GaAs, from which they freely penetrate the AlA
barrier. The I–V characteristics of lightly doped, single- a
double-barrier heterostructures with wide AlAs barriers a
the possibility for the appearance ofS-type NDC as a resul
of intervalley transitions were investigated by Belyants
and Romanova3 by the Monte Carlo method.

In what follows we assume a simple quasiballistic mo
of current transport in the lightly doped, double-barrier h
erostructure AlxGa12xAs–GaAs–AlAs~see Fig. 1, inset!, in
which intervalley electron scattering is dominant. In contr
to Ref. 3, we allow for energy quantization in the nea
barrier region. As was shown by Heiblum,4 the mean free
path of electrons in GaAs, injected with energies in the ra
0.2–0.25 eV is on the order of 80021000 Å. Therefore, in
the structure under consideration for the cathode bar
heightD1 of the order of 0.2 eV and the width of the pote
tial well ~GaAs layer! less than 800 Å~see Fig. 1, inset! the
motion of the cathode-barrier injected electrons in the Ga
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Clearly, the presence of a high and wide second bar
~the AlAs layer! hinders the passage of the injected electro
through the structure. Only some of theG-electrons will tun-
nel through the AlAs barrier, the specularly reflected ele
trons emerge from the potential well, and the diffusely sc
tered electrons pile up in front of the AlAs barrier. As th
voltage on the structure is increased, the number of n
barrier electrons increases and energy quantization ta
place in a narrow near-barrier region. In strong fields, wh
the voltage drop across the GaAs layer is of the order of
eV (w3.DGX2D1), the injectedG-electrons are scattere
into theX and L valleys. Since theX valley of AlAs lies
below theX valley of GaAs, theX electrons from the GaAs
layer pass through the AlAs barrier ‘‘unhindered.’’ The cu
rent through this structure correspondingly grows. The infl
of electrons into the near-barrier region decreases while
neling from the quantum-well level and tunneling of the fr
electrons are conserved and the voltage distribution over
structure changes. A decrease of the current takes place a
at lower voltages on the heterostructure and is attributa
mainly to the disappearance of electron flux above the A
barrier, to the accumulation of charge at the quantum-w
level, and to a corresponding reversed voltage redistribut

All these qualitative factors are taken into account in t
proposed model of current transport in a double-barrier h
erostructure. In the latter, however, we use the followi
approximations: in the calculation of the redistribution of t
potential in the well we disregard the charge of the electr
‘‘captured’’ by the well, with the exception of the quantum
well region, which is completely justified in the case of
lightly doped potential well (n0.1015 cm23). Of all the
scattering mechanisms we allow only for intervalleyG–
X-scattering, which tentatively drifts into the near-barrier r
gion, quantum-well level is calculated in the triangular-w
approximation, the probability of electron capture to
quantum-well level is determined by introducing a nonspe
larity coefficient of the rectangular AlAs barrier. Note th
the assumption of localization ofG–X-scattering in a narrow
near-barrier region allows us to take the traversal by the e

810081-03$10.00 © 1997 American Institute of Physics
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trons of most of the well to be ballistic. Obviously, trans
tions to theL valley can be disregarded in the calculatio
because of the smaller intervalley scattering coeffici
(JGX.0.53109 eV•s, JGL.0.183109 eV•s; Ref. 5! and
because of the smaller contribution from theL-valley elec-
trons ~in comparison with theX electrons! to the current
through the AlAs barrier~for the latter it is transparent!.

G–X scattering leads to a change in the concentration
the free electrons since theX electrons are substantiall
slower than theG electrons. Let us estimate the change in
potentialw (1) which occurs as a result of this circumstanc
working from the linearized Poisson equation:

w~1!9 1a~x!w~1!5e0nx~x!/««0,

where

a~x!5
j

2««0
Am*

2

e0
~D11e0w~x!!1.5

,

w(x) is the potential in the absence ofG–X scattering,« is
the dielectric constant of the GaAs lattice,«058.85310212

F/m,m* is the effective mass of theG-valley electrons,e0 is
the elementary charge of the electron, andnx is the
X-electron concentration. The characteristic scale of va
tion of w (1) is

l215a~x!21/2. ~1!

At scales less than this value, localization ofG–X scattering
in the near-barrier region is justified. As will be shown b
low, this condition can easily be satisfied in real structure

Given the above assumptions, the potential distribut
w(x) in the GaAs layer outside the near-barrier region can
found from the Poisson equation in which the charge den
is defined in terms of the currentj * and velocity of the
electrons in the heterostructure potential well:

FIG. 1. Current–voltage characteristic of a double-barrier heterostruc
~the potential well is shown in the inset! for different potential barrier
heightsD1, eV: 1! 0.2, 2! 0.18, 3! 0.15. Structure parameters:n0

151018

cm23, n051015 cm23, D250.86 eV,d15200 Å, d25300 Å, d35500 Å.
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dx2 v~x!««0 ««0 2@D11e0w~x!#

Here j *5 j11 j2 is the sum of the forward and reverse cu
rents, which defines the electron density at that po
@n(x)5 j * /e0v(x)#. The total currentj is equal to the differ-
ence of the forward and reverse currents,j5 j12 j2 .

Equation ~2! for the boundary conditionsw(0)50,
]w(0)/]x)5E(0)5E1 (E1 is the field strength at the firs
heterostructure barrier! is integrable and allows us to find th
relation between the total currentj and the fieldE1. This
relation is given implicitly by the equation

@2~y12!2z#@z14~y21!#0.52~z26!z0.556A j

j 0

x3
x0
. ~3!

Here x0
25«0«kT/e0

2n0, j 05e0n0vD , vD5A2D1 /m* ,
y5A11ew(x3)/D1, z5(E1

2 j 0)/(E0
2 j * ), E05D1 /(e0x0), x3

is the boundary of the quantum-well region (x3>d3), j1 is
the forward thermal-emission current that flows through
first barrier:

j15e0n
1 expS 2

D11e0E1d1
kT D . ~4!

The total voltage on the heterostructure is

V52E1d12E2d21V31W0/e0. ~5!

Here V35w(x3), W0 is the energy of the quantum-we
level, andE2 is the field strength at the second barrier. T
field strengthE2 is given in terms of the charge density in th
two-dimensional layerns and the field to the left of the two
dimensional layerE3:

E25E32
e0ns
««0

, ~6!

E35
]w~x3!

]x
52AE1

214 j
E0
2

j 0 SA11
e0w~x3!

D1
21D

~7!

The energy of the quantum-well levelW0 is calculated in the
triangular-well approximation6

W05l1S h2

2m* D
1/3S e02ns2««0

D 2/3, ~8!

wherel152.34 is the first node of the Airy function.
To find the total current through the structure, Eq.~3!

must be supplemented by the equation of continuity for
near-barrier region, which we write in the form

j1~x3!5 j 2D1 j tun1 j2~x3!. ~9!

The quantity on the left side of Eq.~9! is the flow of G
electrons into the near-barrier region~in which we have al-
lowed for transitions of the electrons into theX valley!1!

j1~x3!5 j1F12expS 2
x32x*

l int
D G . ~10!

The quantityj 2D on the right side of Eq.~9! is the current
from the quantum-well level, which is assigned as in Ref.

re
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where

D~W!5expH 2
A2m* ~D22W!3/2

3he0uE2u
J

is the probability that an electron will traverse the seco
barrier of heightD2; j tun is the tunneling current

j tun5 j1~x3!D~D11e0V3!, ~12!

and j2(x3) is the current of theG-electrons reflected from
the AlAs barrier:

j2x35a@ j1~x3!2 j tun#. ~13!

Here a,1 is the nonspecularity coefficient. The simult
neous solution of system of equations~3!–~13! allows us to
find the I–V characteristic of the double-barrier heterostr
ture.

We have considered a heterostructure with a triang
cathode barrier with height on the order of 0.2 e
(D1.0.1520.2 eV!, width of the second barrier of rectangu
lar shape on the order of 300 Å, and electron density in
potential well~GaAs layer of width on the order of 500 Å!
not exceeding 1015 cm23. The large height of the first barrie
affords the electrons flying into the potential well a hig
initial energy~on the order of 0.2 eV!, which increases rap
idly under the action of the electric field. Let us estimate
transit time of the above-barrier electrons:

Dt>E
0

d3
vdx5E

0

d3A m*

2@D11e0w~x!#
dx,5310212 S.

Hered3 is the width of the well. This time is comparable
the times of the intervalley transitions which predominate
the given energies, which allows us to use the quasiballi
approximation. The characteristic scale of variation of
correction to the potentialw (1) for the chosen parameters
of the order of 1026 m @Eq. ~1!#, which is much greater than
the width of the well;531028 m. The, localization of
G–X scattering in the near-barrier region is therefore just
able.

The current–voltage characteristics, calculated for
casea50.5, l int5500 Å for three values of the height of th
first barrierD1, are shown in Fig. 1. As can be seen, t
current densities of the currents flowing through the struct
exceed 23104 A/cm2; i.e., for velocities on the order o
108 cm/s the concentration of the free electrons is grea
than 231015 cm23 and exceeds the equilibrium electro
density in the well. Consequently, ignoring the equilibriu
electron density in the Poisson equation is also justifia
The I–V characteristic of the double-barrier heterostruct
has an S-shape, i.e., the negative differential conducti
83 Semiconductors 31 (1), January 1997
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can exist even when the AlAs barrier is relatively wid
(d25300 Å!. However, the voltage which activates the flo
of current at which the transition from the high to the low
resistivity branch of the I–V characteristic begins depen
weakly on the probability of the intervalley transitions.
formal increase in the probability of intervalley scattering~a
fivefold decrease inl int) has hardly any effect on the magn
tude of the current ‘‘switch-on’’ voltage. This is obviousl
due to the exclusion from the given model of all scatteri
mechanisms except the intervalley scattering mechan
with a corresponding ‘‘exaggeration’’ of the tunneling cu
rent of theG electrons in the AlAs barrier in high fields. Not
that as the height of the first barrier is increased, the ‘‘swit
on’’ voltage and the maximum current on the high-resistiv
branch of the I–V characteristic decrease. The upper bra
of the I–V characteristic of the two-barrier heterostructu
as in the Monte Carlo calculations,3 is governed to a greate
extent by the above-barrierG electrons. At the same time
theX electrons play the leading role in the formation of t
unstable branch. The contribution from the quantum-w
level to the current turns out to be insignificant, althou
taking it into account alters the potential distribution.

We note in conclusion that the above-considered sim
mathematical model of a double-barrier heterostructure w
a lightly doped GaAs layer can be used to relatively easy
estimate the effect of the main parameters of the heterost
ture on the appearance ofS-type negative differential con
ductivity in it.

This work was carried out with the financial support
the MNTP @Ministry for Scientific and Technological Prob
lems# ~Project No. 1-030! and the International Scientific
Fund ~Project No. N0L000!.

1!It is natural to write the probability ofG–X scattering, allowing for the
variation in the distance at which it may take place, in the simple fo
P;exp@2(d32x* )/l int#, wherex* is the value of thex coordinate at which
the potentialwx* is equal to (DGX2D1)/e0, whereDGX is the energy gap
between theG andX valleys andl int>500 Å is the mean free path for the
intervalley transitions.7
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Thermal stability of vertically coupled InAs–GaAs quantum dot arrays

hat
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and Zh. I. Alferov
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Institut für Festkörperphysik, Technische Universita¨t Berlin, D-10623 Berlin, Germany
~Submitted March 22 1996; accepted for publication April 8 1996!
Fiz. Tekh. Poluprovodn.31, 104–108~January 1997!

The effect of high-temperature annealing on the optical properties of vertically coupled InAs
quantum dots in a GaAs matrix and on the performance of a quantum-dot laser are studied. A
strong blue shift of the photoluminescence peak and lasing line, as well as changes in the
photoluminescence intensity and temperature dependence of the threshold current density are
observed. The reason for this behavior is probably a reduction in the carrier localization
energy due to a partial mixing of the In and Ga atoms as well as an improvement in the quality
of the low-temperature grown Ga~Al !As layers achieved by high-temperature annealing.
© 1997 American Institute of Physics.@S1063-7826~97!02301-6#

Quantum dot arrays, formed in a matrix of wider-banddiative recombination channels. It was shown in Ref. 7 t
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material, are promising for use as the active region of inj
tion lasers. Size quantization in all three directions leads
modification of the density of states, which, as expect
affords a significant improvement in the device characte
tics of semiconductor lasers. In particular, a lowering of
threshold current density and an increase in the characte
temperature, which describes the temperature dependen
the current, have been predicted.1

The method we used to create quantum dot array
based on the decay of a highly strained layer of InAs, gro
on a GaAs~100! surface, into coherent islands.

The properties of strained islands of~In,Ga!As can de-
pend not only on the conditions under which the active
gion forms, but also on the growth regimes, first of all t
temperature at which subsequent layers of the structure w
deposited. In particular, Xieet al.3 have shown that if the
GaAs layer immediately covering the island array is gro
at a temperature>530 °C, practically complete disappea
ance of the ordered shape and size of the islands is obse
It was assumed that such behavior is due to strong mixin
the Ga and In atoms on the growing surface at enhan
temperatures. On the other hand, experiments on therma
nealing of strained InGaAs/~Al !GaAs quantum wells4,5 indi-
cate that such mixing may also be observed in an alre
completely grown structure which is subsequently subjec
to high-temperature processing.

The importance of the thermal stability of these arrays
based, in particular, on the fact that an improvement in
degradation characteristics of injection lasers requires h
growth temperatures for the regions that contain aluminu
In lasers with an active region based on strained InGa
quantum wells, which have shown record-low threshold c
rents (Jth,1 mA) for the formation of the emitter region
and gradient waveguides, a substrate temperature
700 °C is used.6 Besides, the low quality of the GaAs laye
grown at low temperature in the immediate vicinity of th
active region can lead to the appearance of additional no

84 Semiconductors 31 (1), January 1997 1063-7826/97/0
-
a
,
-
e
tic
of

is
n

-

re

ed.
of
ed
n-

y
d

s
e
h
.
s
r-

of

a-

deposition of the upper emitter and the gradient waveguid
580 °C increases the laser threshold current density
1 kA/cm2 in comparison with 50 A/cm2 for deposition at
700 °C.

We will investigate the thermal stability of InAs–GaA
quantum dot arrays and the effect of high-temperat
growth on the characteristic features of injection las
whose active regions are based on these arrays.

The investigated structures were grown by molecu
beam epitaxy~MBE! on a Riber-32P setup. The active r
gion was located in the center of a GaAs layer of thickn
200 nm, separated from the surface and the substrate
AlAs/GaAs superlattices with small spacing. The active
gion consists of an array of quantum dots, formed by de
sition of three successive InAs monolayers separated
GaAs spacers of 5-nm thickness, with an effective thickn
of 1.7 monolayers.

As was revealed by transmission electron microsco
upon second deposition of InAs a new chain of islands
formed exactly above the tops of the islands of the previ
layer.8 When GaAs spacers are used to separate the seri
dots, with thicknesses close to the height of the islan
(&5 nm), a new physical object is formed—an array of ve
tically coupled quantum dots~VCQD! characterized by a
nonpyramidal shape and an increased height-to-base rat
comparison with the case of a single series of dots. As
showed in Ref. 9, VCQD arrays, as a result of their increa
optical limitation factor and carrier localization energy, a
low an improvement in the characteristics of injection las
with active regions based on quantum dots.

The substrate temperature was 485 °C during the de
sition of the active region and the 10-nm-thick GaAs cov
ing layer and 600 °C for the rest of the structure. At the e
of the growth process, the wafer was separated into f
parts, three of which were annealed in the MBE grow
chamber in a stream of arsenic at a substrate temperatu
700 °C for 10, 30, and 60 min.

840084-04$10.00 © 1997 American Institute of Physics
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Photoluminescence spectra of the structure at 77 K a
annealing are shown in Fig. 1 for the three annealing tim
and for no annealing. As is evident, high-temperature ann
ing leads to a regular shift of the photoluminescence ma
mum toward higher energies, a decrease in the width of
photoluminescence line, and an increase in its integrated
tensity.

Different mechanisms may be responsible for the cha
in the transition energy achieved by high-temperat
annealing.5 First, the effective width of the band gap of th
strained material decreases if annealing results in the for
tion of dislocations that remove the strain. Second, inter
fusion ~mixing! of group-III atoms, which eliminates the ini
tial sharpness of the heterostructures, leads to an increa
the transition energy.

The strong, short-wavelength shift of the photolumine
cence line that we observed, which exceeds 100 meV a
annealing for one hour, means that in the case of vertic
coupled quantum dots the mechanism of mixing of Ga and
atoms predominates. The perduration of intense photolu
nescence, in our opinion, proves the absence of plastic re
ation of strain. Moreover, an increase in the integrated p
toluminescence intensity is observed probably as a resu
curing of point defects, primarily in GaAs grown at low tem
perature. Such behavior was noted earlier in the case of
thermal annealing of strained InGaAs quantum wells.4

As the observation temperature is increased, two a
tional shorter-wavelength peaks, which are associated
recombination in the GaAs barriers and through states in
so-called InAs ‘‘wetting’’ layer, appear in the photolumine
cence spectra along with luminescence due to carriers lo
ized in the quantum wells. Photoluminescence spectra
corded at 300 K are shown in Fig. 2. In contrast to the stro
shift of the quantum dots photoluminescence line, the p
of the radiation from the wetting layer changes its spec
position hardly at all. Such behavior accords well with t
expected weak effect of smearing of the quantum well pro
on the weakly coupled states.

FIG. 1. Photoluminescence spectra of a structure containing a verti
coupled quantum-dot array at 77 K after annealing at 700 °C for durat
as indicated.
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The strong, short-wavelength shift of the quantum d
photoluminescence line as a result of increasing the ann
ing time means that the localization energy of the carriers
the quantum wells decreases. Thus, the energy levels o
electrons~holes! in the quantum dots get closer to the corr
sponding levels in the wetting layer and closer to the ed
of the GaAs bands. Consequently, as the observation t
perature is increased, the relative population of states of
wetting layer and the GaAs barriers relative to the populat
of states of the quantum dots will increase faster in samp
subjected to thermal annealing. As is shown in Fig. 3,
increase in the ratio of the intensity of the photolumine
cence line of the wetting layer to the intensity of the pho
luminescence line of the quantum dots (IWL /IQD) correlates
well with a decrease in the energy difference between th
two lines (EPL

WL2EPL
QD).

As we showed in Ref. 11, thermal ejection of carrie
from the quantum dots is the main reason for the abr
increase in the threshold current density of injection laser
elevated observation temperatures. It can be assumed, t
fore, that thermal annealing of vertically coupled quantu
dots upon deposition of the injection-laser emitters at a s
strate temperature of 700 °C will lead to a deterioration
the device characteristics due to a decrease in the localiza
energy of the carriers. On the other hand, an improvemen
the quality of the low-temperature grown GaAs layers
rectly adjacent to the quantum dots and of the aluminu
containing layers may lead to the opposite effect.

We studied the effect of the deposition temperature
the emitter layers on the device characteristics of VCQ
based lasers. Heterolaser structures with separate limita
and gradient waveguide were grown. The active region wa
VCQD array formed as described above. The substrate t
perature, when growing the Al0.4Ga0.6As emitter layers and
Al xGa12xAs waveguides (x5020.4), was 600 or 700 °C
these structures are denoted QD600 and QD700, res
tively. The duration of deposition of the upper emitter lay
in the QD700 structure was close to one hour. The conta

lly
sFIG. 2. Photoluminescence spectra at 300 K after annealing at 700 °C
durations as indicated. Arrows indicate lines due to carrier recombinatio
the quantum dots~QD! in the wetting layer~WL! and in the barrier~GaAs!.
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to the laser diodes were formed by sputtering and fusing
(450 °C) AuGe/Ni/Au and AuZn/Ni/Au metal layers to th
n1-GaAs substrate andp1-GaAs contact layer, respectively
To reduce radiation losses, we chose as our objects of s
lasers with four sheared faces. The measurements were
ried out at temperatures in the range 772300 K in the pulsed
pump regime with a frequency of 5 kHz and a pulse durat
of 100 ns.

Laser generation in a QD600 structure was observe
the wavelengths 996.7 and 1052.7 nm at 77 and 300 K,
spectively. In the QD700 structure the laser line is stron
shifted toward shorter wavelengths and is located
918.1 nm at 77 K and 950.0 nm at 300 K. The spectral
sition of the laser line over the entire investigated tempe
ture range is close to the maximum of the observed phot
minescence line of the test structures discussed above
the QD700 laser, the sample annealed at 700 °C, and fo
QD600 laser, the unannealed sample.

The dependence of the threshold current density on
measurement temperature is plotted for both structure
Fig. 4. For the QD600 structure in the low-temperature
gion Jth is essentially constant and varies from 40
45 A/cm2. The temperature dependence is characterized
the characteristic temperatureT05430 K. The low tempera-
ture sensitivity of the threshold current density is a con
quence of the zero-dimensional nature of the limitation
carriers in quantum dots. At temperatures above the crit
temperature and equal to 180 K an abrupt increase inJth is
observed as a consequence of thermal ejection of scatt
from the quantum-dot states.

In the QD700 structure the values ofJth in the low-
temperature region nearly coincide with the correspond
quantity measured in the QD600 structure. However,
critical temperature corresponding to the onset of the ra
increase ofJth is substantially lower and is equal to 120 K
We think the decrease in the critical temperature in

FIG. 3. Dependence of the ratio of the photoluminescence intensity of
wetting layer to the photoluminescence intensity of the quantum d
(IWL /IQD) on the energy difference between the positions of the photolu
nescence lines of the wetting layer and the quantum dots (EPL

WL2EPL
QD).

86 Semiconductors 31 (1), January 1997
in

dy
ar-

n

at
e-
y
t
-
-
u-
for
he

e
in
-

by

-
f
al

ers

g
e
id

e

QD700 structure is a direct consequence of the decreas
the energy distance between the ground state of the quan
dots and the states in the wetting layer and barrier as a re
of high-temperature annealing of VCQD’s during the dep
sition of the upper emitter layer.

At 300 K the QD700 structure is characterized by
lower value ofJth in comparison with the QD600 structur
~see Fig. 4!. We think this is due to an improvement in th
quality of the low-temperature grown GaAs layer immed
ately adjacent to the active region. At the same time,Jth is
observed to coincide in both structures at 77 K. This mea
as we see it, that an improvement in quality of the lo
temperature grown GaAs layers and the Al-containing lay
does not have a noticeable effect on the threshold cur
density when the nonradiative recombination rate in th
layers is reduced by lowering the observation temperatu

In summary, we have investigated the effect of hig
temperature annealing on the optical properties of vertic
coupled InAs quantum-dot arrays in a GaAs matrix, and a
the effect of the deposition temperature of the emitter lay
on the device characteristics of an injection laser with
quantum-dot array based active medium. We have found
in structures subjected to annealing and also in an injec
laser in the case where the upper emitter is deposite
700 °C a strong, short-wavelength shift of the photolumin
cence maximum and of the laser line is observed. Such
havior is apparently the result of a decrease of the local
tion energy of the carriers in the quantum dots resulting fr
partial mixing of the In and Ga atoms. Deposition of th
upper emitter layer at 700 °C leads to a decrease of the o
temperature of the rapid increase of the threshold cur
density as a result of a decrease of the energy distance
tween the ground state of the quantum dots and the state
the wetting layer and the barrier. An improvement in t
quality of the low-temperature grown GaAs layers and
Al-containing layers resulting from high-temperature anne
ing leads to a decrease of the threshold current densit
room temperature, whereas in the low temperature region
effect on the device characteristics is insignificant.

e
ts
i-

FIG. 4. Temperature dependence of the threshold current densityJth for ~1!
QD700 and~2! QD700 laser structures. The arrows indicate the criti
temperatureTC corresponding to the onset of rapid increase ofJth.
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Modulation of a quantum well potential by a quantum-dot array
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The possibility of locally varying the potential energy of the electrons and holes localized in a
quantum well by a quantum-dot array deposited in the immediate vicinity of the quantum
well is demonstrated. These changes in the potential energy are induced when a strain arises in
the quantum-dot region. ©1997 American Institute of Physics.@S1063-7826~97!02401-0#

Considerable attention in semiconductor physics has re-SQD structure, obtained by transmission electron micr
os
ou
w
er

fr
ef

e

lo
le

m

u

um
th
th
g
s,
e
tu

la
A
x
te
s
t
-
d

a

a

s
of

of
ot

d

ter-

QD,
n of

1

cently been given to the study of quantum dots~QD! of
narrow-band materials in a wide-band matrix. The m
promising method of obtaining quantum dots is spontane
decay of a strained layer of a semiconductor material gro
on the surface of another semiconductor material with diff
ent lattice constant. The properties of~In,Ga,Al!As islands
on a ~Ga,Al!As surface have been studied extensively.1–5

The quantum dots obtained as a result are dislocation-
and are characterized by a high photoluminescence
ciency. Injection lasers based on~In, Ga!As quantum dots in
a GaAs matrix with high temperature stability have be
fabricated.6,7

In the present paper we investigate the possibility of
cally varying the potential energy of the electrons and ho
localized in an InGaAs quantum well~QW! with the help of
an InAlAs quantum-dot array which is deposited in the i
mediate vicinity of the quantum well~the parameters of the
investigated structures are listed in Fig. 1!. Since for the
chosen parameters the electron and hole levels in such q
tum dots lie higher than in the quantum well,4,5 recombina-
tion of nonequilibrium carriers takes place in the quant
well. Because of the effect of elastic strains caused by
mismatch of the lattice constants of the materials of
quantum dots and the barrier, and also because of a chan
the height of the potential barrier near the quantum dot
local variation in the potential energy of the carriers tak
place in the regions of the quantum well near the quan
dots.

The investigated structures were grown by molecu
beam epitaxy on GaAs~100! semiconducting substrates.
detailed description of the growth regimes is given, for e
ample, in Ref. 3. The sequence of layers in the investiga
structure~SQDW! is shown in Fig. 1. We also grew sample
analogous to SQDW, but in which either the layer of do
was absent~SQW samples! or the quantum wells were ab
sent~SQD samples! ~Fig. 1!. Photoluminescence was excite
by an Ar1 laser ~wavelengthl5488 nm! with excitation
power density equal to;150 W/cm2 and was recorded by
cooled photomultiplier.

Figure 2 shows a planar image of quantum dots in
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copy ~TEM!. The TEM studies were carried out on a Philip
EM420 electron microscope with an accelerating voltage
100 keV. The quantum-dot array was observed in the@001#
projection. The quantum dots had a characteristic size
;1002150 Å and the array was distinguished by a high d
density;231011 cm22, which is significantly higher than
the dot density of~In,Ga!As quantum dots on a GaAs
surface.3 In the SQDW structure the dot density is lower an
stands at;131011 cm22. This may be connected with the
different effective thickness of the In0.5Al0.5As layer in the
SQDW and SQD structures. At the same time, the charac

FIG. 1. Schematic representation of the sequence of layers in SQDW, S
and SQW structures. For the SQDW structure a schematic representatio
the cross section of a layer with quantum dots~QD! and quantum wells
~QW! is shown.

880088-04$10.00 © 1997 American Institute of Physics



FIG. 2. Quantum dots~QD! shown in a SQD
structure along the@100# direction, obtained by
transmission electron microscopy.
istic size of the dots in SQDW differs only slightly from the
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of the SQDW structure, taken at different intensities of the
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size of the dots in the SQD structure.
Figure 3 presents the photoluminescence spectra of

investigated structures atT577 K. As can be seen, in th
spectrum of the SQD sample a wide line with a maximu
near 1.57 eV, which is associated with recombination of n
equilibrium carriers through the quantum-dot states, is v
ible. The width of the line is;100 meV, which is attribut-
able to the spread in the sizes of the dots. In the spectrum
the SQDW structure, in addition to the QW line with a max
mum at;1.4 eV, which is observed in the spectrum of t
SQW sample, a long-wavelength line QWD with a maximum
at ;1.35 eV is also present. The appearance of this ban
due, in our opinion, to the recombination of carriers in t
local minima of the potential in the QW plane, where the
minima are associated with the presence of quantum do
the immediate vicinity of the quantum well. Lowering th
temperature to;5 K leads to a drop in the QW line intensit
and a shift of the QWD line toward shorter wavelengths
Such behavior of the photoluminescence stems from the
that there is a great spread in the localization energy of
carriers for different minima. At 77 K, the probability o
thermal ejection of carriers from weakly localized states a
their relaxation to deeper minima is increased. This accou
for the fact that the line which is associated with the reco
bination of carriers in these minima being the dominant li
An increase in the thermal ejection of carriers also cause
increase in the intensity of the QW line, which is associa
with the recombination of nonequilibrium electrons a
holes in the QW regions between the energy minima. Lo
ering the temperature to 5 K suppresses the rates of the
ejection of carriers and increases the probability of recom
nation through the energy minima with low localization e
ergy. This results in a significant decrease from the QW l
intensity and an increase in the intensity from sho
wavelength side of the QWD band, which leads to a shift o
the maximum toward higher energies.

Figure 4 shows spectra of the photoluminescence spe
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exciting light and normalized to the photoluminescence
tensity at the maximum of the QW line. As can be se
lowering the excitation intensity leads to an increase in
intensity of the QWD line relative to the intensity of the QW
line. Figure 5a plots the dependence of the total intensity
the QWD and QW lines on the intensity of the exciting ligh
The rate of saturation of the QWD line intensity exceeds the
rate of saturation of the QW line intensity; however, up to
power density of the exciting light;150 W/cm2 the QWD

line continues to predominate in the photoluminesce
spectrum. An increase in the intensity of the exciting lig
causes a short-wavelength shift of the QWD line and an in-

FIG. 3. Photoluminescence~PL! spectra of the examined structures. Pow
density of the exciting radiation is;150 W/cm2.
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crease in its width~Fig. 5b!. Such behavior of the photolu
minescence is probably due to an increase in the recomb
tion of nonequilibrium carriers through minima with lowe
localization energy, and also through possible excited st
in the local energy minima.

Let us consider possible reasons for modulation of
QW potential. First, near the region of a quantum dot
height of the potential barriers for the electrons and hole
lowered. Let us estimate the possible change in the energ
an optical transition associated with a change in
quantum-well energy. Toward this end, we will use the a
proximation of a quantum well with walls of finite heigh
allowing for the difference in the effective electron and ho
masses in the barrier and in the quantum well. The calc
tion of the effect of elastic strains on the band diagram w
based on the analysis in Ref. 8. The parameter values us
the calculations for In0.18Ga0.82As are given in Table I.8–10

For an In0.18Ga0.82As quantum well of 50 Å thickness, en
closed between Al0.22Ga0.78As barriers, the width of the ban
gap allowing for the effect of deformationEg

strain is equal to
1.307 eV, the quantum-well energy for the electronsEe is
equal to 77 meV, and for the heavy holesEhh it is 25 meV.
Thus, the energy of the optical transition, not allowing f

FIG. 4. Photoluminescence~PL! spectra of the SQDW structure at 77 K fo
different power densities of the exciting radiationI 0

ex . I 0
ex5150 W/cm2.
TABLE I. Values of the material constants.
a-

es

e
e
is
of
e
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a-
s
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the exciton binding energyEPL, is equal to 1.409 eV, in
good agreement with the experimental results. The ma
mum variation of the quantum-well energy can be estima
by assuming that near a quantum dot the width of the qu
tum well is;100 Å. For an In0.18Ga0.82As quantum well of
width 100 ÅEe8532 meV andEhh8 58 meV. As can be seen
from the calculation, the photoluminescence line shift as
ciated with the change in the quantum-well energy in t
case is (Ee2Ee8)1(Ehh2Ehh8 ).60 meV. This value is
smaller than the experimentally observed distance betw
the QWD and QW lines, which for low excitation intensitie
is equal to;80 meV. Such a considerable difference in t
energies of the optical transitions is apparently due to
strong effect of the elastic distortions on the position of t
energy levels near a quantum dot. A change in the ene
levels of the InGaAs quantum well due to elastic deform
tion during deposition in the immediate vicinity of the qua
tum wells of the InP islands was observed in oth
studies.11,12We estimate the distance between the QWD and
QW bands by assuming that on the Al0.22Ga0.78As/

FIG. 5. Dependence of a! the total photoluminescence~PL! intensity of the
QWD and QW lines and b! the position of the maximum\vm and the
FWHM D\vm of the QWD line on the power density of the exciting radia
tion I ex/I 0

ex , I 0
ex5150 W/cm2.
Material a0, Å C11 , 10
12 dyn/cm2 C12 , 10

12 dyn/cm2 ac, eV av , eV b, eV me* /m0 mhh* /m0 mlh* /m0

In0.18Ga0.82As 5.726 1.12 0.52 26.92 1.13 21.72 0.056 0.357 0.07
Al0.22Ga0.78As 5.653 – – – – – 0.078 0.371 0.088

Note: C11 andC12 are elastic constants;a0 is the lattice constant;ac , av , andb are the deformation potential constants; andme* , mhh* , andmlh* are the
effective masses of the electron and of the heavy and light holes.

90 90Semiconductors 31 (1), January 1997 Tsatsul’nikov et al.
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lattice constant corresponds to the lattice constant of bul

0.5Al0.5As (a0855.859Å). Sincea08 exceeds the lattice con
stant of In0.18Ga0.82As, a sign change takes place in the re
tive deformation in comparison with the unstrain
Al0.22Ga0.78As/In0.18Ga0.82As heteroboundary; i.e., a tensi
stress acts on a quantum well near a quantum dot. It sh
be noted that in this case the light-hole state becomes
ground state for the hole. The width of the In0.18Ga0.82As
band gap, allowing for the elastic deformation,
(Eg

strain)51.017 eV, the quantum-well energy of the electr
is Ee85103 meV, the light hole energy isElh9 574 meV, and
the energy of the optical transition isEPL9 .1.2 eV. The ob-
tained value ofEPL9 significantly differs from the experimen
tally observed position of the QWD line and is an upper
bound on the possible variation of the energy of the opt
transition since we have assumed that in a large region o
barrier near the dots the material has the lattice constan
In0.5Al0.5As and does not vary after deposition of the qua
tum well. However, the lattice constant of the barrier can
equal to an intermediate value between the lattice const
of GaAs and In0.5Al0.5As, which leads to less significan
variation of the potential energy of the electrons and ho
We also ignored the effect of the shape of the quantum d
and the exciton bond energy on the energy levels. In a
tion, differences in the lattice constant on different segme
of the surface before deposition of the InGaAs layer can a
lead to the formation near the quantum dots of InGaAs
gions with high indium content in the layer. All these facto
also affect the energy of the optical transitions.

In summary, we have shown that deposition of
InAlAs quantum-dot array in the immediate vicinity of a
In0.18Ga0.82As of 50 Å width leads to a local decrease in t
potential energy of the electrons and holes near a quan
91 Semiconductors 31 (1), January 1997
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due to the effect of elastic strain arising in the region of t
quantum dot.
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Cathodoluminescence of p –n –p microstructures in CuInSe 2 crystals
S. G. Konnikov, G. A. Medvedkin, M. M. Sobolev, and S. A. Solov’ev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted April 26, 1996; accepted for publication May 22, 1996!
Fiz. Tekh. Poluprovodn.31, 114–119~January 1997!

Microstructures inp–CuInSe2 single crystals tailored by the strong electric field have been
studied using the method of local (d<1mm) cathodoluminescence~CL!. The shortest-wavelength
radiation (\v51.023 eV) has been observed from then-type layer and longer-wavelength
radiation (\v51.006 eV)—from thep-type regions. An analysis of the cathodoluminescence
spectra has allowed us to attribute the experimental features to optical transitions associated
with donor and acceptor levels ofVCu, VSe, and Cui point defects in the crystal. Test
measurements of EBIC, theC–V characteristics, and the DLT spectra confirm the
cathodoluminescence data and reveal additional features of thep–n–p microstructures. ©1997
American Institute of Physics.@S1063-7826~97!02501-5#
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The electronic and optical properties of CuInSe2 crystals
are mainly determined by point defects associated with
individual atoms forming the ternary compound. The chem
cal nature of each chemical element entering into the mak
of a semiconductor, as well as the chemical nature of
material as a whole, determines the stability of the co
pound to external factors such as a strong electric field.
diamond-like lattice of CuInSe2, like that of other ternary
compounds of the diamond-like series, plays a key role in
high stability of these semiconductor materials.1 However, as
a consequence of the significant polar component in
ionic–covalent bonds of these compounds, they should
exhibit some ionic conductivity, for example, in a stron
electric field. If we compare CuInSe2 and HgCdTe with the
~not diamond-like! chalcogenide material CuxSe, which has
also been successfully used in photovoltaic applications, t
we may discover a significantly smaller ionic component
the electric current for the compounds of the diamond-l
series.2–5

The recent discovery and comprehensive study of w
ionic conductivity in ternary chalcogenides6,7 has under-
scored the important role of copper ions~and silver
ions!, and alsoVCu ~andVAg) vacancies in the electronic an
electrochemical properties of CuInSe2, AgInSe2 and
~Cu,Ag!InSe2. In particular, a tendency has been demo
strated for the diffusion coefficient of the Cu1 ions to in-
crease~all the way to 1027cm2/s) when the concentration o
the IB metal is decreased in copper-poor crystals
CuInSe2.

2. STABILITY OF THE ELEMENTS IN CuInSe 2

Let us consider briefly the effect of each chemical e
ment in CuInSe2 on the stability of the compound as a who
and from the viewpoint of the effect of strong external forc
on its properties.~1!. It is well known that copper diffuses
strongly in a CuInSe2 crystal in the presence of a stron
electric field, i.e., it participates in ionic drift~with a coeffi-
cient of chemical diffusion as high as 1027cm2/s). ~2!. It is
also well known that indium provides a factor of stability f
CuInSe2 in processes associated with the strong effects
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time, selenium is the lightest component of this ternary co
pound and does not guarantee stability in the presenc
strong physical or chemical agents.

These three statements are supported by the follow
facts.

1. First, ionic conductivity occurs, in particular, becau
of Cu1 ions;2,6,7second, copper has a small covalent radiu8

and, third, the highest diffusion coefficient was identified
copper-poor samples.2 Conclusion: diffusion of Cu1 ions is
large in CuInSe2 and proceeds preferentially by a vacan
mechanism.2 Copper, as a chemical element, does not le
stability to CuInSe2.

2. Second, indium is strongly oxidized, in comparis
with the other elements, in thermal oxidation processes;9–11

second, indium has a large covalent radius, 0.144 nm, a
large atomic weight, 114.82 a.m.u.~compare Cu–In–Se
0.135–0.144–0.114 nm/63.55–114.82–78.96 a.m.u.!;8 third,
in substitution reactions indium displaces copper, e
Cu2O1In→In2O31Cu;12 and, fourth, indium forms more
covalent bonds than copper and selenium in diamond-
semiconductors; i.e., indium is found closer to the axis of
periodic table and participates in the formation of mo
covalent and less-ionic diamond-like compounds than cop
and selenium.1 Conclusion: indium is the stabilizing elemen
in CuInSe2.

3. Third, there is the higher vapor pressure of seleni
(1023 Pa atT5100 °C) in comparison with the vapor pre
sures of copper and selenium, which are negligible
T5100 °C. At T5550 °C the vapor pressure of copper
,1029 Pa, and of indium, 1025 Pa, and selenium, 1024

Pa;13 in addition, heat processing of CuInSe2 crystals and
films in vacuum leads to surface selenium depletion;14 fur-
thermore, selenium has the smallest covalent radius, 0
nm, and a low atomic weight.Conclusion: selenium does no
give stability to CuInSe2 and selenium diffusion should in
crease radically with temperature, as well as in a strong e
tric field.

A strong electric field in the crystal creates radica
nonequilibrium conditions for the mobile charge carrie
~e,h! and the low-mobility carriers~Cu1 and Se22 ions and

920092-05$10.00 © 1997 American Institute of Physics
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VCu andVSe vacancies!. Taking into account elemental sta
bility and ion migration, both of which have been studied f
the chalcogenides,2 it is possible to imagine two stages in th
process of the action of an electric field on a CuInSe2 crystal:
1! an electric stage~consisting mainly of Cu1 ion transport!
and 2! a Joule~thermal! stage, when Se22 ion transport also
kicks in.

The Se22 ion transport intensifies with increasing he
liberation. In a region with enhanced resistivity, a lar
amount of heat will be liberated and more and more se
nium atoms will abandon their lattice sites. The Se22 ions
will drift in the counter direction to the Cu1 ions along the
force lines of the electric field. It is also possible to speak
a movement ofVCu andVSevacancies if we consider them a
charged point defects.

3. EXPERIMENTAL PART

To a first approximation we may consider there to
two subsystems of acceptor- and donor-type point def
present in the crystal simultaneously. A strong external e
tric field applied to the gold point contacts on the sample a
on these two different types of point defects differently. T
most mobile point defects, i.e., the interstitial atoms, vac
cies of the intrinsic elements, etc. participate in weak io
conduction leading to the formation of the concentration p
file and layers which are depleted in one or another t
of ligand. In order to estimate the predominance of the d
ant point defect in each layer, we measured the mic
cathodoluminescence at theC–V-characteristics in Au/
p–n–p structures fabricated on single-crystalp-CuInSe2
samples. The samples were prepared at the Weizmann I
tute of Science in the laboratory of Professor David Cah
~Fig. 1!.

FIG. 1. Sample of a CuInSe2 single crystal with linear arrays of gold con
tacts andp–n–p microstructures formed by a strong field. CL and EB
were measured at the point (x,y)5(1.0,0.2). TheC–V characteristic and
DLTS were measured at points 2 and 3: (x,y)5(0.2,1.1).
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The experimental conditions for obtaining local catho
oluminescence~CL! spectra were the following: temperatu
78–80 K, energy of the electron beam 10–15 keV, be
current 50–100 nA, exciting spectral region 0.6–1.0mm.
The cathodoluminescence emitted from the micro-reg
was collected by mirror optics, after which it was transmitt
via an achromatic infrared light guide to an MDR-23 spe
trophotometer. To detect the signal, we used a synchron
output amplifier~modulation frequency 10 kHz! and cooled
germanium detector~EO-817, sensitivity 53109 V/W!. The
spectral resolution of the setup was better than 3 meV.

The local cathodoluminescence spectra were meas
for three different types of micro-regions. 1! The electron
beam excited a region near the gold point contact or
directly on the 20-nm metallic layer and excited lumine
cence from under the contact. In both cases the emitted
frared radiation gave an identical spectral distribution a
originated from thep-type layer. 2! The electron beam ex
cited then-type layer, i.e., the region around the gold co
tact, adjacent to the above-mentionedp-type layer. Since the
shape of the boundary of then–p-junction in some of the
p–n–p structures was not ideally spherical, we perform
additional alignment within this micro-region so that th
electron beam excited the point with the shortest-wavelen
cathodoluminescence maximum. 3! The electron beam ex
cited thep-type region far from the gold contacts, i.e., th
radiation originated from the interior of the single crystal.

The measurements performed with the electron be
positioned within micro-regions of types 1, 2, and 3 we
equivalent or similar to one another within the limits of e
perimental accuracy. Note that for some structures it was
possible to reliably record the presence of the thinp-type
layer adjacent to the metal, and in this case aided by CL
EBIC measurements it was possible only to observe then–
p junction. In addition, evidence for a diode-typen–p struc-
ture was found in theC–V characteristics at room tempera
ture, while at low temperatures a transistor-typep–n–n
structure was recorded. Figure 2 presents cathodolumi
cence spectra for the three above-indicatedp–n–p struc-
tures. The shape of the spectral bands differs markedly
these three regions, but they are all relatively wide: the
width at half-maximum~FWHM! averages out to 50–70
meV, which is characteristic of level–band and level–lev
transitions. The broadening of the short-wavelength tail
energies exceeding the band gapEg51.04 eV in CuInSe2 is
due to the high level of electron pumping in the cathodo
minescence measurements.

Analysis of the luminescence spectra shows them to
nonelementary and allows us to separate them into two s
rate bands. The main band reaches its maximum in the sh
wavelength region for then-type layer while the main peak
for the p-type layer and the basep-type type crystal are
found to lie in the long-wavelength region. The spectral fe
tures of these bands are characterized briefly in Table I.
intensity of the infrared radiation from thep-type layer ad-
joining the metal contact was several times lower than fr
the n-type layer or from thep-type type bulk crystal. This
probably has to do with the more defective microstructure

93Konnikov et al.
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TABLE II. Two-band fitting parameters of cathodoluminescence spectra
and radiative transitions in a CuInSe2 p–n–p-structure.
the layers adjoining the gold contact and the enhanced
centration of defects formed as a result of application o
strong electric field. As a result, the appearance of nonr
ative recombination centers leads to a drop in the lumin
cence quantum yield in thep-type layer.

The radiative transition with photon energy 1.006 e
may be associated with an acceptor level lying 34 m
above the CuInSe2 valence band. Indeed, the presence o
shallow acceptor level in the crystal was indicated by o
C–V-measurements~see below!. The thermal activation en
ergy differs from the optical activation energy by seve
meV and in our measurements was equal
Etherm525 meV, and the concentration of the correspond
states was approximately 1017 cm23. These acceptor state
can be assigned to copper vacancies, which are loc
35–45 meV above the edge of the valence band.15 At the
same time, there is also another radiative transition, wh
probably occurs through theVIn and CuIn defect levels,
whose activation energies are nearly the same. The lo

FIG. 2. Cathodoluminescence spectra forp–n–p microstructures at
T580 K.

TABLE I. Spectral features of the CL spectra for three regions of
p–n–p structure and corresponding point defects.

Region Peak energy, eV Eact, meV Type of point defect

p-crystal 1.006 34 A: VCu , VIn , CuIn
0.975~shoulder! 65 A: Sei , CuIn ; D: VSe, Cui

n-layer 1.023 17 D: InCu , VSe

0.99 ~limb! 41 D: InCu ; A: VCu , CuIn

p-layer 1.006~knee! 34 A: VCu , VIn , CuIn
0.975 65 A: Sei , CuIn ; D: VSe, Cui
0.92 ~limb! 120 A: Sei
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wavelength extremum indicates the presence of a de
level with an optical activation energy of 65 meV, which ca
be assigned to several types of point defects:VSe, Cui , Se

i , and CuIn . However, basing ourselves on the foregoi
discussion of the stability of the chemical elements
CuInSe2, we think that the most probable candidates are
donor defectsVSe and Cui .

The radiative band for then-layer is shifted toward
shorter wavelengths and has a peak at 2.023 eV and a s
tral limb with a feature at 0.99 eV. These optical transitio
may be associated with the substitution defect levels InCu and
CuIn or with the acceptor levelVCu.

The radiative band for thep-layer, in comparison with
the foregoing cases, is broadened toward longer wavelen
and exhibits a spectral feature in the form of a limb at 0.
eV. The corresponding optical transitions may be associa
with a deep level of interstitial selenium whose concentrat
is not as large as that of the point defects Cui , VCu, and
VSe, which give stronger luminescence.

From a comparison of the spectra it follows that su
intense radiative transitions are present in the origi
p-type substrate and in the electric, field-inducedp-type
layer. In addition, in thisp-layer a long-wavelength limb
also appears, which is characteristic of Sei defects. As a re-
sult of the high level of electron pumping, the cathodolum
nescence spectra are broadened into the region of high
ton energies, e.g., in comparison with the photoluminesce
spectra in Ref. 5, although many spectral features of cath
oluminescence are the same as those of photoluminesce
The short-wavelength edge in our cathodoluminesce
spectra is well fit by a Gaussian distribution. For this reas
we used Gaussian fitting curves to separate the experime
spectra into the two above-mentioned elementary bands.
band fitting parameters are listed in Table II. All maxima
the fitted bands are found to be in good agreement with
main peaks and the spectral features in the experime
curves~Fig. 1!. The data in Tables I and II reveal, on the o
hand, distinct spectral differences between then-layer and
the p-regions and, on the other, a similarity between t
p-layer and thep-substrate. This fact indicates that the ve

Region Peak energy, eV FWHM, meVI /Imax Transitions

p-crystal 1.013 51 0.77 CB→VCu ~A3!
CB→CuIn , VIn

0.978 61 0.45 InCu→VCu

InCu→CuIn , VIn

~VSe→VB)*
n-layer 1.024 40 0.80 VSe, InCu→VB
p-layer 1.003 60 0.25 CB→VCu, CuIn

1.015 28 0.25 CB→VCu ~A3!
CB→CuIn , VIn

0.979 65 0.97 InCu→VCu

InCu→CuIn , VIn

~VSe→VB!*
p-type 0.92 - 0.10 CB→Sei
~without fitting! ~VSe→VB!

*Note: The transition in parentheses is either insignificant or weak.

94Konnikov et al.
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material, irrespective of its nature, but the application o
strong electric field leads to the appearance of additio
point defects of the Sei type in thep-type layer.

Scanning an electron beam across the structure tra
out the variation of the relative amplitude of the two ma
cathodoluminescence bands for the scanp-layer→ n-layer
→ p-substrate. However, as a consequence of the high
sitivity of the technique to microdamage~artifacts! of the
crystal surface, which caused the pump power and lumin
cence yield to vary, the continuous scan measurements
not always give the correct result. Obviously, better res
can be obtained on a transverse cleavage of the structure
by systematic continuous scan measurements. The differ
in the spectral position of the bands highlights differences
the nature of the point defects in then- andp-type regions.
Guided by the review in Ref. 15 for the donor and accep
ionization energies, we have attributed specific radiat
transitions to our cathodoluminescence data~Table II!. We
think, however, that only some of the types of listed defe
can be considered as real candidates for these strong ele
field-processed structures.

First of all, copper vacancies predominate in the b
crystal while interstitial copper atoms and selenium vac
cies predominate in then-type layer. This accords well with
earlier studies of ion migration and the action of an elec
field on the electronic properties of these crystals.2,3,6,7Sec-
ond, interstitial selenium atoms appear in thep-type layers in
addition to copper vacancies and InCu substitution defects
This also accords with the above discussion of eleme
stability.

B. EBIC measurements

Measurements of an electron-beam-induced cur
~EBIC! were made to characterize the boundaries of
n–p-type junctions in the prepared structures. They dem
strate the existence of one or two junctions with opposit
directed internal electric fields. Two junctions are observ
but not always distinctly and not for every scan. The EB
profile exhibits a significantly drawn-out falloff of the cu
rent amplitude as the electron beam is scanned across
n–p junction. The effective diffusion length, estimated to
.10mm, exceeds the actual diffusion lengthLdiff in homo-
geneous CuInSe2 by more than an order of magnitude.

16 It is
well known that such behavior is observed for the cor
sponding dopant profiles, which are characteristic of
diffusion-typen–p junction or a layer of space charge b
cause of the ‘‘frozen’’ ions and charged vacancies.

4. C–V AND DLTS MEASUREMENTS

Capacitance–voltage (C–V) characteristics and deep
level transient spectroscopy~DLTS! were employed to in-
vestigate CuInSe2 p–n–p structures in the temperatur
range 430–82 K. TheC–V measurements were made
voltages of both polarities from 0.0 to 7.8 V at 100 kHz. T
curves so obtained in the coordinates (1/C2) –V exhibit a
nearly linear dependence, which indicates an abruptn–p
junction. The general characteristic feature—the tempera
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dependence of the capacitance—is typical of all the m
sured junctions. The capacitance was found to increase a
temperature was raised. The capacitance increased
slightly as a function of the reverse bias applied to t
sample. This behavior can be attributed to the presenc
states at the interface distributed deep into the band gap
the localized states of deep levels in the region of then–p
junction.

The concentration of these states is comparable with
concentration of free charge carriers in the bulk crystal an
close to 1017cm23. The thermal activation energy of the ca
riers from these states was determined from the rela
C5C0exp(2Ea /kT) at zero biasu050. Independent mea
surements on the two gold contacts give the values 22 an
meV ~Fig. 3!. The activation energy characterizes the po
tion of the Fermi level if it is assumed that distributed sta
exist at the interface, and it characterizes the localizat
energy if localized states exist there. The thermal activat
energy characterizes the levels of theVCu point defects,
which have an ionization energy of 30–35 eV, according
the photoluminescence data.15

We examined the behavior of theC–V curves for
CuInSe2 p–n–p structures for both biases. Diode-type cha
acteristics were obtained only at room temperature. Low
ing the temperature transforms theC–V branches in such a
way that they become mirror-symmetric for reverse bias
liquid-nitrogen temperature. This suggests a transistor-t
structure at low temperatures. Such a transformation of
structure can be explained by the ‘‘switching on’’ of dee
metastable acceptor levels17 as a result of lowering of the
Fermi level and a change in the degree of donor–acce
compensation, which leads to a change in the type of c
ductivity in the highest-resistivity region of the microstru
ture. Obviously, this acceptor level can be attributed to
definite type of point defect, e.g., Sei with activation energy
Eact5120 meV~Table I!.

DLTS measurements were performed for one of
CuInSe2 p–n–p structures. The DLTS spectra yielded th
thermal emission energy from the deep donor le
Eem5171 meV and the charge-carrier capture cross sec
se52.08310219cm2 for this level. The level is distributed
over the entire volume of the CuInSe2 single crystal and its
concentration is estimated to be 531015 cm23.

FIG. 3. Temperature dependence of the capacitance of ann–p transition for
microstructures 2~25 meV! and 3~22 meV!.
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Studies of cathodoluminescence ofp–n–p microstruc-
tures in CuInSe2 crystals show that the emission and spec
makeup of the original bulkp-crystal is markedly different
from that of then- andp-layers formed by a strong electri
field. The postulated types of point defects agree with a p
vious study of ion migration and with the discussion
chemical elemental stability presented at the beginning
this article. EBIC,C–V, and DLTS test measurements reve
the characteristic features of the fabricated structures
confirm the cathodoluminescence measurement results.
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