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Spatially inhomogeneous oxygen precipitation in silicon
S. V. Bulyarski , V. V. Svetukhin, and O. V. Prikhod’ko

Ul’yanovsk State University, 432700 Ul’yanovsk, Russia
~Submitted July 20, 1998; accepted for publication April 5, 1999!
Fiz. Tekh. Poluprovodn.33, 1281–1286~November 1999!

A theoretical model for point-defect precipitation in crystals, which is a generalization of the well-
know Ham model, has been proposed. The equations obtained are helpful in describing the
kinetics of oxygen precipitation in silicon, and in determining the kinetics of variation of the mean
geometrical dimensions of clusters. A theoretical model of spatially inhomogeneous
precipitation has been developed. This model can be used to describe processes of internal
gettering and creation of insulating layers in silicon. ©1999 American Institute of Physics.
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1. INTRODUCTION

Oxygen precipitation lies at the basis of such product
processes as internal gettering1,2 and the creation of insulat
ing layers in a crystal.3 Hartzellet al.4 proposed a method o
simulating the process of precipitation, based on solution
the Fokker–Planck equation for the cluster size distribut
function. This method was subsequently developed furt
by Schremset al.5 and Senkanderet al.6 They used a com-
bined simulating method based on solution of differen
equations for the small clusters and the Fokker–Planck e
tion for the large clusters. In these equations the kinetic
efficients were determined4–6 from the condition that growth
of the precipitate is limited by the rate of monomer attac
ment to the cluster surfaces. In what follows, we show t
the form of the kinetic coefficients chosen in these works
ill-advised. However, in Refs. 7–10, for example, it w
shown that the growth of oxygen precipitates is described
Ham’s theory, which uses a different model: growth of t
precipitates is limited by monomer diffusion. At the sam
time, Ham’s theory cannot be used to describe spatially
homogeneous precipitation. We have been able to elimin
this drawback: the proposed model generalizes Ham’s the
to the case of a spatially inhomogeneous precipitate and
lows one to simulate important production processes.

2. THEORY OF DECAY OF SOLID SOLUTIONS

It is assumed that the growth kinetics of clusters of po
defects is governed by their geometry and is essentially
dependent of their internal structure. In what follows w
therefore do not draw a sharp boundary between clusters
precipitates.

Let us consider the growth kinetics of clusters taki
place according to the following reversible scheme:

AiC1A�
g( i )

k( i )

Ai 11C, ~1!
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where k( i ) and g( i ) are the kinetic rates of capture an
ejection of a monomer for a nucleation center that has pic
up i particles.

This model corresponds to growth of precipitates
nucleation centersC with concentrationNC . We assume tha
the given concentration does not vary over the course of t
and can be determined experimentally.

Taking into account the importance of the choice of t
kinetic coefficients, let us consider this factor in more det
The kinetic coefficients should include two steps of the p
cess: diffusion and reaction. Since these steps occur seq
tially, the kinetic coefficient has the form

k~ i !5
V

tdif~ i !1t reac~ i !
, ~2!

whereV is the unit volume,tdif( i ) and t reac( i ) are respec-
tively the mean time that a particle takes to diffuse to
cluster and to attach to it.

The diffusion term can be found from the standa
Smoluchowski relation11

V

tdif~ i !
54pR~ i !D, ~3!

whereD is the monomer diffusion coefficient, andR( i ) is
the radius of a cluster ofi particles. In Ref. 12 it was shown
that the dependence of the radius on the number of parti
can be represented as

R~ i !5b~ i 1m!a, ~4!

whereb is a quantity on the order of the distance between
particles in the cluster. The quantitym is determined by the
condition that the radius of the nucleation centers be equa
R(0)5bma. The value of the parametera is determined
from simple geometric arguments~see Table I!.

The time required by a particle to attach to a cluster i13
7 © 1999 American Institute of Physics
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V

t reac~ i !
5

S~ i !D

r 0
expH 2

E~ i !

kT J , ~5!

whereEi is the activation energy of capture of a particle to
cluster ofi particles,r 0 is the lattice period, andS( i ) is the
surface area of the cluster,

S~ i !54pb2~ i 1m!b. ~6!

Values of the parameterb for clusters of different ge-
ometries are listed in Table I.

Expressions~3! and ~4! allow one to find the genera
form of the kinetic coefficient:

k~ i !5
4pDR~ i !

11@4pR~ i !r 0 /S~ i !#exp$E~ i !/kT%

5
4pDb~ i 1m!a

11~r 0 /b!~ i 1m!a2bexp$E~ i !/kT%
. ~7!

If E( i ),kTln@b(i1m)b2a/r0#, then the process of cluste
growth is diffusion-limited:

k~ i !54pDR~ i !54pDb~ i 1m!a. ~8!

If the inequality sign is reversed, the time required
surmount the energy barrier determines the form of the
netic coefficients:

k~ i !5
S~ i !D

r 0
expH 2

E~ i !

kT J
5

4pb2~ i 1m!bD

r 0
expH 2

E~ i !

kT J . ~9!

Kinetic coefficients in the form~9! were used in Refs
4–6; however, those studies considered only spherical
cipitates.

The Fokker–Planck equation is used to describe a p
cess taking place in accordance with the equation~1! ~Refs. 4
and 14!

TABLE I. Dependence of the parametersa andb on cluster geometry.

Cluster geometry a b a

12a

b

12b

Sphere 1/3 2/3 1/2 2

Fractal cluster 1/DF

DF11
2DF

1
DF21

DF11
DF21

of dimensionalityDF

Disk, diameterD, d5const 1/2 1 1 *
thicknessd (D!d) d/D5const 1/3 2/3 1/2 2
Cylinder, diameterd, d5const 1 1 * *
lengthL (d!L) d/L5const 1/3 2/3 1/2 2

Growth of clusters
in sinks of
unbounded capacity

0 0 0 0

Note: *This case corresponds to a power law.
i-

e-

o-

]C~ i ,t !

]t
52

]

] i
@k~ i !N~ t !2g~ i !#C~ i ,t !

1
]2

2] i 2
@k~ i !N~ t !1g~ i !#C~ i ,t !, ~10!

whereC( i ,t) is the concentration of the nucleation cente
that have picked upi particles. The principle of detailed bal
ance yields a relation between the kinetic coefficients

g~ i !5k~ i 21!NECE~ i 21!/CE~ i !'k~ i !NE .

In addition, at any instant for a system described
scheme~1!, the laws of conservation of nucleation cente
and the total number of particles in the system are obey
These laws allow us to find the mean number of particles
the nucleation centerŝi &:

^ i &5
* i 50iC~ i ,t !di

* i 50C~ i ,t !di
5

n~0!2N~ t !

NC
. ~11!

2.1. Diffusion-limited precipitation

In this case, the kinetic coefficients are given by formu
~8!. For the mathematical expectation value^ i (t)& it is pos-
sible to use the so-called macroscopic equation14

d^ i &
dt

5kD~N2NE!@^ i ~ t !&1m#a, ~12!

wherekD54pDb.
Equations~11! and ~12! are used to write a differential

equation which describes the variation of the concentrat
during decay of a solid solution:

dN~ t !

dt
52kDNC

12a@N~ t !2NE#$N~0!1mNC2N~ t !%a.

~13!

Equation~13! has the exact solution

t5 C12F1S a,a,11a,2
N~0!1mNC2NE

NE2N D
3S N~0!2N1mNC

NE2N D a @N~0!2N1mNC#2a

kDNC
12a

, ~14!

C522F1S a,a,11a,2
N~0!1mNc2NE

NE2N~0! D
3S mNC

NE2N~0! D
a ~mNC!2a

kDNC
12a

. ~15!

Here2F1 is the hypergeometric function.
For practical purposes it is more convenient to use a

proximations describing the initial and final stages of pr
cipitation:

N~ t !2NE

N~0!2NE
5exp$2NC$~12a!@N~0!2NE#akDt

1~s!12a%
1

12a2s%, ~16!
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N~ t !2NE5Aexp$2NC
12a@N~0!1mNC2NE#akDt%,

~17!

wheres5mNC /@N(0)2NE#5m/^ i &E , and the constantA is
found from experiment. The quantity^ i &E , according to Eq.
~11!, is the equilibrium value of the mean number of pa
ticles at the nucleation centers.

If we disregard the initial size of the precipitation
(m50), then the kinetics of the decrease in the monom
concentration in the first stage of the decay of the solid
lution has the form

N~ t !2NE

N~0!2NE
5exp$2NC$~12a!@N~0!2NE#akDt%

1
12a%,

~18!

whereaP@0,1). The formulas found by Ham on the basis
the diffusion equations15–17 follow from Eq. ~18!.

For the casea51, Eq. ~13! can be solved exactly:

N~ t !2NE

N~0!2NE
5

C1

N~0!2NE1~mNC2NE!exp$C1kDt%
,

~19!

whereC15N(0)1mNC22NE .
Comparison of Eqs.~11! and~18! allows us to delineate

the trend in the variation of the mean number of particles
the clusters and their mean geometrical size in the in
stage of the decay of the solid solution:

^ i &;t
1

12a, ^R&;^ i &a;t
a

12a. ~20!

2.2. Precipitation limited by the rate of the attachment
reaction

The given problem simplifies substantially if we assum
that the energy barrier to particle capture to a precipitat
independent of its size:Ei5E05const.

The expression for the kinetic coefficient~9! then takes
the form

ki54pD expH 2
E0

kTJ b2

r 0
~ i 1m!b. ~21!

In this case, the results obtained in the preceding sec
can be used. It is sufficient in these formulas to replacea by
b andkD by kR54pD exp$2E0 /kT%(b2/r0).

The initial and final stages of precipitation can then
described by the formulas

N~ t !2NE

N~0!2NE
5exp$2NC$~12b!@N~0!2NE#bkRt%

1
12b%,

^R&;t
b

12b; ~22!

N~ t !2NE5A exp$2NC
12b@N~0!1mNC2NE#bkRt%.

~23!

The power-law dependence of the variation of the size
the clusters makes it possible to diagnose the mechanis
their formation. The exponents for the reaction and diffus
mechanism for the formation of clusters of different geo
etries are given in Table I.
-
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For the case of spherical clusters, this problem was c
sidered by Turnbull.18 His result can be obtained from rela
tion ~22! if one setsb52/3. Note that the laws governing th
decrease of the monomer concentration in the case
diffusion-limited precipitation and in the case of rate-limite
precipitation are different.

3. THE KINETICS OF OXYGEN PRECIPITATION IN SILICON

In the preceding section we proposed a microsco
model for the decay of solid solutions. To test this theory,
carried out an experiment on the annealing of dislocati
free silicon in a nitrogen atmosphere. We used Czochral
grown silicon wafers ofn-type (8V•cm) with initial oxygen
content 1.431018cm23.

The concentration of interstitial oxygen in the silico
wafers was recorded by following the variation of the a
sorption at the maximum of the band near 9mm at 300 K
~Ref. 1!. The kinetics of the decrease in the oxygen conc
tration for three annealing temperatures is plotted in Fig.

The temperature dependence of the concentration
nucleation centersNC was determined from microscopic ob
servations. It was assumed that the concentration of nu
ation centers is equal to the concentration of precipitat
centers in the final stage of decay. Our result is in go
agreement with the microscopic data:1

NC50.15 exp$2.65/kT%, cm23. ~24!

There are several different opinions about their nature
is believed that nucleation centers can form both on lat
defects~the heterogeneous mechanism; Ref. 19! and by ag-
gregation of several near-lying atoms of interstitial oxyg
~homogeneous nucleus formation; Ref. 20!.

Let us consider the homogeneous precipitation sche
realized by successive aggregation of monomers. Taking
account that only clusters of sizem ~nucleation centers! are

FIG. 1. Kinetics of variation of the interstitial oxygen concentration in si
con. Curves — numerical calculation based on Eq.~13!. Annealing tempera-
ture, °C:1 — 1100,2 — 950,3 — 850.
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stable, we can use the following approximation for the law
monomer conservation:N(0)'N1mNm . Thus, the law of
mass action is written as follows:

NC[Nm5
@N~0!2mNC#m

Nf
m21

exp$2Em /kT%, ~25!

wherem is the number of oxygen atoms in the nucleus,N(0)
is the initial interstitial oxygen concentration,Nf5531022 is
the number of interstitials per unit volume of the silico
crystal, andEm is the energy of formation of a complex ofm
particles.

Comparison of expressions~24! and~25! gives the value
m55; i.e., in this model a nucleation center consists of fi
oxygen atoms.

We determined the equilibrium monomer concentrat
NE from experimental kinetic curves at later times. Of t
four parameters of Eq.~13!, in reality it is necessary to
choose only one parameter,kD .

The found parameter values provide a good descrip
of the experimental data on the decrease of the interst
oxygen concentration during precipitation~Fig. 1!.

Experimental data at different temperatures make it p
sible to find the temperature dependence of the given kin
coefficient:

kD53.0831028 exp$22.44/kT%, cm3/s. ~26!

The activation energy in expression~26! is equal to the
activation energy of diffusion of interstitial oxygen i
silicon.21 If we adopt the model of Refs. 4–6, according
which growth of precipitates is limited by the surface attac
ment reaction, then the experimentally found activation
ergies of the temperature coefficient should be larger by
activation energy of attachment. Thus, the model adopte
Refs. 4–6 contradicts experiment.

Since the diffusion model is realized, it is possible
find the diffusion coefficient:D5kD/4pb. The parameter
b52.5 Å can be estimated from the density of the Si2

phase. The obtained value

D50.05 exp$22.44/kT%, cm2/s ~27!

is in good agreement with the data of other authors.21

Solving Eq.~13! numerically together with Eq.~11!, it is
possible to calculate the mean radius at any time:

R~ t !5A3 3b3^ i ~ t !&
4p

. ~28!

The radius found with the help of Eqs.~11!, ~13!, and
~28! is compared in Fig. 2 with the data of Ref. 22. Th
experimental data on the time dependence of the mean ra
of the precipitates at various temperatures, collected
Vanhellemont,9 show that it increases in the initial stage
precipitation according to the lawR(t);t2, consistent with
Eq. ~20! and also confirms the diffusion mechanism for t
formation of oxygen precipitates.

4. SPATIALLY INHOMOGENEOUS PRECIPITATION

A very simple model which explains the effect of inte
nal gettering is based on a solution of the one-dimensio
f
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diffusion equation.1 However, oxygen precipitation take
place simultaneously with diffusion since these two p
cesses are indissolubly linked. Therefore, it is necessar
augment the diffusion equation by a term which accounts
the oxygen precipitation:

5
]N~x,t !

]t
52k0NC@N~x,t !2NE#$^ i ~x,t !&1m%a

1D~]2N~x,t !/]x2!,

]^ i ~x,t !&
]t

5k0@N~x,t !2NE#$^ i ~x,t !&1m%a.

~29!

The initial conditions of the problem can be represen
in the form

N~x,0!5H N~0!, x.0

NE , x50
, ^ i ~x,0!&5H m, x.0

0, x50.
~30!

We assume that the nucleation centers are uniformly
tributed throughout the wafer, and that their concentration
given by Eq.~25!.

Solving system of equations~29! numerically, we calcu-
late the distribution of oxygen with depth in the sample af
annealing as a function of timet for any temperature.

The concentration profiles allow us to estimate the wid
of the defect-free zone~DFZ! which is obtained as a result o
annealing. As a criterion of our estimate of the DFZ from t
calculated concentration profiles, we chose a quantity p
portional to the dispersion of the concentration profile:

D5S 2*x2@NE2N~x,t !#dx

*@NE2N~x,t !#dx D 1/2

. ~31!

Results of this estimate are compared in Fig. 3 with exp
mental data taken from Ref. 1. Despite the large error in
experimental determination of the DFZ~this quantity is de-
termined from the results of microscopic observations o

FIG. 2. Kinetics of variation of the mean radius of the precipitates. Lines
numerical calculation based on Eqs.~13! and~28!, points — data of Ref. 22.
Annealing temperature, °C:1 — 900,2 — 700,3 — 600.
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cleavage face of the wafer after selective etching! and the
uncertainty in the criterion~31!, we find the agreement to b
satisfactory.

The technology of ‘‘silicon deposited on an insulator’’
now under active development. In this technology a laye
high-quality semiconductor~silicon! is formed on an insulat-
ing layer of silicon dioxide. A promising method of fabrica
ing silicon-on-insulator structures for very-large-scale in
grated circuits~VLSIC’s! is oxygen implantation in the
silicon skin layer with subsequent annealing. An insulat
layer of the required thickness is formed during annealing
the right time at the right temperature.

The theory of oxygen precipitation proposed in this p
per makes it possible to simulate such annealing with
help of a system of equations~30! and aids in the choice o
the appropriate times and temperatures.

Figure 4 plots the total oxygen concentration~both inter-
stitial and precipitated! as a function of depth for two differ
ent implantation doses after annealing. The points plot
perimental data23 and the solid lines plot the result o
simulation using Eqs.~29!. As the initial conditions, we as
sumed that the interstitial oxygen is distributed over the w
fer according to a Gaussian law, and the concentration
nucleation centers is given by formula~25!. It can be clearly
seen that for a small oxygen dose, precipitation does
occur and the profiles have a purely diffusional form. As t
dose is increased past a critical value, oxygen begins to c
bine into precipitates, which, as they increase in size,
converted into an insulating layer. One may choose the
lowing criterion of coalescence of precipitates into an in
lating layer: the mean radius of the precipitates should
come larger than half the distance between precipitates:

b
A3 3^ i &

4p
.

NC
21/3

2
.

FIG. 3. Dependence of the width of the defect-free zone on temperature
annealing time. Curves — numerical calculation based on Eqs.~31!, points
— data of Ref. 1. Annealing temperature, °C:1 — 1200,2 — 1100,3 —
1000.
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5. CONCLUSION

The proposed kinetic model of decomposition of so
solutions not only affords a good description of the availa
experimental data on oxygen precipitation in silicon, but a
allows one to simulate production processes connected
oxygen precipitation.

This work was carried out with the support of a ‘‘Un
versities of Russia’’ grant from the Russian Fund for Fund
mental Research and a grant from the Russian Ministry
Science and Technology.

1A. Borghesi, B. Pivac, A. Sassella, and A. Stella, J. Appl. Phys.77, 4196
~1995!.

2R. A. Craven, Mater. Res. Soc. Symp. Proc.36, 159 ~1985!.
3B.-Y. Tsaur, Mater. Res. Soc. Symp. Proc.36, 641 ~1985!.
4R. A. Hartzell, H. F. Schaake, and R. G. Massey, Mater. Res. Soc. Sy
Proc.36, 217 ~1985!.

5M. Schrems, M. Budil, G. Hobler, H. Potzl, and J. Hage, Proc. Simulat
of Semicond. Dev. Proc.4, 113 ~1991!.

6S. Senkander, J. Esfandyari, and G. Hobler, J. Appl. Phys.78, 6469
~1995!.

7M. J. Binns, W. P. Brown, J. G. Wilkes, R. C. Newman, F. M. Livingsto
S. Messoloras, and R. J. Stewart, Appl. Phys. Lett.42, 525 ~1983!.

8P. M. Grinshte�n, M. A. Il’in, and V. I. Fistul’, Elektron. Tekh., Mater.,
No. 9, 70~1978!.

9J. Vanhellemont, J. Appl. Phys.78, 4295~1995!.
10S. V. Bulyarski�, V. V. Svetuhin, and O. V. Prihod’ko, Izv. Vuzov. Ele

ktron., No. 5, 24~1997!.
11M. V. Smoluchowski, Z. Phys. Chem.92, 192 ~1917!.
12S. V. Bulyarski�, A. N. Georgobiani, and V. V. Svetuhin, Krat. Soobshc

Fiz., No. 5–6, 93~1997!.
13J. W. Christian,The Theory of Transformation of Metals and Alloys~Per-

gamon, Oxford, 1975!.
14N. G. Van Kampen,Stochastic Processes in Physics and Chemis

~North-Holland, 1992!.
15F. S. Ham, J. Phys. Chem. Solids6, 335 ~1958!.
16F. S. Ham, J. Appl. Phys.30, 1518~1959!.
17V. I. Fistul’, Decay of Supersaturated Semiconductor Solid Solutions@in

Russian#, Metallurgiya, Moscow, 1977.
18D. Turnbull, Acta Metall.1, 764 ~1953!.
19T. Y. Tan and C. Y. Kung, J. Appl. Phys.59, 917 ~1986!.

nd

FIG. 4. Oxygen depth profile in the wafer after annealing atT5900 °C for
40 min. Curves — numerical calculation based on Eqs.~29!, points — data
of Ref. 23. Doses, cm22: 1 — 1015 2 — 331013.



1162 Semiconductors 33 (11), November 1999 Bulyarski  et al.
20J. Vanhellemont and C. Claeys, J. Appl. Phys.71, 1073~1992!.
21W. Kaiser, H. L. Frisch, and H. Reiss, Phys. Rev.112, 1546~1958!.
22F. M. Livingstone, S. Messoloras, R. C. Newman, B. C. Pike, R.

Stewart, and N. J. Binns, J. Phys. C17, 6253~1984!.

J.

23Lee S. Tong and D. Nichols, inProceedings of Mater. Res. Soc. Sympo-
sium, Vol. 59 ~1986!, p. 31.

Translated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 33, NUMBER 11 NOVEMBER 1999
Enhanced formation of thermal donors in irradiated germanium: local vibrational mode
spectroscopy

A. A. Klechko and V. V. Litvinov
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Fiz. Tekh. Poluprovodn.33, 1287–1289~November 1999!

Oxygen-rich Ge samples were bombarded with fast electrons (E54 MeV! at 80 °C and
subjected to isochronal (100– 340 °C! and isothermal (350 °C! annealing. Infrared absorption
spectra were measured at room temperature. Preliminary irradiation of the samples is
found to strongly enhance the development of the absorption bands in the range 600 to 780 cm21

when the GêSb,O& crystals are heated to 350 °C. The bands are assigned to local vibrational
modes of thermal donors. It is inferred from the annealing studies that a radiation-
induced complex with the local vibrational modes at about 770– 780 cm21 is probably responsible
for the enhanced growth of the thermal donors. Oxygen dimers are proposed as such a
complex. © 1999 American Institute of Physics.@S1063-7826~99!00211-2#
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Thermal donors~TD’s!, formed during heat treatmen
(300– 500 °C! of oxygen-enriched crystals of silicon1 and
germanium,2 are among the most well-studied defects
semiconductors. However, despite the extended his
~more than 40 years! of such studies,3,4 their structure and
the mechanism of their formation remain unclear.

Most current models of thermal donors represent th
centers as complexes consisting of an electrically ac
nucleus with a varying number of attached oxygen ato
The successive formation of a series~up to 16 types in Si! of
double donors with distinct energy levels near the cond
tion band5,6 correlates well with the behavior of the group
local vibrational modes~LVM’s ! in the spectral ranges 97
21015 and 7242748 cm21 in Si ~Ref. 7!, and at 786 and
600 cm21 in Ge ~Refs. 6 and 8!. Two groups of vibration
bands of thermal donors are linked with two different vibr
tional modes of oxygen atoms at the nucleus of a ther
donor.7

It is thought3,4 that oxygen dimers play an important ro
in processes of thermal-donor formation. Recently, the e
tence of these complexes in Si has been proved experim
tally, and their local vibrational modes have be
identified.9–11 It was also determined that irradiation of S
crystals at elevated temperatures (280– 400 °C! enhances
dimer formation and hence the generation of therm
donors.11,12

Oxygen dimers have not yet been identified in Ge,
though the effect of enhanced formation of thermal don
was observed earlier after irradiation of crystals with60Co g
rays at room temperature.13,14 The results reported in Refs
13 and 14 were based on measurements of the Hall co
cient. These results do not give any information about
behavior of electrically inactive centers that participate in
formation of thermal donors. In view of this circumstance
1161063-7826/99/33(11)/3/$15.00
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would be useful to carry out a study of the influence of pr
irradiation on the formation of thermal donors in Ge usi
the more informative method of spectroscopy of local vib
tional modes. It should be noted that this method was fi
successfully applied in the 1960s in the study of processe
radiation defect formation in oxygen-containin
germanium.15,16 In irradiated GêO& crystals a whole series
of vibrational bands, attributable to oxygen-containing ce
ters, was observed and their transformation during isoch
nous annealing was traced.15,16 However, only one of these
bands (620 cm21) was conditionally identified as a vibra
tional mode of a vacancy–oxygen complex~an A center!.
The nature of the remaining bands still remains unclear.

In this study we investigated crystals of Ge^Sb,O& ~resis-
tivity r54.3V•cm) with a concentration of interstitial oxy
gen (Oi) 1.6531017cm23, which was introduced during
growth of the crystals in an atmosphere of water vapor. A
comparison we used samples of Ge^Sb& (r510V•cm) with
low (<531015cm23) Oi content. The Oi concentration was
determined from measurements of the absorption at
maximum of the 855 cm21 band using as the calibration fac
tor 1.2531017cm22 ~Ref. 17!. Samples of 6 mm thicknes
were bombarded on both sides by 4-MeV electrons at a t
perature;80 °C. The total radiation dose was 23331017

cm22. Isochronous~25 min with a 20 °C step in the tempera
ture interval 1002340 °C! and isothermal~at 350 °C! an-
neals were performed in air. Infrared~IR! absorption spectra
were recorded at room temperature on a Specord 75 IR s
trophotometer and on a Fourier spectrometer with a res
tion of 1 cm21.

Bombardment of GêSb,O& crystals with fast electrons
led to a drop in the interstitial oxygen concentration by
31016cm23 and the appearance of a series of radiatio
defect bands. The most intense of these bands were obse
3 © 1999 American Institute of Physics
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in the spectral region 7002820 cm21 ~Fig. 1!. None of the
bands shown in Fig. 1 was observed in the spectra of irr
ated GêSb& crystals with low oxygen content. This allow
us to link these bands with the vibrational modes of oxyg
containing defects. Note that in the spectrum of the irradia
Gê Sb,O& crystals the band at 620 cm21, i.e., the band of the
A centers (V2O), was absent. It is known that these cent
possess relatively low thermal stability in Ge~<100 °C; Ref.
16!. Therefore, already during irradiation of crystals anne
ing of theA centers could have taken place, i.e., they co
have dissociated and/or transformed intoV2O2 and O2i

complexes, as is the case in Si at elevated irradia
temperatures.12 These complexes are apparently respons
for some of the observed bands~see Fig. 1!. It is also highly
likely that the interaction of intrinsic interstitial atoms wit
oxygen in Ge also leads to the formation of optically act
complexes which are stable at temperaturesT.100 °C,
which is the reason for the variety of observed bands.

In irradiated GêSb,O& samples subjected to isochron
anneals no noticeable changes in the IR absorption spec
were observed up to temperatures of 2402260 °C. At the
stage 260– 340 °C the bands at 712, 724, 764, 797, and
cm21 disappeared with simultaneous increase of the t
absorption in the range 7702780 cm21 and the appearanc
of new low-intensity bands at 767 and 790 cm21. Subsequent
isothermal annealing at 350 °C led to the formation of t
wide bands with maxima at 777 and 600 cm21 ~Fig. 2, curve
1!. Their formation correlates well with the lowering of th
resistivity of the samples, i.e., with the generation of therm
donors. Such bands also show up during heat treatmen
unirradiated crystals of Ge^Sb,O& ~Fig. 2, curve2!. These
results, taken together with the earlier data,6–8 allow one to
unambiguously link the given bands with the two vibration
modes of the thermal donors in Ge.

From the spectra shown in Fig. 2 it can be seen that
total intensity of the thermal-donor absorption bands in
pre-irradiated crystals greatly exceeds the total intensity
the unirradiated crystals that were subjected to the same
treatment (350 °C, 15 h!. It is noteworthy that the maximum
of both thermal-donor bands in the pre-irradiated samples
shifted by 728 cm21 into the high-energy region relative t
the maxima of the thermal-donor bands for the unirradia

FIG. 1. Infrared absorption spectra of Ge^Sb,O& after electron bombardmen
with a flux of 331017 cm22.
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crystals. To achieve the same intensity and obtain the s
spectral position of the thermal-donor bands in the unirra
ated crystals requires more extended (.50 h! annealing at
350 °C. The shift of the maxima of the thermal-donor ban
with increase of the duration of heat treatment at 350 °C w
observed earlier18 and correlates with the subsequent form
tion in prevailing concentrations of thermal-donors of
higher order. Consequently, the difference in the intensi
and positions of the maxima of the thermal-donor bands
the unirradiated and irradiated crystals indicates that p
irradiation of GêSb,O& not only leads to an increase in th
total rate of thermal-donor generation but also substanti
enhances the entire process of their subsequent forma
~transformation!.

In summary, the results of spectroscopic studies confi
the electrical measurement data13,14 on the enhanced forma
tion of thermal donors in pre-irradiated Ge crystals. Th
enhancement is most likely due to the formation during ir
diation and subsequent annealing of complexes with lo
vibrational modes in the range 7702780 cm21. In the irra-
diated crystals these centers precede the thermal donors
according to Ref. 16, contain two oxygen atoms. In additi
the position of the local vibrational modes of these cent
nearly coincide with the position of the high-energy mode
the thermal donors; i.e., these centers may be a structural
that forms a thermal donor. All these factors, taken togeth
allow us to assume that these centers are oxygen dimer

FIG. 2. Infrared absorption spectra in the regions of the high-energy~a! and
low-energy~b! thermal-donor modes in pre-irradiated~1! and unirradiated
~2! samples of GêSb,O& after heat treatment at 350 °C for 15 h.
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Radiation defects in semiconductors under hydrostatic pressure
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The effect of hydrostatic pressure on the sensitivity of the electrical properties of irradiated
semiconductors as functions of the position of the Fermi level in the band gap of the crystal has
been investigated. A numerical analysis of the experimental data has been performed. This
analysis is based on a model of the crystal as having an isotropic band gap^EG&, where^EG& is
the average energy interval between the conduction band and the valence band. It is shown
that varying the pressure results in hardly any change in the position of the radiation defect levels
relative to the energy corresponding to the center of the isotropic gap^EG&/2, which is
identical to the value of the ‘‘limiting’’ position of the Fermi level (F lim) in an irradiated
semiconductor. ©1999 American Institute of Physics.@S1063-7826~99!00311-7#
u-
o

tri
es
of
th
ra

h-
a
ir
n

f
as
rm

el
s
t

p

sis

r-

or

th

tion
e
ith

the

n-
ost
INTRODUCTION

It is known that native lattice defects or chemical imp
rities with deep levels as a rule enhance the sensitivity
semiconductors to hydrostatic pressure. This result is at
utable to the peculiarities of the formation of ‘‘deep’’ stat
in semiconductors. The present paper reports the results
investigation of the influence of hydrostatic pressure on
electrical properties and energy position of the levels of
diation defects~RD! in semiconductors subjected to hig
energy radiation. A definite body of experimental data h
accumulated in recent years on this subject, which requ
systematization and interpretation. This paper generalizes
only the results of our research group,1–5 but also the data o
other authors. The analysis of the results presented is b
on experimental and calculated data on pinning of the Fe
level (F) in its limiting position (F lim) in semiconductors
irradiated by electrons, protons, and fast neutrons.6 This
should make it possible, by varying the initial doping lev
type of conductivity, and radiation dose, to study the sen
tivity of the characteristics of the irradiated semiconductor
subsequent application of hydrostatic pressureP as functions
of the position of the Fermi levelF over the entire band ga
of the crystal.

EXPERIMENTAL TECHNIQUE

GaAs, InP, GaSb, and GaP, irradiated atT.300 K by
electrons~with energiesE.2 MeV! and H1 ions ~with en-
ergy E55 MeV! were investigated experimentally~see
Table I!. We estimated the pressure coefficient of the re
tivity ( r), defined as

ar5]~ ln r!/]P,

which, taking into account the bipolar~electron and hole!
conductivitiessn(D) and sp(D) (D is the radiation dose!
1161063-7826/99/33(11)/5/$15.00
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and the contribution of the hopping conductivity of the ca
riers via local states of the radiation defects,sRD(D), to the
total conductivity of the crystal

r~D !215sn~D !1sp~D !1sRD~D !,

can be written in the form

ar~D !5
an~D !

~11p/nb!
1

ap~D !

~11nb/p!

1
aRD~D !

~11sn /sRD1sp /sRD!
, ~1!

where an52](ln sn)/]P, ap52](ln sp)/]P, sRD

52](ln sRD)/]P, and n(p) is the concentration of free
electrons~holes!, b5mn /mp is the ratio of the electron and
hole mobilities. In a material withn-type conductivityn
@p, sn@sp , and ar.an ; analogously for crystals with
p-type conductivityar.ap . The third term in expression
~1! is important only in heavily irradiated samples, e.g., f
electron fluxes (E52 MeV! greater than 1018cm22 for
GaAs, for whichr(D)21.sRD(D) ~Fig. 1!. In the present
work we restrict the discussion to the casesn(D), sp(D)
.sRD(D); therefore, the third term in expression~1! is ig-
nored.

For an we can write an5(gn /kT)2](ln Nc)/
]P2](ln mn)/]P, wheregn5](Ec2F)/]P is the coefficient
of isothermal variation of the position of the Fermi level wi
pressure~the pressure coefficient!, and Nc is the effective
density of states referenced to the bottom of the conduc
band. In the expression foran the second and third terms ar
quantities of second order of smallness in comparison w
the quantities gn /kT (;1024 bar21) in the irradiated
samples. For high-resistance samples the contribution of
term ](ln mn)/]P to an can reach 527%, which amounts up
to 10% of the contribution to the total variation of the co
ductivity under hydrostatic pressure. Irradiation has alm
6 © 1999 American Institute of Physics
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TABLE I. Experimental values ofF lim in irradiated semiconductors, the Schottky barrier heights (FbS), calcu-
lated values of the minimum band gapEg , the mean isotropic energy gap^EG&, the insulating gap of the crysta
EP , and ^EG&/2 in eV, and calculated values of the pressure coefficients of the minimum band gap o
semiconductorg(Eg), the isotropic energy gapg(^EG&) andg(^E&/2) in units of 1026 eV/bar. The values of
F lim , FbS , ^EG&/2, andg(^EG&/2) are referenced to the top of the valence band~the levelG8v).

Semiconductor Eg F lim FbS ^EG&/2 ^EG& EP g(^Eg&) g(^EG&) g(^EG&/2)

C 5.45 ••• 1.71 2.32 10.47 12.9 0.5 4.90 1.37
Si 1.20 0.39 0.32– 0.4 0.37 4.98 4.8 22.2 4.21 0.50
Ge 0.78 0.13 0.07– 0.18 0.06 4.56 4.3 4.2 5.18 20.17
AlP 2.48 ••• ••• 1.31 6.05 5.7 22.4 3.13 0.46
AlAs 2.24 ••• 0.96 1.07 5.11 5.1 22.4 4.02 0.36
AlSb 1.60 0.5 0.55 0.45 5.15 4.5 24.0 5.40 20.19
GaP 2.37 160.2 0.94– 1.17 1.03 5.57 5.8 22.6 5.52 20.06
GaAs 1.51 0.6 0.52– 0.62 0.70 5.25 5.2 9.5 4.94 20.56
GaSb 0.87 0.02 0.07– 0.1 0.00 4.58 4.1 14.9 6.68 20.79
InP 1.42 1.0 0.76– 0.98 0.90 5.25 5.2 7.7 4.41 20.38
InAs 0.39 0.51 0.47 0.50 4.79 4.6 11.5 5.91 20.74
InSb 0.14 0.0 ;0.0 0.05 4.30 3.7 12.5 6.95 21.02
CdTe 1.48 ••• 0.9– 1.1 1.56 4.76 5.8 6.5 5.12 22.65
ZnTe 2.33 ••• ••• 1.72 5.37 5.5 10.3 5.25 23.04
HgTe 0.23 ••• ••• 0.76 3.86 5.0 5.8 7.41 24.28

Note:The values ofEg demonstrate the accuracy of the calculations of the energy gaps in the band spect
the crystal, and the values ofg(Eg) demonstrate the accuracy of the estimates of the pressure coeffic
g(^EG&) andg(^EG&/2).
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no effect on the sensitivity ofp-type samples to pressure
therefore, the contribution of the second and third term
(;1025 bar21) to such expression forap only limits the
accuracy of the numerical estimates for thep-type samples.
All this allows us to use the following approximate expre
sion to estimate the values ofg (gn andgp):

ar~D !.~gn /kT!/@11p~D !/n~D !b#

1~gp /kT!/@11n~D !b/p~D !#, ~2!

FIG. 1. Variation with radiation dose of the resistivityr(D) ~1, 2!, position
of the Fermi levelF(D) ~3, 4! and pressure coefficient of the resistivi
ar(D) ~5, 6! for crystals ofn- andp-GaAs~a and b, respectively! for bom-
bardment by 2-MeV electrons.T5300 K. Solid curves — calculation ac
cording to expressions~1!–~4! based on the known spectrum ofE and H
traps in GaAs~trap spectrum shown in Fig. 2!.
-

wheregn is reckoned from the nearest extremum of the co
duction band, andgp is reckoned from the top of the valenc
band.

EXPERIMENTAL RESULTS

Since detailed studies of the radiation-defect spectr
have been carried out for GaAs, we present a quantita
analysis of the experimental results for this material.

Gallium arsenide. Whenn-GaAs is irradiated by high-
energy particles, the value ofr grows to (325)3108 V
•cm ~at 300 K!followed by n2p conversion of the conduc
tivity type and pinning of the Fermi level nearF lim5Ev
10.6 eV ~Ref. 6!. This is accompanied by a simultaneo
increase inar up to values;4.531025 bar21, which corre-
sponds togn.11.731026 eV/bar and is close in value to th
pressure coefficient of the (G8v –G6c) gap.1 For crystals of
p-GaAs the value ofar varies hardly at all as a result o
irradiation ~Fig. 1!.

The experimental data were analyzed on the basis
numerical solution of Eq.~2! and the equation of electrica
neutrality

n1Na
21(

j 51

5

NRAj
2 5p1Nd

11(
i 51

2

NRDi
1 ~3!

for the known set of trapsE12E5 andH0 andH1 in irra-
diated GaAs, inferred from DLTS measurements~shown in
Fig. 2!.2 HereNd andNa are the unirradiated concentration
of the chemical impurities, donors, and acceptors,NRD and
NRA are the concentrations of the donor and acceptor ra
tion defects, respectively. Numerical analysis of the exp
mental dependencesRH(D) (RH is the Hall coefficient! and
ar(D) with the aid of Eqs.~2! and ~3! enabled us to con-
struct the calculated curvesr(D), F(D), ar(D), andar(F)
~Figs. 1 and 2! and estimate the values ofgn

i . Here
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g i5dEi /dP, Ei are the ionization energies of the defe
levels for the trapsE22E5 (9.6,11.0,11.6,11.6)31026 eV/
bar relative to the levelG6c ~crosses in Fig. 2!. These values
are similar to the corresponding experimental valu
(8.8,13.5,10.5)31026 eV/bar for the energies of electro
emission from the trapsE22E4 in n-GaAs according to the
hydrostatic-pressure measurements of the deep-level
sient spectra.7 Note that the obtained values ofgn for the E
traps are close to the valuegn.9.531026 eV/bar for the
well-known defectEL2 (AsGa2X) in GaAs~Ref. 8!. For the
hole trapsH1 andH0 the calculated values ofgp

i are in the
range (122)1026 eV/bar. These data demonstrate that
levels of theE and H traps in GaAs within the limits of
accuracy of the experiment~and calculation! are ‘‘fixed’’
relative to the top of the valence band~the G8v level! under
variation of the hydrostatic pressure. The results obtained
compared with experimental data on the height of

FIG. 2. Energy dependence ofar(F) andg(F) in the irradiated semicon-
ductors GaAs~a!, InP ~b!, GaSb~c!, and GaP~d!. a: ~1–3! — n-GaAs,
~4–6! — p-GaAs; n, p 1016 cm23: 1 — (1 – 2), 2 — (8 – 16), 3 —
(300– 390),4 — (500– 900).b: ~1–3! — n-InP, 4 — p-InP; n, p, 1016

cm23: 1 — 2, 2 — 5, 3 — 30, 4 — 100.c: 1, 2 — n-GaSb,3 — p-GaSb;n,
p, 1016 cm23: 1 — (16– 36),2 — (50– 90),3 — (100– 400).d: 1 — n-GaP,
2 — p-GaP;n, p, 1016 cm23: 1 — 30,2 — 150. Arrows indicate positions o
F lim in the irradiated crystals. For GaAs the calculated curvear(F) and
values ofgn andgp are plotted for theE andH traps~crosses!; Qualitative
curves ofar(F) are shown for the remaining materials. For GaP the val
of ar andg are multiplied by 5.
s

n-

e

re
e

Schottky barrier (FbS) at a metal/GaAs contact under hydr
static pressure, e.g., for Al/p-GaAs barriers](FbS

p )/]P
.(0.220.3)31026 eV/bar and for Au/p-GaAs it is about
0.631026 eV/bar.8,9 This shows that regardless of the natu
of the defects responsible for pinning of the Fermi level
irradiated bulk GaAs or at a metal/GaAs interface, the lev
of the native lattice defects are shifted only slightly relati
to the top of the valence band under hydrostatic pressur

A detailed numerical analysis of the experimental resu
for other materials was not carried out since the data on
radiation-defect spectra for them are insufficient, and si
the experimental dependences are qualitatively similar
those for GaAs.

Indium phosphide. In irradiated indium phosphide
samples pinning of the Fermi level takes place nearEv
11.0 eV ~Ref. 6!; i.e., n-InP crystals preserve their origina
conductivity type, andp-InP crystals are characterized b
p2n conversion of their conductivity type. In irradiate
p-InP crystals, the value ofar remains essentially un
changed, and underp2n conversion of its conductivity type
it attains a maximum value of 3.231024 bar21, as in the
case ofn-InP. This corresponds togn.8.331026 eV/bar
and is close to the value of the pressure coefficient of
(G8v –G6c) gap. Thus, in irradiated InP, as in the case
GaAs, regions of high~the Fermi level is located abov
Eg/2) and low~the Fermi level is located belowEg/2) sen-
sitivity of r to pressure are revealed.~Here Eg is the mini-
mum width of the band gap.!

Gallium antimonide. In irradiated gallium antimonide
the Fermi level is pinned near the top of the valence ba
nearEv10.02 eV ~Ref. 6!. The maximum values ofar(F)
(.3.131024 bar21) are reached for irradiation of sample
with n-type conductivity, which corresponds togn.8.05
31026 eV/bar, and forn2p1 conversion of the conductiv
ity type ar falls to values of 531026 bar21, which is close
to the corresponding values ofar in unirradiated and irradi-
atedp-GaSb. A peculiarity of GaSb is the close position
the G6c andL6c minima in the band spectrum of the crysta
for the gapDEGL we haveDEGL(T)50.08423.431025T
and ](DEGL)/]P5(7.4210.0)31026 eV/bar. Therefore,
the value ofgn was calculated with allowance for the parti
contribution of the pressure coefficients of the ga
g(G6c2G8v)51431026 eV/bar and g(L6c2G8v)56.6
31026 eV/bar.10 This puts the calculated value ofgn5(gG

14gL).8.131026 eV/bar close to the experimental da
values (;8.0531026 eV/bar! in irradiatedn-GaSb.

Gallium phosphide. In irradiated gallium phosphide th
Fermi level is shifted into the band gap and ‘‘pins’’ at ene
gies nearEv1(1.060.2) eV. In irradiated GaP crystals th
resistivity reaches large values. Therefore, the measurem
of ar(F) were performed forr,1010V•cm, and in the re-
gion of large values ofr the value ofar(F) was extrapo-
lated as was done for the GaAs, InP, and GaSb crys
~Fig. 2!. In irradiated n-GaP we reached the maximum
value ar(D).26.631025 bar21, which corresponds tog
.21.731026 eV/bar and is similar to the pressure coef
cient of the (G8v2X6c) gap in this semiconductor.11 For
crystals ofp-GaP the value ofg showed very little change a
a result of irradiation~Fig. 2!.
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DISCUSSION OF THE DATA

The measurements and analysis show that in irradia
semiconductors there are regions of high (Ec.F.Eg/2) and
low (Eg/2.F,Ev) sensitivity ofr to hydrostatic pressure
due to peculiarities in the formation of ‘‘deep’’ states of th
native lattice defects in the semiconductors. To describe
behavior of these states under hydrostatic pressure, we
made use of a model of a semiconductor with an effec
isotropic ‘‘band gap’’^EG& (^EG&5^Ec&2^Ev& is the mean
energy interval between the lower conduction bandEc and
the upper valence bandEv), which we developed earlier to
describe the effects of radiation modification of the electri
properties of semiconductors.6 In this model the variation of
the properties of a semiconductor as a result of high-ene
bombardment is considered as a radiation ‘‘self-comp
sation’’ phenomenon. As a result, the Fermi level pins at
level ^EG&/2 (;F lim). Calculated values of̂ EG& and
^EG&/2, obtained by using ten special points to take in
account the lower conduction band and the upper vale
band, are presented in the table; here we simply presen
values of the insulating gap~the Penn gapEP) for the given
materials. It follows from the calculations that the quant
^EG&/2 serves as an estimate ofF lim in an irradiated semi-
conductor.

Taking into account the partial contribution of the pre
sure coefficients of the interbandG, X, andL energy gaps,12

g~^EG&!.~gG13gX14gL!/8 ~4!

we estimated the pressure coefficient of the isotropic ene
gap g(^EG&)5](^EG&)/]P and the pressure coefficient o
the energy corresponding to the middle of the isotropic
ergy gapg(^EG&/2)5](^EG&/2)/]P. The estimates assum
that the radiation-defect levels that formF lim (;^EG&/2)
originate from all the states of the Brillouin zone of the cry
tal ~such an expression was used earlier to describe the
havior of the so-calledDX centers inn-Ga12xAl xAs under
hydrostatic pressure13!. Since there is significant spread
the values of the pressure coefficient in the literature for
G, X, andL gaps in semiconductors, their values were e
mated from the expressionsg i53Dn

i /(c1112c12). HereDn
i

are constants of the deformation potential for theG, X, andL
extrema,14 andc11 andc12 are the elastic moduli of the crys
tal, i 5G, X, andL. It was shown that the quantityg(^EG&/2)
in the majority of semiconductors of groups IV and III–V
equal to 60.531026 eV/bar ~relative to the levelG8v),
which is close to the experimental values forgp in unirradi-
ated and irradiated crystals ofp-type conductivity.

Thus, in the investigated materials the value of^EG&/2
(;F lim) undergoes hardly any change when subjected to
drostatic pressure~relative to theG8v level!; i.e., for deep
levels of the native lattice defects, the majority of sem
conductors of groups IV and III–V satisfy the cond
tions ](Ec2Ei)/]P.](Eg)/]P and ](Ei2Ev)/]P.60.5
31026 eV/bar. The consequence of this circumstance is
low sensitivity of the irradiated crystals ofp-type conductiv-
ity to hydrostatic pressure,n2p conversion of the conduc
tivity type under hydrostatic pressure of irradiated crystals
n-type conductivity~e.g., InSb atP.10 kbar; Ref. 15!, and
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‘‘ejection’’ of the resonance states of the native lattice d
fects from the conduction band into the band gap of
crystal under hydrostatic pressure~e.g., in n-InSb and
n-InAs; Refs. 16 and 17!.

Numerical estimates show that in contrast to semic
ductors of groups IV and III–V, in compounds of the grou
II–VI, in particular II–Te, irradiated samples with bothn-
andp-type conductivity can exhibit a high sensitivity to pre
sure since they satisfy the condition](Ec2Ei)/]P.](Ei

2E2v)/]P.(1/2)](Eg)/]P. The absence of the necessa
data for IV–VI semiconductors—the lead chalcogenid
~PbS, PbSe, and PbTe!—prevents us from obtaining the co
responding numerical estimates for these materials. H
ever, experimental studies on these materials18 have revealed
n2p conversion of the conductivity type in the irradiate
solid solutions PbTe–SnTe and PbSe–SnSe under hy
static pressure~up to 16 kbar!. This indicates that a shift o
the radiation-defect levels takes place in these compou
under pressure in the direction of the valence band, like
semiconductors of the group II–Te.

CONCLUSIONS

The results of this experimental study show that in se
conductors the native lattice defect levels, regardless of t
nature and location in the band spectrum of the crystal,
main essentially the same relative to the energy^EG&/2
(;F lim) under variation of the hydrostatic pressure. Here
dielectric model of the crystal correctly describes the m
trends of the electrical properties of irradiated semicond
tors subjected to subsequent application of hydrostatic p
sure, makes it possible to estimate the pressure coeffici
for deep levels, and opens up possibilities ofa priori choice
of materials for the development of static and dynamic pr
sure sensors based on irradiated semiconductor materials
structures. We note that despite the different conditions
pinning of the Fermi level in an irradiated bulk semicondu
tor and at a metal/semiconductor interface,F lim'FbS ~Ref.
19! and](F lim)/]P.](FbS)/]P.
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Photoconductivity spectral characteristics of semiconductors with exponential
fundamental absorption edge

A. I. Vlasenko,* ) Z. K. Vlasenko, and A. V. Lyubchenko

Institute of Semiconductor Physics, National Academy of Sciences of the Ukraine, 252028 Kiev, Ukraine
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An analysis has been performed of photoconductivity spectral characteristics of semiconductors
with an exponential fundamental absorption edge as functions of the surface recombination
rate and sample thickness. It is shown, in particular, that in crystals of CdxHg12xTe (x'0.2) the
spectral position of the photoconductivity maximum over a wide range of values of these
parameters can be used, with an error not exceeding 1%, to determine the effective band gap and,
consequently, the composition of the material. ©1999 American Institute of Physics.
@S1063-7826~99!00411-1#
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Chemically complex semiconductors are characteri
by microfluctuations of their composition and, as a con
quence, a smooth falloff of their intrinsic absorption coef
cient (a) as a function of photon energy.1–6 This makes it
difficult to determine the band gap (Eg) from the long-
wavelength falloff of the photoconductivity spectrum a
raises the question, from which of its elements can theEg

values, and correspondingly the composition of the mate
be most dependably and accurately determined.

In most general form, the specific photoconductivityDs
is

Ds5e~mnDn1mpDp!G~a!5emn~tn1b21tp!G~a!,
~1!

whereDn andDp are the concentrations,mm andmp are the
mobilities (b5mm /mp), tn and tp are the lifetimes of the
nonequilibrium charge carriers~NCC’s!—electrons and
holes, andG(a) is the rate of optical generation of pai
per unit volume expressed as a function ofa and the surface
recombination rates. Its magnitude in a sample o
thicknessd

G~a!5b~12R0!
F

d
@12exp~2ad!# ~2!

is determined by the spectral dependence of the absorp
coefficient a(hn), the quantum yield of the photocurren
b, the reflection coefficientR0(hn), and the photon flux den
sity F.

If recombination of the NCC’s at the surface (s50) is
disregarded, the quantityG(a),

G~a!5H G05b~12R0!~F/d!, ad@1, ~3a!

G0~ad!, ad!1, ~3b!

increases with increasinga in the transparency region~3b!
of the fundamental absorption edge and then saturates
total photon absorption~3a!.

WhensÞ0, the quantitiesG ~2! andDs ~1! can be writ-
ten in the form7

G~a,s!5G0F~a,s!, Ds~a,s!5Ds0F~a,s!, ~4!
1171063-7826/99/33(11)/4/$15.00
d
-

l,

on

for

whereDs05emn(tn1b21tp)G0 is the value ofDs in the
strong absorption region,F(a,s) is a dimensionless function
of the effect of the surface on the bulk recombination rate
NCC’s under conditions of their nonuniform excitation.

Solution of the diffusion equation for the minorit
NCC’s with boundary conditionsdDp/dy56s•(Dp6 /D)
~the ratess on both surfaces are equal! with the above rela-
tions taken into account gives8

F~a,s!5
aL

12a2L2 H 12e2ad

aL

1
@~aL2S!e2ad2~aL1S!#@S~coshx21!1sinhx#

2Scoshx1~S211!sinhx
J ,

~5!

whereS5sL/D5stp /L is the dimensionless surface recom
bination rate,L is the diffusion length of the minority
NCC’s, andL5(Dtp)1/2; hereD is the diffusion coefficient
of the minority NCC’s; andx5d/L defines a relation be
tween the sample thicknessd and L. Taking all the above
relations into account, we have: for a diffusion-thick samp
(x@1)

F~a,s!5
aL

12a2L2 H 12e2ad

aL

1
@~aL2S!e2ad2~aL1S!#S

~S11!2 J , ~6a!

for a diffusion-thin sample (x,1)

F~a,s!5
aL

12a2L2

3H 12e2ad

aL
1

@~aL2S!e2ad2~aL1S!#

12S J .

~6b!
1 © 1999 American Institute of Physics
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For a CdxHg12xTe ~CMT! wafer (x.0.2) ofn-type con-
ductivity with standard parameters~at 77 K! n05(225)
31014cm23, tn.tp5(124)31026 s, mp.4002800
cm2/(V•s), D510220 cm2/s, L5(329)31023 cm, and
1.531022,S,102 for s51032105 cm/s ~Refs. 9 and 10!.
Thus, samples with thicknessd,20mm can be assumed t
be diffusion-thin, and samples with thicknessd.100mm
can be assumed to be diffusion-thick.

As a rule, the above-mentioned studies were restricte
an analysis of the spectral characteristic of the photocond
tivity as a function ofa, which made it possible to determin
only the general outline of the spectrum, regardless of
concrete form of the functiona(hn) determined by the type
~types! of optical transitions at the fundamental absorpti
edge. Let us review the main points of this analysis.

In the photoconductivity spectral characteristics
diffusion-thick samples, calculated according to formula~5!
~Fig. 1!, the photoconductivity saturates atS50: F→1,
Ds5Ds0 ~4!; for SÞ0 the photoconductivity reaches
maximum with increasinga ~whereF→1) with subsequen
falloff to a short-wavelength ‘‘ledge.’’ The dependenc
Ds(a,S) is approximated by the functions

F~a,s!5H ad; ad!1, aL!1, L,d; ~7a!

1

aL

S1aL

S11
; aL.1, aL,S; ~7b!

1/~S11!; aL@S. ~7c!

in the different segments of its variation~growth, falloff, and
the short-wavelength ledge!.

FIG. 1. Spectral characteristics of the photoconductivity in the coordin
F(a) for a diffusion-thick sample (d5531022 cm, L5431023 cm!, cal-
culated according to formula~5!. Curves1–5 correspond, respectively, to
S50, 1, 5, 10, and 100.I, II, III indicate, respectively, segments of grow
and decay, and ledge of the spectral characteristic.
to
c-

e

r

According to relations~7a! and ~7b!, on the rising seg-
ment the quantityDs(a,S) is directly proportional, and on
the falling segment, inversely proportional toa(hn). This
makes it possible to estimate the spectral position of
photoconductivity maximum (am) from the intersection of
the corresponding approximate dependences:

am.A 1

dL

S

S11
. ~8!

For large values ofS the positionam depends only weakly
on S, but very strongly on the sample thickness, shifti
toward smaller values ofa ~less than the photon energie!
with increasingd, as is confirmed experimentally, in particu
lar, for crystals of CMT.10–13 It can be easily seen that th
value ofDs ~4! on the ledge determines the effective ‘‘su
face’’ lifetime

teff5
tn1b21tp

11S
, ~9a!

which is less than the bulk lifetime by a factor of (11S)
~Ref. 12!. In semiconductors withb@1

1

teff
5

s

L
1

1

tn
. ~9b!

FIG. 2. Spectral characteristics of the photoconductivity in the coordina
F(h) for a diffusion-thick sample (d5531022 cm, L5431023 cm!, cal-
culated according to formula~5! with dependence~10! taken into account.
Curves 1–5 correspond toS50, 1, 5, 10, and 100. The inset plots th
maximum of the spectral characteristicF(hm) ~1! and the value of the
parameterh at which F takes its maximum (hm) ~2! as functions of the
reduced surface recombination rateS.
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The influence of the surface@the first term in Eq.~9b!# is
significant fors/L>1/tn . For a sample withtn51026 s and
L5431023 cm the required value of the recombination ra
is s.43103 cm/s.

In insensitive samples~short lifetimes! the influence of
the surface is small. For fixed values ofs this leads to a
narrowing of the falloff segment and to its disappearance
1/tn,s/L and tn.teff ~9!. A dependence of this type, a
calculation shows, is characteristic of diffusion-thin samp
~6b!, in which the lifetime of the NCC’s is independent o
their bulk values even for uniform absorption (1/a.d) of
light.

The next element of the analysis is an account of
concrete form of the dependencea(hn) at the fundamenta
absorption edge. Let us consider it in the case where
dependencea(hn) is exponential, as is the case in soli
solution semiconductors. For crystals of CMT the dep
dencea(hn) at the fundamental absorption edge is describ
by the expression4–6

a~hn!5a0expS hn2Es

W D5a0expFEs

W
~h21!G ,

h5
hn

Es
, ~10!

FIG. 3. Spectral characteristics of the photoconductivity in the coordin
F(h) — calculation according to formula~5! with dependence~10! taken
into account forL5431023 cm and S510. Curves1–9 correspond to
d5331021, 131021, 331022, 131022, 331023, 131023, 331024,
and 131024 cm. The inset plots the maximum of the spectral characteri
F(hm) ~1! and the value of the parameterh at whichF takes its maximum
(hm) ~2! as functions of the sample thicknessd.
at
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wherea0 , W, andEs are spectrum-independent paramete
The quantityEs is similar to the optical band gapEg . The
difference between them is given by the varian
@ (DEg)2 #1/2 due to spatial fluctuations of the lattice pote
tial of different nature in the solid solutions—primarily m
crofluctuations of the composition.14 For CMT with x.0.2
(Eg.100 meV! @ (DEg)2 #1/2'13.7 meV. The dependenc
of Eg andEs on T essentially coincide, and the dependen
W(T) is approximated by the expression

W5W01dT, ~11!

whereW0.1.823.1 meV ~Ref. 14! and the parameterd is
determined by the chemical bond and decreases with
creasing role of the ionic component of the chemical bo
d5231022 meV/K. At 80 K W.3.8 meV~CMT, x.0.2).

The quantitya0 in expression~10! is independent ofT
and can be estimated using the expressions given in Re
and 15. According to the data of Ref. 4, the photoconduc
ity maximum is realized fora0.(225)3102 cm21, which
corresponds to the conditionhnm'Es .

For the photoconductivity spectral characteristics cal
lated from formula~5! taking formula ~10! into account
~Figs. 2 and 3! the following trends are characteristic.

1! In diffusion-thick samples withSÞ0 the maximum of
the functionF(h) is formed ath.1; S has only a weak
effect on the value of the function at its maximumF(hm)
and on its spectral positionhm ; asSvaries from 102 to 1021

0.75<F(hm)<1 and 0.992<hm<1.003.
2! For fixed S decreasing the thickness of the samp

leads to a short-wavelength shift of the characteristic and
maximum valueF(hm); the photoconductivity decreases s
multaneously over the entire spectral range, and most ste
in the region of the transition to the condition of a diffusio
thick sample (d,L).

3! For small S (S!1) and larged, calculation gives
values ofhm somewhat less than unity, which corresponds
hnm,Es ; in contrast, for largeS and small d we have
hm.1, which corresponds tohnm.Es ; over wide ranges of
the mean values ofS and d the values ofhm differ only
slightly from unity; all this is confirmed by the statistics o
the experiment.10–13

4! The dependenceF(h) for h.hm disappears in a
diffusion-thin sample, where the bulk lifetimet ~8! is gov-
erned by surface recombination~9!.

Let us analyze an actual metrological question—the c
nection of the characteristic elements of a spectral charac
istic with the band gap of a semiconductor, in the analyz
case with the quantityEs ~10!. Among the characteristic el
ements we may include, in particular, the spectral position
the longest segment of long-wavelength edge of the dep
denceF(h), which corresponds to the maximum of the d
rivative dF/dh5F8(h) ~Fig. 4!. Since the spectral position
of the extrema of the derivativesF8(h) do not correspond to
the conditionh51 (hn5Es), they cannot be used to dete
mine Es . Small deviations ofhn from Es due to the factor
Es /W entering into the exponential in expression~10! and
defining the scale of the photoconductivity spectrum can l
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to substantial changes in the absolute values ofF(h). For
this reason, and also because of the variation of the par
etersEs andW from sample to sample as functions of the
degree of structural perfection, the determination of the va
of Es from its long-wavelength edge is also invalid.

Let us consider the conditions for the existence o
maximum of the curveF(h) for a diffusion-thick sample
with SÞ0 ~8!. To determineFm(h) to first order, we use
condition~8!—the intersection point of the extrapolations
the functions~7a! and~7b! that form the maximum~Fig. 5!.
Using relation~10!, we have

am5a0expFEs

W
~h21!G.A 1

dL

S

S11
. ~12!

If the condition 1,aL,S is satisfied, i.e., in a sample wit
a pronounced photoconductivity maximum, the differen
betweenEs and the position of the maximum,hnm , is given
by

DEs5hnm2Es5W lnS 1

a0
A 1

dL

S

S11D . ~13!

The accuracy with which formula~13! givesEs depends on
the parameters of the sample and increases with growt
the values ofa0 , d, and L. Let us estimateDEs for CMT
(x50.2) with the parametersL51022 cm, d51021 cm,
S510, a05102 cm21, W52 meV, andEs5100 meV. Sub-
stituting these quantities into formula~13! gives DEs /Es

.431023,1%, which is a more-than-satisfactory result.
Thus, in crystals with exponential dependence of

long-wavelength absorption edge the effective band gap
be determined with good accuracy over wide limits of t

FIG. 4. Spectral dependence of the photoconductivity in the coordin
F(h) ~1, 2! and the corresponding derivativesF8(h) ~18, 28! for S50 ~~1,
18! andS5100 ~~2, 28!. Calculated according to formula~5! for the param-
eter valuesd5531022 cm andL5431023 cm.
m-

e
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e
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sample thickness and surface recombination rate from
maximum of the photoconductivity spectral characteristic
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esFIG. 5. Spectral dependence of the photoconductivity in the coordin
F(h) for a diffusion-thick sample withS510, d5531022 cm, andL54
31023 cm. 1 — calculation according to formula~5!, dashed lines — ex-
trapolation of different segments of the dependence of the functionF(h)
corresponding to the formulas:2 — ~7a!, 3 — ~7b!, and4 — ~7c!.
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The electron density of semiconductors with charged dislocations placed in external
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Variations in the electron density due to variations in the capture cross section and the thermal
ionization upon application of an external electric field and a quantizing magnetic field
are considered. Analytical expressions for the electron density in arbitrary electric and quantizing
magnetic fields and also in crossed electric and quantizing magnetic fields are obtained. It is
assumed that the electrons relax in energy as a result of interacting with acoustic phonons.
Calculations for a quantizing magnetic field in the ultraquantum limit are presented.
© 1999 American Institute of Physics.@S1063-7826~99!00511-6#
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The electron density in nondegeneraten-type semiconduc-
tors in the absence of an external electric field obeys Bo
mann statistics. In this case the relation linking the therm
ionization of a dislocation centerb and the cross sections
for capture of electrons at a charged dislocation center ca
derived from the condition of equality of the therma
ionization and recombination fluxes

b5s^vc&Ncexp~2ED /kT!. ~1!

Here ^vc&5A8kT/pm is the mean electron velocity,Nc

52(mkT/2p\2)3/2 is the density of states in the conductio
band,T is the lattice temperature,k is the Boltzmann con-
stant,m is the effective mass of the electron, andED is the
ionization energy of a dislocation.

Upon the application of external fields, the coefficientss
and b vary independently and there is no simple relati
between them of the type~1!. However, under steady-sta
conditions, as at equilibrium, the thermal-ionization and
combination fluxes are equal, and this equality determi
the steady-state concentration in the presence of exte
fields.

In our study we have calculated the electron density
nondegenerate semiconductors with charged edge dis
tions under the following steady-state conditions: a! in the
presence of an external electric field, and b! in the presence
of external crossed electric and quantizing magnetic field

1. As was shown in Refs. 1–5, in external electric fiel
the carrier capture cross sections and the thermal ionization
coefficientb become functions of the field strengthE of the
applied electric field, with the coefficientss(E) and b(E)
varying independently as functions of the applied elec
field. Correspondingly, the free electron density become
function of E.

Let us consider the case where the dislocations are
tributed in such a way that the axis of the Read cylinder
perpendicular to thexy plane and they do not intersect, i.e
the dislocation centers act independently. The equation
particle balance can then be written in the form

J2b~E!Nd50, ~2!
1171063-7826/99/33(11)/3/$15.00
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where the total recombination flux per unit volumeJ is re-
lated to the concentration of the dislocationsNd and the cap-
ture cross sections of the carriers by the equation

J5nNDs^vc&. ~3!

Here ND is the dislocation density, and̂vc& is the mean
electron velocity in the external electric field. The captu
cross section of the carrierss(E) in the presence of a field
decreases for two reasons. First, the mean energy of the
electrons is increased and, consequently, the number of
riers at the bottom of the conduction band, which direc
determine capture, is decreased. Second, the dislocation
is deformed in strong electric fields, which leads to the d
struction of bound states with binding energy less than

D52U0 ln
U0R

2W0b
~~114W0beE/U0

2!1/221!

1U0S 11
4W0bEe

U0
2 D 1/2

, ~4!

r s5
U0

2eE ~~114W0beE/U0
2!1/221!,

and consequently, in strong electric fields the cross sect
for capture at a dislocation center are decreasedU0

5e2/2p««0a, W05Ec(122n)/(11n)5Eca, where n is
the Poisson coefficient, andEc is the effective constant of the
deformation potential!.

As was shown in Ref. 5, the probability for ionization o
a dislocation center in the presence of an electric fieldb(E)
varies not only due to a lowering of the ionization energyED

by virtue of the so-called Poole–Frenkel’ dislocation effe
but also due to a change in the rate of diffusion of the f
electrons into the space of the total energy of highly exci
states of the dislocation center. As follows from Eqs.~2! and
~3!, for the carrier concentration we obtain

n5
b~E!

s^vc&
. ~5!
5 © 1999 American Institute of Physics
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In the presence of an external electric field the quanti
s(E) and b(E) were calculated by the method of casca
capture1 under the assumption that the electrons relax in
ergy as a result of interacting with acoustic phonons and
given by

s5B~E!S 2

pmckTD 2 p3\3@~D/kT!21m1#m1 e
D
kT

2^vc&m1
m113/2U~3/2,m115/2,m1!

,

~6!

b5B~E! e2
ED2D

kT , ~7!

where

B~E!5
b2m'

2 mic
2W0

2

pr0\7
ln

r s

a
,

m15
~eE!2

6mcSe
2kT

S pr0Se
2\7

E0Ecm'
3/2mi

1/2kT
D 2

, ~8!

c5
1

3
@3m'Ed

21mi~Ed1Eu!2#,

E05c/m' , ^vc&5A8kT/pmc,

1

mc
5

3

mi
1

3

2m'

,

Ed and Eu are the constants of the deformation potent
introduced by Herring6 ~thez axis is aligned with the axis o
the energy ellipsoid!, mi andm' are the components of th
mass tensor parallel and transverse to the axis of the e
soid, andSe is the speed of sound in the crystal. Substituti
expressions~6! and ~7! into relation ~5!, we obtain for the
electron density in an electric field

n~E!5
1

2p3\3 S pmckT

2 D 2 m1
m113/2U~3/2,m115/2,m1!

@~D/kT!21m1#m1
.

~9!

Employing Kummer’s asymptotic limit of the hypergeome
ric function U(3/2,m115/2,m1) ~Ref. 7!, we find form1@1
in strong electric fields thatn;Te

2exp(D/kT)2; i.e., the free
electron density in a strong electric field grows in compa
son to the equilibrium density for the same sample temp
ture as a result of growth of the mean energy of the f
electrons and a lowering of the energy of the dislocat
barrier.

As follows from Eq. ~9!, the free-carrier concentratio
grows exponentially with growth of the field whenD.kT.
If, on the other hand,D,kT,kTe , then the field depen
dence of the concentration is governed mainly by the p
exponential factor. The quantityTe (Te is the temperature o
the electron subsystem in strong electric fields! is given by

kTe5eEl pd0
1/2,

where

l p5p\4r0Se
2/mc

2EckT,

d05A2mcSe
2/kT.
s

-
re

l,

p-

-
a-
e
n

-

2. The cross section for capture of electrons in a qu
tizing magnetic field was calculated by the method dev
oped in Ref. 5. If the thermal energy of the carrierskT is
much greater than the characteristic phonon ene
A\vH•m'Se

2, then the process of electron capture can
described as a continuous descent from the region of pos
values of the total energy into the region of negative valu
The capture cross section when the condition\vH@kT
@A\vH•m'Se

2 is satisfied in the case of an anisotropic ele
tron spectrum is given by

s~H !5
~2p!3/2

12p3

b2^Ec
2&a2

r0AmikTU0
3 S eH

c\ D 2

~m'1mvH
!

3F ln
U0

3A\vH•m'Se
2

1
1

3

1
4U0

\vH
c~u!Gcosh

3A\vH•m'Se
2

U0
, ~10!

where

c~u!5@sin2 u•cos2 u~mi2m'!21mz
2#/

m'~~mzmi!
1/21mz!,

^Ec
2&5Ed

21
2

3
EdEu1

1

3
Eu

2 , ~11!

1

mvH

2
5

cos2 u

m'
2

1
sin2 u

mim'

,

mz5m' sin2 u1mi cos2 u.

The magnetic field is aligned with thez axis and makes an
angleu with the rotation axis of the ellipsoid.

In the presence of a quantizing magnetic field the Bo
zmann distribution of the carriers over the highly excit
dislocation levels and energy levels in the band is preserv
However, the free carrier concentration in a magnetic field
changed in comparison with its equilibrium value since t
density of states in the band is changed. If the distance
tween the dislocation levels is large in comparison withkT
and if the ionization energy of a dislocation center is grea
thankT (ED.kT), then the condition of electrical neutralit
yields the following expression for the electron density in t
ultraquantum limit

n~H !5
g

~2p!3/2

m'mi
1/2vH~kT!1/2

\2
exp~2ED /kT!

5
1

2
NvH

exp~2ED /kT!, ~12!

where g is the number of valleys in the conduction ban
Note that expression~12! is valid if the applied quantizing
magnetic field does not alter the ground-state energy o
bound electron, which indeed is the case provided\vH

!ED .
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The formula for the thermal ionization in a quantizin
magnetic fieldb(H), which is derived from equality of the
thermal-ionization and recombination fluxes under con
tions of a Boltzmann carrier distribution, has the form

b~H !5
1

2
NvH

^vc&s e2
ED

kT. ~13!

3. Let us consider a sample placed in crossed elec
and quantizing magnetic fields. The electric field, on the o
hand, deforms the dislocation well, i.e., it promotes an
crease in the ionization process and a decrease in the ca
process; on the other hand, it heats up the current carr
The electron capture cross section is calculated in the
traquantum limit as

s~E,H !5s~H !S T

Te
D 1/2

. ~14!

The electron density in this case is given by

n~E,H !5n~H !S Te

T D 1/2

.

Here the electron temperature is given by

Te5TF11
1

2 S cE
SeH

D 2G .
4. The limits of applicability of the results obtained a

found from the condition of the possibility of using th
method of cascade capture in external fields. For exam
Eq. ~9! is valid when the inequality 1,r s(E)/ l !d0

21 is sat-
isfied. This inequality corresponds, on the one hand, to
i-

ic
e
-
ure
rs.
l-

le,

p-

plicability of the model of cascade capture and, on the oth
to the dependence of the distribution function of electro
bound to a dislocation on their total energy. In quantizi
magnetic fields the region of applicability of the obtain
formulas is determined by the inequality\vH•m'Se

2)1/2

,kT!\vH . We thus find 1,H/Hchar!kT/m'Se
2 .

In conclusion, let us estimate the values of the para
etersm' and Hchar. For example, in a germanium cryst
Eu;16 eV, ED;26.5 eV, a.5.7310210m, mi;1.66m0 ,
m';0.082m0 , r0;2.33103 kg/m3, T;300 K, and Se

;103 m/s; for the parametersm1 and Hchar we have m1

;(1023E)2 and Hchar;105 Oe, i.e., the system of electron
in a germanium crystal can be assumed to be heate
E.103 V/m; for values ofE,103 V/m the external electric
field can be assumed to be weak. For values of the magn
field H.Hchar the quantization condition is satisfied, i.e., th
formulas derived for a quantizing magnetic field are va
whenH.105 Oe.
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Activation of impurities in ZnSe crystals, stimulated by a laser shock wave
A. Ba dullaeva,* ) A. I. Vlasenko, B. L. Gorkovenko, and P. E. Mozol’
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The effect of a laser shock wave on the photoconductivity spectra and the thermally stimulated
conductivity spectra and also on the temperature dependence of the photocurrent and dark
current of ZnSe single crystals with different residual impurity levels is investigated. It is shown
that a temperature dependence of the dark currents after passage of a shock wave is
observed at higher shock-wave pressures for the less defective crystals, while activation of the
photocurrent and dark current is due to the release of residual impurities from clusters
during passage of the shock wave. ©1999 American Institute of Physics.
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Irradiation of II–VI crystals by laser pulses with powe
density below the threshold for destruction of the mate
leads to a substantial change in their physical propert
These changes are due to the formation, decay, or diffu
of defects due to heating, formation of an acoustic wave—
shock wave—as a result of the action of the laser radia
on the crystals.1–3 On the other hand, defect formation d
pends on the initial state of the crystal; for example,
effect of the laser shock wave depends on the numbe
native lattice defects and dopant impurities in the init
sample.2,3

It is accordingly of interest to investigate the effect of
laser shock wave on the physical properties of crystals a
function of their level of structural perfection and impuri
state. As our object of study we chose high-resistance Z
single crystals of varying degree of purity. The samples w
divided into two groups: ZnSe-1 and ZnSe-2, depending
the residual impurity concentrationn51015,1014cm23. The
impurity concentration was estimated from the electron s
resonance~ESR! spectra and from features in the low
temperature photoluminescence~PL! spectra. As the laser
we used a ruby laser operating in the Q-switched regime w
pulse duration t5231028 s and power density 107

2108 MW/cm2. The investigated sample, which had dime
sions 23331.5 mm, was placed between a copper foil an
quartz substrate. The space between the foil and the subs
was then filled with an epoxy resin so that the distance fr
the crystal to the foil and to the substrate was;25mm.
Ohmic contacts were deposited on the end-faces of the c
tal. The copper foil served to prevent an unwanted pho
electric effect from direct or scattered laser light, and
quartz substrate served to absorb the unloading wave.
samples were irradiated at room temperature. The dept
formation of the shock waves and their pressure were e
mated using formulas given in Refs. 4 and 5. The depth
shock wave formation in ZnSe for power densities of 40 a
80 MW/cm2 were 110 and 77mm, and the shock-wave pres
sure wasP153.64 andP255.14 kbar, respectively. Mea
surements relating to the photoelectric effect in the unirra
1171063-7826/99/33(11)/4/$15.00
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ated and irradiated crystals were performed on the s
opposite the irradiated surface.

EXPERIMENTAL RESULTS

Two maxima are observed in the photoconductiv
spectrum (I PC) of the unirradiated sample ZnSe-1:\v1

52.7 eV, which corresponds to interband absorption of lig
and \v252.53 eV, which is attributable to absorption o
impurities ~Fig. 1a, curve1!. Passage of a shock wave wit
pressureP1 of nondestructive amplitude in the crystal is fo
lowed by a decrease in the photoconductivity~PC! in the
region of the fundamental absorption while in the region
impurity absorption the photoconductivity remains const
~Fig. 1a, curve2!. When the pressure of the shock wave
increased toP2, only the impurity band, whose magnitude
much less than that observed in the unirradiated crysta
observed in the photoconductivity spectra~Fig. 1a, curve3!.

Only one maximum is observed in the photoconductiv
spectrum of an unirradiated ZnSe-2 crystal, correspondin
the fundamental absorption of light, whose magnitude is
creased after the first irradiation, and is decreased after
second, but remains higher than its unirradiated value~Fig.
1b!. After passage of a shock wave, a change is again
served in the magnitude of the photoconductivity, but t
time accompanied by a shift of its red edge toward lon
wavelengths by 27 meV.

Figure 2 presents spectra of the thermally stimulated c
rent (I TSC) of the ZnSe-1 and ZnSe-2 crystals before a
after passage of the shock wave. In the initial ZnSe-1 spe
two peaks of the thermally stimulated conductivity are o
served atT5148 and 243 K~Fig. 2a, curve1!. The energy
position of the centers, determined by the Bube method
E150.061 eV atT5148 K. Passage of a shock wave wi
pressureP1 is followed by a decrease in the magnitude of t
low-temperature thermally stimulated conductivity peak a
an increase in the intensity of the high-temperature p
~Fig. 2a, curve2!, whose energy position isE250.336 eV.

In the initial thermally stimulated conductivity spectra
ZnSe-2 crystals, two peaks are observed at the tempera
8 © 1999 American Institute of Physics
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FIG. 1. Photoconductivity spectra o
ZnSe crystals before~1! and after
~2, 3! passage of the shock wave
a — ZnSe-1, b — ZnSe-2,
T5300 K.
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166 and 243 K~Fig. 2b, curve1!. After passage of the firs
shock wave, with pressureP1, the magnitude and position o
the thermally stimulated conductivity peaks remain alm
unchanged, but after passage of the second shock wave,
pressureP2, a high-temperature peak withE350.11 eV is
distinctly seen, and with further increase in the temperat
the equilibrium conductivity is observed to grow, with ac
vation energyEa50.68 eV~Fig. 2, curve2!.

Typical temperature curves of the photocurrents of Zn
crystals of both groups are shown in Fig. 3. In the init
t
ith

re

e
l

crystals the photocurrent depends weakly on the tempera
in the interval 802200 K, above which the effect of therma
quenching of the photocurrent~TQP! begins to play a role.
Below this interval, the region of the maximum photoco
ductivity is bounded by thermal activation of the photocu
rent~TAP!, which depends exponentially on the temperatu
with the photocurrent activation energy within the limitsE4

50.0320.06 eV~Figs. 3a and 3b, curve1!.
After passage of a shock wave with pressureP1 through

a ZnSe-1 crystal, the magnitude of the photocurrent fa
-

FIG. 2. Thermally stimulated con-
ductivity spectra of ZnSe crystals be
fore ~1! and after~2! passage of the
shock wave: a — ZnSe-1, b —
ZnSe-2.
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FIG. 3. Temperature dependence
the photocurrents and dark curren
of ZnSe crystals before~1! and after
~2, 3, and the inset! passage of the
shock wave: a — ZnSe-1,1, 2 —
photocurrent,3 — dark current; b —
ZnSe-2,1–3 — photocurrent, inset
— dark current.
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Besides the initial TQP region, an additional region of th
mal quenching of the photocurrent is observed at 130 K~Fig.
3a, curve2!. The TQP energy at low temperatures is t
same as in the unirradiated sample, and at high tempera
E550.132 eV. Upon passage of the shock wave with pr
sure P2, the photocurrent continues to fall, preserving t
form of its temperature dependence.

In the ZnSe-2 crystals after the passage of a shock w
with pressureP1 the TQP region shifts toward lower tem
peratures (T5160 K!. The magnitude and activation energ
of the photocurrent in the low-temperature region rem
nearly constant in this case~Fig. 3b, curve2!. After passage
of the shock wave with pressureP2, the photocurrent falls
all the while preserving the position of the TQP region. B
above the TQP temperature interval (T5220 K! the photo-
current is observed to grow, with activation energy of t
photocurrentEa50.68 eV ~Fig. 3b, curve3!, which coin-
cides with the TQP activation energy at higher temperatu

We were not able to record the temperature depende
of the dark currents of the unirradiated ZnSe crystals of
ther group. After passage of a shock wave, the dark cur
in both ZnSe-1 and ZnSe-2 exhibits a temperature dep
dence, but for different pressures of the shock wave. In
more defective crystals~ZnSe-2! temperature dependences
the dark current with activation energies of the impurityE6

50.03 eV andE750.11 eV~Fig. 3a, curve3! are observed a
a lower pressure and a smaller shock wave than in the
defective ZnSe-2 crystals. In the latter the temperature
pendence of the dark current withEa50.68 eV appears upon
the second irradiation~see the inset in Fig. 3b! and corre-
sponds to the activation energy of the centers, found from
thermally stimulated conductivity spectra and the tempe
ture dependence of the photocurrent.
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DISCUSSION OF EXPERIMENTAL RESULTS

The decrease in the magnitude of the photoconductiv
the appearance of thermal quenching of the photoconduc
ity and activation of the dark current at low temperatures
the ZnSe-1 crystals after passage of the first shock wave
be explained by a transformation or increase of the na
point defects already present in the starting crystal. Acco
ing to Refs. 3–5, the energy of the shock wave is scatte
by inhomogeneities of the solid~impurities, defects, therma
fluctuations!. In our case, the initial scattering centers for t
shock wave can be residual impurities and point defects~in
ZnSe crystals, these are usually elements of group I
group III, interstitial atoms, and vacancies!. Lagging behind
the shift of the surrounding lattice in the shock-wave fro
impurity atoms knock atoms out of their positions, there
creating additional defects. As the shock wave pas
through the crystal, in addition to the formation of interstiti
atoms and vacancies, the release of residual impurities f
complexes is possible with subsequent formation of de
complexes. Evidence of this behavior takes the form of
appearance of a temperature dependence of the dark cu
and the thermal quenching of the photoconductivity at l
temperatures after passage of the shock wave, i.e., the
sage of the shock wave is followed by the appearance
additional levels~0.03 and 0.11 eV!. From their energy posi-
tions, these levels can be linked with atoms of group-III
ements, which create donor levels, and can play the role
recombinationS-centers. Thus, the introduction ofS centers
in high-resistancen-ZnSe, despite their relatively small num
ber, can substantially alter the electron fluxes at the rec
bination r-centers. The contribution of the recombinatio
flux through the recombinationr-centers falls; this leads to
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decrease of the lifetime of the current carriers and, con
quently, to a decrease of the photocurrent. This explains
observed spectral dependence of the photoconductivity u
passage of the first shock wave: The magnitude of the p
toconductivity in the intrinsic absorption region is less th
in the impurity region.

In high-resistance ZnSe crystals the recombinat
r-centers are deep acceptor levels responsible for the ph
sensitivity of the material. Their energy depths relative to
top of the valence band have been determined in many s
ies. They amount toEa50.620.7 eV and are linked with a
residual copper impurity which is present in the crystals6,7

RecombinationS-centers withE350.11 eV are also presen
in the crystals, and thermal quenching of photoconductiv
at low temperatures is associated with these centers. Co
quently, the increase in the photocurrent and the shift
thermal quenching of photoconductivity into the low
temperature region with a change in the dark current in
less defective ZnSe-2 crystals after passage of the first s
wave may be due to a restructuring of these centers. Th
indicated by the distinct appearance of a high-tempera
peak in the thermally stimulated conductivity spectrum af
passage of the first shock wave. Growth of the photocur
~relative to its initial value!, the appearance of a temperatu
dependence of the dark current, activation regions in
temperature dependence of the photocurrent and the
mally stimulated conductivity at high temperatures after p
sage of the second shock wave may be due to the appea
or increase of the concentration of pre-existingr-centers in
the crystal. According to the data in the literature, resid
copper impurities are responsible for the level appearing
ter passage of the second shock wave. In this case th
crease in the concentration of these centers may be due t
release of residual impurities from clusters as the shock w
passes through the crystal. The decrease in the photocon
tivity in both groups of crystals after passage of the sec
shock wave is possibly also connected with damage to
crystals.
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The diverse nature of the change in the photoconduc
ity of ZnSe crystals due to passage of shock waves with
same pressure can be explained by a different defect sta
the starting material. It is known that the larger the numb
of scattering centers, the higher the probability for def
formation and damage to the material.7 Upon passage of the
second shock wave, the defects formed during passage o
first shock wave serve as new scattering centers. This le
to their accumulation and to an increase in their concen
tion. Since the ZnSe-1 crystals are more defective than
ZnSe-2 crystals, obviously the effect of a shock wave
manifested more strongly already upon first irradiation
ZnSe-1.

In summary, passage of a laser shock wave thro
ZnSe crystals of both groups is accompanied by an incre
in the defect concentration due to a release of residual im
rities from complexes. The effect of the shock wave on
electrical and photoelectric properties of the crystals depe
on the original defect state of the material.

* !E-mail: baildulla@class.semicond.kiev.ua; Phone:~38044! 265 1875
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Effects of heavy p doping on the polarized emission spectra and low-temperature
luminescence spectra of GaAs/GaAsP strained-layer structures
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The optical orientation of electron spins in heavily doped, strained GaAs/GaAsP layers with a
deformation-split valence band is studied experimentally. The observed polarized
luminescence spectra and polarized photoemission~electron emission! spectra are shown to be
described well by a model which allows for smearing of the edges of the bands by the
fluctuation potential due to impurities, degeneracy of the carriers at low temperatures, and indirect
electron–phonon optical transitions. The dominant mechanism of electron spin relaxation in
strained layers is found to be the Bir–Aronov–Pikus mechanism. The parameters of the fluctuation
potential and the parameters governing carrier spin relaxation are determined. ©1999
American Institute of Physics.@S1063-7826~99!00711-5#
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INTRODUCTION

The effect of heavy doping is observed in semicond
tors in kinetic phenomena, by virtue of the sharp decreas
the contribution to the mobility from carriers below the m
bility threshold, and in the optical absorption and lumine
cence spectra as a consequence of 1! narrowing of the band
gap, 2! smearing of the band edges, and 3! changes in the
optical matrix elements of the transition.1

In the optical spectra the enumerated effects of dop
are hard to separate. This leads to ambiguity in the inter
tation of the experimental results~see the discussion abou
the magnitude of the narrowing of the band gap2,3 and the
mechanism of edge absorption4,5!. In p-doped materials,
there are additional difficulties in the interpretation a
analysis of the spectra, associated with the complex struc
of the valence band and the acceptor states.6

New possibilities for studying the effects of doping ha
appeared in directed layers with a split valence band7 in con-
nection with studies of the optical orientation of the carrie
The interest that has been shown in these studies is
nected with the use of directedp-doped structures to creat
lasers and spin-polarized electron emitters.8

Depending on the symmetry of the states of the vale
band, during optical excitation of electrons from the hea
hole subband by circularly polarized light~of negative helic-
ity! near the absorption edge the polarization of the exc
electronsPc,ex turns out to be close toPc,ex51 ~i.e., the
mean value of the projection of the electron spin onto
direction of the outer normal to the film surface is oppos
the direction of the angular momentum of the exciting ph
ton, which isSz51/2). Excitation from the light-hole sub
band produces electrons with oppositely directed spin.

For a large enough hole density the edge absorp
from the heavy-hole subband is shifted as a consequenc
1181063-7826/99/33(11)/6/$15.00
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the Moss–Burstein effect so that near the edge transit
from the detached light-hole subband become important.

The change in the dominant mechanism as a resul
doping is accompanied by a dramatic change in the m
spin of the excited electrons, which is manifested in drama
changes in the polarization in the polarized luminesce
spectra and in the polarized electron emission spectra.
effect, predicted in Ref. 7, was observed in the polariz
luminescence spectra of directed layers9,10 and quantum
wells.11

The dependence of the electron polarization on the e
tation energy in the directed layers, by virtue of its drama
variation, is very sensitive to peculiarities of the edge a
sorption associated with the position of the Fermi level, flu
tuation smearing of the absorption edge, and Coulomb in
action effects. A study of polarization spectra can theref
be used to obtain information about these effects.

In the present paper we report the results of an exp
mental study of the effects ofp doping in polarized low-
temperature luminescence spectra and the spectra of p
ized emission of electrons to vacuum. A comparison of
experimental spectra with the calculated spectra make
possible to estimate the structure parameters and the pa
eters of the fluctuation potential, and to elucidate the mec
nisms of electron spin relaxation.

MEASUREMENT PROCEDURE AND EXPERIMENTAL
RESULTS

We investigated strained GaAs and GaAs12xPx layers of
thicknessd50.1220.15mm, grown on GaAs12yPy buffer
layers by vapor-phase epitaxy~chemical vapor deposition!
from metallo-organic compounds~MOCVD! with x50
20.05 andy50.2820.32. To obtain uniformly strained lay
ers on~100! GaAs substrates, we grew a GaAs12yPy transi-
2 © 1999 American Institute of Physics



en
th
s

d
tio
lu
ra
om
yie
ob

c-
-

t
he

lo
e

th
e

ur
e

on
en
x
th
ita

a
n

pl

th
ti
io

ar
n
f
s

th
nt
io
th

th

an
a

rus
ft of
ring
xi-

p in
ho-

tum
a

on
ter
ed

e-
ns
n

the
ch-
of
tion
the
ty

the
ns

and
ita-
lec-

an

ition
ion

of
on
n at

tted
-

The
-

o-
he

1183Semiconductors 33 (11), November 1999 Subashiev et al.
tional layer with a smoothly increasing phosphorus conc
tration ~to match the lattice constants of the substrate and
buffer layer! and a sequence of layer
GaAs0.55P0.45– GaAs0.85P0.15 ~Ref. 12!; the buffer layer and
the strained layer werep-doped with Mg impurity, Na

5(0.823)31018cm23. An arsenic coating was deposite
on the surface of the layers to protect them from adsorp
of impurities and oxidation. We examined the polarized
minescence spectra and luminescence excitation spect
liquid-helium temperature. In addition, we measured at ro
temperature the spectral dependence of the quantum
and polarization of the electrons emitted to vacuum. To
serve photoemission, the atomically pure~after heating in
vacuum toT5600 °C! surface of the strained layer was a
tivated by deposition of Cs~O! until a negative electron af
finity was obtained.

The low-temperature (T54 K! luminescence spectrum
of the strained GaAs/GaAs0.72P0.28 layer ~type-1 sample!
with excitation energy 1.7 eV is shown in Fig. 1a. The poin
in this figure plot the luminescence polarization at t
maxima of the two emission lines~corresponding to edge
emission and emission during recombination at a shal
acceptor level! as a function of the excitation energy. Th
observed additional line, shifted toward longer waveleng
can be assigned to luminescence from the space charg
gion near the surface. The extremely small width~for the
given level of doping and deformation of the layers! of the
luminescence lines testifies to the high degree of struct
perfection of the strained layer. The abrupt falloff of th
polarization is connected with the threshold for excitati
from the detached light-hole band. The dip in this dep
dence, by virtue of its relatively large width, cannot be e
plained as an exciton effect, but is rather connected with
Moss–Burstein effect and the partial suppression of exc
tion from the heavy-hole subband.

The energy interval between the emission line
1.545 eV and the position of the dip in the polarization e
ables us to estimate the magnitude of the deformation s
ting of the valence bandDdef'40 meV. This estimate of the
splitting coincides with the value obtained by comparing
luminescence polarization spectra, and also the polariza
spectra of the emitted photoelectrons, with the calculat
presented below.

For a higher doping level it is possible to observe pol
ization of the emitted radiation close to zero, and eve
change of sign in the polarization.9,11 Note that the shape o
the polarization spectra is completely similar for both line
and the observed larger~by '10%! value of the polarization
of the edge luminescence in the region of excitation from
heavy-hole subband are evidence of a somewhat larger i
band recombination rate in comparison with recombinat
at an acceptor center. This interpretation is in accord with
magnitude of the polarization difference ('5%) in the ex-
citation region above the threshold of absorption from
light-hole subband by virtue of the lower~close to 50%!
electron polarization for excitation in this energy region.

For comparison, Fig. 1b plots luminescence spectra
luminescence polarization spectra of
GaAs12xPx /GaAs12yPy layer with x55% and y532%
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~type-2 sample!. The shift in the spectrum~by '50 meV!
into the higher-energy region is a result of the phospho
content of the layer and corresponds to the observed shi
the spectra of polarized electron emission. Note the smea
of the luminescence lines, the lower polarization at the ma
mum of the luminescence line, and the absence of a di
the excitation spectrum, all attributable to the greater in
mogeneity of the structure.

Figure 2 plots the spectral dependence of the quan
yield and the polarization of the emitted electrons for
type-2 sample. The maximum value of the polarizati
(Pemi586%! was reproduced in a number of samples af
repeated cycles of surface activation, including extend
~one-hour! heating at 600 °C. The excitation energy corr
sponding to maximum polarization of the emitted electro
was\vmax51.505 eV. The quantum yield of photoemissio
~electron emission! at the excitation energy\vmax is sensi-
tive to the particular features of the surface activation and
quality of the vacuum. It changed upon reactivation, rea
ing Ymax50.1% under optimal conditions. The high value
the electron polarization observed is evidence of preserva
in the layer of a uniform, strongly deformed state, and
high value ofYmax indicates that a negative electron affini
was obtained and that a high-quality Cs~O! activating layer
was formed.

SPECTRAL DEPENDENCE OF THE POLARIZATION
LUMINESCENCE AND THE PHOTOEMISSION

In the strained, heavily doped layers examined by us
energy relaxation time of the optically excited electro
amounts to fractions of a picosecond,13 which is much less
than the mean transport time of the carriers to the surface
the spin relaxation time. Therefore, the luminescence exc
tion spectrum and the emission spectrum reflect mainly e
tron polarization in the conduction bandPc,ex(\v) at the
instant of excitation, which in turn is determined by the me
electron densitŷn↑(r ,\v)& and^n↓(r ,\v)& in the two spin
states of the conduction band:

Pc,ex~\v!5
^n↑~r ,\v!&2^n↓~r ,\v!&

^n↑~r ,\v!&1^n↓~r ,\v!&
. ~1!

The observed edge luminescence comes from the trans
to the optical heavy-hole band, and the circular polarizat
of the emitted radiation~luminescence! Plum ~in the Faraday
geometry! is proportional to the mean value of the degree
orientation of the electrons in the working layer. Electr
emission into vacuum occurs from the space charge regio
the surface. Therefore, polarization of the electrons emi
into the vacuumPemi is determined by the degree of orien
tation of the electrons that have arrived at the surface.
quantitiesPlum andPemi are proportional to the electron po
larization under excitation,

Plum~\v!5Bl PrR1RTRc,ex~\v!,

Pemi~\v!5BsR2RTPc,ex~\v!, ~2!

where the coefficientBl is governed by the degree of dep
larization of the radiation emitted from the sample, t
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FIG. 1. Photoluminescence spectra~solid curves; arrow indicates excitation energy! and dependence of the luminescence polarization on the excitation en
~plotted as data points for the emission lines marked by arrows!: for the structure GaAs/GaAsP~a! and the structure GaAs0.95P0.05/GaAs0.78P0.32 ~b!,
T54.2 K; dashed curves — result of calculation of the polarization spectra for the parameter values shown in the table. The inset shows the ban
diagram of a~100! GaAs film compressed in the~100! plane. The vertical lines indicate thresholds of direct optical transitions from split states of light
(E1) and heavy holes (E2 , E28) of the valence band to states of the conduction band;EF is the Fermi energy.
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coefficientBs governs the loss of electron polarization due
electron relaxation in the space charge region and their e
sion into the vacuum, the factorRT describes spin relaxatio
of carriers during thermalization, and the factorsR1 andR2

describe spin relaxation of the thermalized electrons in
is-

e

working region. It is important that the coefficientsBl and
Bs , and also the factorsR1 and R2, do not depend on the
excitation energy. The dependence of the luminescence
servation functionPr on the energy of the emitted photon
coincides with the dependence ofPc,ex(\v) on the excita-
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tion energy.14 Near the edge of the interband transitions
the strained layer both quantities are close to unity.

The quantitiesn↑ and n↓ in Eq. ~1! are proportional to
the sum of the probabilities of the optical transitionsWJ,m

m

with excitation of electrons to the statesm5↑,↓ of the con-
duction band from different statesJ, m with total angular
momentumJ53/2 of thehh andlh subbands of the valenc
band.

The resulting electron polarizationPc,ex(\v) is deter-
mined by the contribution of transitions from the light-ho
and heavy-hole subbands. For an undoped semicondu
the particular features of the calculation of the spectral
pendencePc,ex(\v) for direct optical transitions from a spli
valence band to the conduction band are given in Ref.
Features of the polarization spectrum due to heavy (p-type!
doping were discussed in Ref. 7.

The steady state values ofn↑ and n↓ should be calcu-
lated with allowance for the multistep nature of the kinet
of spin relaxation, recombination, and escape of electr
from the working layer to its boundaries (x50,d). The de-
crease in the polarization due to spin relaxation during th
malization of electrons is described by the dependence o
factor RT on the energy of the excited electrons14

RT5exp~2F!, F5E
3kT/2

E de

e

te

ts~e!
. ~3!

HereE is the energy of the excited electrons,te is the energy
relaxation time, andts(e) is the spin relaxation time. If the
Bir–Aronov–Pikus mechanism is assumed to be the do
nant mechanism of energy relaxation due to emission of
tical phonons,16 the quantityF takes the form

F5
tph

ts,0

E3/22~3kT/2!3/2

\VAEb

, ~4!

FIG. 2. Spectral dependence of the quantum yieldY(\v) and polarization
of the emitted electronsPemi(\v) in a p-doped structure with a straine
GaAs0.95P0.05/GaAs0.78P0.32 layer,T5300 K.
or,
-
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wheretph is the time it takes an electron to emit an optic
phonon with energy\V andEb is the binding energy of an
acceptor. The quantity 1/ts,0 is proportional to the accepto
concentration and can be expressed in terms of the spin–
exchange interaction constant.16 Since 1/ts,0 varies in a com-
plicated manner in a heavily doped, strained layer, this qu
tity was assumed to be a parameter of the calculations.

Steady-state values ofn↑ andn↓ can be found by solving
the diffusion equation17 with allowance for spin relaxation o
thermalized electrons, diffusion of electrons toward the s
face, and their capture into the space charge region and a
heterojunction. For a thin working layer of thicknes
d!L, 1/a ~where L is the diffusion length, anda is the
optical absorption coefficient! this gives

R1,25
ts*

ts* 1t1,2

, ~5!

wherets* is the spin relaxation time of the thermalized ele
trons in the working layer; the quantities

t1,25@d/~S1,21Sh!1d2/D#

govern the escape time of the electron from the work
layer,S1,2 is the surface recombination rate in respectively
unactivated sample and activated sample,Sh is the recombi-
nation rate at the heteroboundary with the buffer layer, anD
is the diffusion coefficient. The surface recombination rate
activated samples is generally higher than in the unactiva
samples used in the luminescence measurements, sot1>t2.

The quantum yield of photoemissionY(\v) is defined
in terms of the total concentration of electronsn↑ and n↓
excited into the two spin states of the conduction ba
which is proportional to the total absorption coefficienta.
Accordingly, for a thin layer we have17

Y5Bn~12R!ad
S2

S21Sh

t

t1t2
, ~6!

where R is the reflection coefficient at the excitation fre
quency,t is the lifetime, and the coefficientBn is equal to
the ratio of the flux of electrons emitted to vacuum and
flux of electrons arriving at the surface.

Smearing of the band edges due to the tails of the d
sity of states leads to a change in the spectral dependen
the absorption and the mean electron polarization at the
stant of excitation. It can be taken into account by averag
the quantitiesn↑ andn↓ over the fluctuations of the random
potential of the electrons and holes. The results of suc
calculation depend on the mechanism for the appearanc
tails of the density of states of the bands. The results
calculations for a series of models of band tails were co
pared with experiment.

A large-scale potential, which is attributable to loc
fluctuations in the concentration of ionized acceptors, a
which leads to a parallel random shift of the edges of b
bands, arises in heavilyp-doped structures. This potentia
can be taken into account by averaging the probability
excitation over the distribution of fluctuations of the ho
Fermi level.1 Another form of smearing of the interband a
sorption edge arises in the presence of a random pote



he

s
ro
a

th
al
th
io
o

of
is

he
ha

s
re
io
d
p
e

i
ta

co
th
h

1a
tes,

me.
al-
oto-
ns
re
the
ntal

de

of
ure,
the
ion
o-

in
in
nal

he
de-

.
the
gy

es-
on-

co
a.

curve
in-

1186 Semiconductors 33 (11), November 1999 Subashiev et al.
field in the sample, leading to fluctuations of the width of t
band gap. Such a potential arises in heavily dopedp-type
semiconductors with a small electron-to-hole mass ratio a
result of the small size and small capacity of the elect
tails. In this case, fluctuations of the width of the band g
are governed by the tails in the valence band.

In the region near the absorption threshold, where
initial and final electron states are comparatively large-sc
fluctuations of the potential can be taken into account in
semiclassical approximation by averaging the transit
probabilities over a Gaussian distribution of fluctuations
the band gap, so that

^Wi
a&5E

2`

`

Wi
a~Eg1V! f ~V! dV, ~7!

f ~V!5
1

A2pg
expS 2

V2

2g i
2D , ~8!

whereg i are the tail parameters of the heavy-hole (i 5hh)
and light-hole (i 5 lh) bands. Comparison of the results
these calculations with experiment points in favor of th
type of tail model. The remaining types of models of t
fluctuation potential usually considered lead to results t
are in poorer agreement with experiment.

DISCUSSION OF RESULTS AND PARAMETERS OF THE
FLUCTUATION POTENTIAL

Experimentally obtained spectral dependences were u
to determine the parameters of the photoemitter structu
Results of calculations of the luminescence polarizat
spectra for the two investigated samples are represente
the dashed lines in Figs. 1a and 1b. Values of the main
rameters of the samples giving best agreement with exp
ment are given in Table I. Equation~4! is used to describe
the decrease in the polarization of the luminescence line w
growth of the excitation energy in the region of high exci
tion energies for typical parameter values:tph50.15 ps,
\V536.9 meV, Eb517 meV, and ts,0560 ps. Thus, in
strained layers at low temperatures and high acceptor
centrations, the BAP mechanism, which is attributable to
electron–hole exchange interaction, is the dominant mec
nism.

TABLE I. Parameters of strained doped GaAs and GaAsP layers, re
structed from the luminescence and polarized-electron emission spectr

Samples 1 2 SLAC-1

T, K 4 293 4 293 12~Ref. 9! 293 ~Ref. 10!

Eg , eV 1.54 1.46 1.62 1.505 1.585 1.455
Ddef , meV 43 43 40 40 50 50
g lh , meV 5 18 13 20 16 26
ghh , meV 7 19 16 21 18 28
S0, 105 cm/s 2 100 5 100 1 10
ts , ps 200 23 143 27 100 80
BN ••• 0.05 ••• 0.2 ••• 0.15
Na , 1018 cm23 1.7 2.3 3 4 4 5.6
a
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The second calculated curve, which is shown in Fig.
and which corresponds to recombination via acceptor sta
was obtained using a larger value of the lifetimet* (t/t*
50.6) with all the other parameters of the sample the sa

Results of our comparison of the experimental and c
culated spectral dependences of the quantum yield of ph
emission and polarization of the emitted electro
(T5300 K! in the absorption region of the working layer a
shown in Fig. 3 for a type-2 sample. The parameters of
samples, determined from a comparison of the experime
and calculated dependences, are given in Table I~in particu-
lar, L51024 cm, D550 cm2/s, andS15105 cm/s! were cho-
sen in line with their characteristic values for photocatho
structures.9

Spin relaxation under conditions of thermalization
carriers also turns out to be substantial at room temperat
and leads to a decrease of the polarization with growth of
excitation energy. An alternative mechanism of polarizat
loss~which could be identified in experiments recording p
larization of hot electrons and polarized emission resolved
energy! consists in excitation of electrons with opposite sp
from the fluctuation states of tails of an extended transitio
layer on the back side of the working layer.

In comparison with the low-temperature values of t
parameters inferred from the luminescence spectra, the
gree of smearing of the band gap is markedly increased

The emission spectra make it possible to determine
polarization of the electrons excited by radiation with ener
less than the mean value ofEg . The steep falloff of the
polarization observed may be due to an increase in the
cape time of the electrons excited into the tails of the c

n-

FIG. 3. Spectral dependence of the quantum yieldY and polarization of the
emitted electronsPemi in the structure GaAs0.95P0.05/GaAs0.78P0.32 with the
strained layer near the absorption edge~points!, T5300 K. The solid curves
were calculated using the parameters listed in the table. The dashed
plots the polarization calculated without account of the contribution of
direct transitions.
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1187Semiconductors 33 (11), November 1999 Subashiev et al.
duction band from the working layer to the surface~i.e., a
decrease inR2! and to a lower degree of polarization of th
electrons at the moment of their creation. Calculations
comparison with experiment show that the magnitude of
electron tails of the density of states is small, which points
favor to the latter mechanism of the polarization falloff.

The polarization of the electrons when they are exci
near the interband absorption edge and below it is de
mined not only by direct interband transitions, but also
transitions with absorption of optical phonons, with a virtu
transition of a hole to an intermediate state of a heavy-h
band or a detached light-hole band. Such transitions lea
population of both states of the conduction band and a s
stantial decrease of the polarization of the electrons at
moment of their creation. In addition, these transitions a
the absorption spectrum in a doped layer~and hence the fre
quency dependence of the photoemission quantum yield! in
the region of the tails.

Results of calculation of the polarization of emission a
the quantum yield for type-2 samples, with allowance
indirect transitions with the participation of optical phonon
are shown in Fig. 3.

Note that to obtain similar behavior of the experimen
and calculated dependences it is necessary to allow for
rowing of the band gap due to doping, which for a type
sample amounts to roughly 0.03 eV at low temperatures
'0.01 eV at room temperature.

The shape of the emission spectra for\v<Eg is sensi-
tive to the behavior of the absorption coefficient in this
gion, i.e., to the form of the tails of the density of state
Calculation using Urbach tails, tails of the Gal’perin–La
model, and the model in which smearing of the absorpt
edge is due to local fluctuations of the hole Fermi level1 are
in noticeably poorer agreement with experiment. The diff
ence in the parameters characterizing the samples at the
measurement temperatures is in reasonable agreement
their expected temperature dependence.

According to the calculated results, emission of electro
into vacuum from the space charge region is accompanie
minimal polarization losses, which do not exceed 2% (Bs

>0.98).
We carried out analogous calculations for the lo

temperature luminescence data and polarized emission
presented in Refs. 9 and 10. The photocathode structure
rameters~SLAC-1! recovered from a comparison of the ca
culated spectra with the experimental data of Refs. 9 and
are listed in the table. The parameter values determined b
correspond to a significantly greater acceptor concentra
than in our samples~of types 1 and 2! ~which is in line with
the data presented in Refs. 9 and 10! and similar values of
the remaining parameters. This testifies to the similar qua
of the samples and the reliability of the chosen calculatio
model.

CONCLUSIONS

Our study of polarized luminescence spectra and po
ized electron emission spectra in strained, heavily dop
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thin layers of GaAs and GaAsP shows that the obser
spectral features are well described within the framework
the diffusion model.

An important mechanism for the decrease of elect
polarization when they are excited into the tails of the de
sity of states near the absorption edge is loss of polariza
at the instant of excitation, determined by the contribution
indirect transitions with participation of optical phonon
With growth of the excitation energy, we see a decrease
the polarization, which indicates that the Bir–Aronov–Pik
mechanism is the dominant mechanism for spin relaxatio

Comparison of calculation with experimental data
lowed us to determine the deformational splitting of the v
lence band, the carrier concentration, the tail parameter
the bands, and the parameters governing carrier spin re
ation.
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Deep-level transient spectroscopy of radiation-induced levels in 6H-SiC
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The methods of capacitance and current deep level transient spectroscopy are used to investigate
single crystals of Lelin-SiC(6H) irradiated by 5-MeV electrons at doses of 1016

21018cm22. Eleven deep levels belonging to the resulting radiation-induced intrinsic defects
were observed in the energy range 0.18–1.44 eV from the bottom of the conduction
band. Isochronous annealing of various samples showed that most of the observed defects were
stable up to a temperature of;1000 °C. In addition, annealing of a deep level with
ionization energyEi50.48– 0.53 eV was observed in the temperature range 1502250 °C. It is
believed that this center is caused by a vacancy in the carbon sublattice. ©1999
American Institute of Physics.@S1063-7826~99!00811-X#
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Silicon carbide, by virtue of its unique physical an
chemical properties, is an attractive material for mak
high-reliability electronic devices. In particular, its high st
bility against irradiation ensures that devices based on it
operate at high radiation levels. The characteristics of s
devices under these conditions will be for the most part
termined by the presence of electrically active structural
fects induced in the material during irradiation. Therefo
the parameters of these centers, the conditions under w
they appear, and their annealing are of considerable inte
A further stimulus for the study of these questions is the
of ion doping technology to create various structural e
ments based on SiC.

A method for determining the parameters of deep lev
that is especially popular these days is deep level trans
spectroscopy ~DLTS!.1 Use of this method to study
radiation-induced defects in SiC has revealed that irradia
silicon carbide with high-energy particles leads to the form
tion of a large number of intrinsic defects with energy lev
located in the upper half of the band gap. The parameter
these centers have been enumerated in Refs. 2–4. How
despite the accumulating experimental material, many qu
tions remain open regarding the identification of radiatio
induced deep levels, their energy positions, charge sta
etc.; therefore, the need for continuing investigations in t
area remains.

In the overwhelming majority of papers devoted to de
levels in silicon carbide, the signal that records the DL
spectra comes from capacitive relaxation of ap2n junction
or Schottky barrier. However, it is well known that many
the radiation-induced deep levels in silicon carbide ha
similar ionization energies, so that DLTS spectra of irra
ated crystals obtained by capacitive DLTS consist of bro
bands formed by overlapping peaks, which hinders the p
cessing of the results. In this case, DLTS spectra obtaine
measuring current relaxation can be more informative. Si
current signals are the first derivative with respect to time
the change in space charge, current DLTS makes it poss
to improve the energy resolution of closely spaced deep
1181063-7826/99/33(11)/5/$15.00
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els, since the relative width of the DLTS peaks correspo
ing to them decreases. An additional advantage of
method is its low sensitivity to changes in the series re
tance of the sample, a matter of no small importance in v
of the strong dependence of the resistivity of SiC on te
perature.

In this paper we describe our studies of radiatio
induced deep levels inn-SiC single crystals using capacitiv
and current DLTS. We paid particular attention to low
temperature annealing of radiation-induced defects in ligh
the information published in Ref. 3. We discuss how lo
temperature annealing affects the DLTS spectrum of irra
ated SiC crystals, taking into account the results of E
studies of primary defects.5,6

SAMPLES AND EXPERIMENTAL METHODS

In our studies we used single crystals of Leli 6H-SiC
doped with nitrogen. Initial concentrations of weakly com
pensated donors in our samples, as derived from capacita
voltage characteristics, were in the range 33101628
31017cm23 The samples were separated into three gro
and irradiated with 5-MeV electrons at doses of 1016, 1017,
and 1018cm22. Electron bombardment is the most conv
nient way to create point defects, since the concentration
induced centers is relatively small and uniformly distribut
over the crystal volume. Because the samples were atta
to a cooled copper holder with low-temperature solder, th
temperature never exceeded 50 °C in the course of the
diation, after which the solder was removed atT.75 °C.
The characteristics of these samples are presented in Ta

Before irradiation, Cr–SiC Schottky barrier
(f50.5 mm) were grown on the crystals, starting with
all-carbon crystal surface. The measurements were mad
the temperature range 85–650 K. A reverse bias of 3–5
was applied to the barrier, and the traps were filled by
creasing this bias to 0 V. The duration of the filling puls
was 1 ms. The ionization energy and capture cross sectio
the centers under study were determined from Arrhen
8 © 1999 American Institute of Physics
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plots. In making these plots, the ‘‘discrimination window
was varied from 6.73104 s21 to 673104 s21 for current
DLTS, and 1.633103 s21 to 9.193103 s21 for capacitive
DLTS. In the temperature range 85–500 K we mostly us
current DLTS. At higher temperatures, where recording c
rent DLTS spectra becomes difficult due to increasing le
age current, the deep-level parameters were determined
capacitive measurements. The DLTS spectra were meas
for tm51.49 and 10.88 ms in the current and capacitive
laxation regimes. The spectra of current DLTS were redu
to the formJ0 /DW, whereJ0 is the initial current density
through the barrier at the maximum of the DLTS peak a
DW5W(V)2W(0) is the change in the width of the spac
charge region at the instant the filling pulse passes throug

In order to study the thermal stability of the induce
defects, the samples were subjected to isochronous 10
anneals up to a temperature of 1600 °C. In the range
2500 °C they were annealed in vacuum while in the cryos
of the measurement apparatus. All spectra in this tempera
range were measured using the same barrier structure, a
ing us to eliminate the effects of spatial nonuniformity of t
crystal properties on the measurement results. At higher t
peratures the crystals were annealed in a special grap
furnace in an argon atmosphere. In this case the barriers
first removed and then re-made after each annealing sta

RESULTS OF EXPERIMENTS AND DISCUSSION

Figure 1 shows current DLTS spectra of one of t
n-SiC(6H) samples irradiated with electrons at a dose
1016cm22 and annealed in the temperature interval
2250 °C. For comparison, we also show a DLTS spectr
of this sample measured in the capacitive relaxation reg
~curve18!.

Two features usually dominate the low-temperature p
tions (T<300 K) of DLTS spectra taken from irradiate
single crystals ofn-SiC(6H) that are not subjected to speci
annealing~the solid curves in Fig. 1!. One is a wide band
consisting of two overlapping peaksL3 andL4 with maxima
near 200 and 220 K, respectively, and an isolated peak
noted byL6 . The bandL32L4 is well known from the ear-
liest publications on radiation-induced defects inn-SiC(6H)
crystals irradiated by electrons and investigated by DLTS7,8

In Ref. 7 this band was assigned to a levelEc20.35 eV.
Zhanget al.8 showed that this band had a structure and w

TABLE I. Irradiation dose and starting concentration of uncompensa
donors in the test samples.

Radiation dose, cm22

1016 1017 1018

Sample ND2NA , Sample ND2NA , Sample ND2NA ,
1016 cm23 1017 cm23 1017 cm23

e16– 1 8.0 e17– 1 0.55 e18– 1 7.3
e16– 2 3.1 e17– 2 2.3 e18– 2 3.0
e16– 3 4.6 e17– 3 1.9 e18– 3 4.6

e17– 4 3.9
e17– 5 2.3
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due to two centers, labeledE1 /E2 , with similar ionization
energies. It is difficult to resolve the energy positions
these centers when recording DLTS spectra in the capac
relaxation regime~see the curve18 in Fig. 1!; therefore, the
ionization energy reported in the literature is an average
both centers. Based on data from various sources in wh
T2 corrections were used, this amounts to 0.35–0.39 eV.4,8 It
is clear from Fig. 1 that the resolution of peaksL3 andL4 is
greatly improved by recording the DLTS spectra in the c
rent relaxation regime, making it possible to determine
following values of the ionization energies of the cente
~0.37–0.40! and ~0.40–0.44 eV!. Here and in what follows,
the data are presented as pairs of numbers in parenth
where the first number is derived by assuming thatsn

5const, the second by assuming thatsn;T22. These num-
bers are average values calculated from the results of m
surements in various crystals. Scatter in the experime
data for each deep level did not exceed65%. The peakL6

was previously observed by the authors in Ref. 5. Capaci
measurements imply that the position of the deep level c
responding to this peak wasEc20.44 eV. This peak appear
only in DLTS spectra of those samples for which barr
structures were created before irradiation. The results of
current DLTS measurements imply that the ionization ene
of the center corresponding to the peakL6 equals~0.48–
0.53! eV.

A commonly encountered question is: to what extent
the results of capacitance and current measurements c
spond to one another? In order to answer this question,
made comparative measurements on samples whose D

d

FIG. 1. DLTS spectra for samplee16– 1 irradiated with electrons (E
55 MeV) at a dose 1016 cm22 and annealed in the temperature range
2250 °C. Measurement methods:1—4— current DLTS, tm51.49 ms;
18—capacitance DLTS, tm510.88 ms. Anneal temperatureTa , °C:
1,18—75, 2—150, 3— 200, 4—250 K. Dependences18, 1—4 are denoted
by: 1,18—solid curves, 2—dotted curve,3—dashed curve,4—dotted-
dashed curve.
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spectra contained well-expressed isolated peaks. Figu
shows Arrhenius plots for levelsL4 andL6 , using data from
current DLTS spectra~solid curves! and capacitive DLTS
spectra~dashed curves!. Comparing the results, we note th
the activation energy~shown in Fig. 2! and capture cross
section of the deep levels calculated from capacitance m
surements are as a rule somewhat smaller than the sam
rameters obtained from current DLTS spectra. An analog
difference was observed in Ref. 9 in investigations of de
levels in light-emitting diodes made from 6H-SiC. The rea-
son for this discrepancy is probably the nonexponential
ture of the transient process, which is rather typical of silic
carbide.

Increasing the radiation dose leads to broadening of
DLTS spectra; in this case, the bandL32L4 can merge ei-
ther partially or completely with peakL6 ~Fig. 3!. The ob-
served broadening of the DLTS peaks allows us to assert
when the concentrations of radiation-induced defects
large, the energy states corresponding to them are not
crete but rather are distributed in some way over the b
gap. Measurements show that the rate of filling of deep l
els slows down with increasing irradiation. The total conce
tration of defect levelsL3 and L4 in samples irradiated a
doses of 1016, 1017 and 1018cm22 are found to be in the
ranges (325)31015, (224)31016, and (528)
31016cm23, respectively. The concentrations ofL6 centers
in samples from the same groups were (224)31015, (1
24)31016, and (529)31016cm23.

Annealing these crystals leads to a considerable trans
mation of the spectra~Fig. 1!, even at temperatures as low
1502200 °C. The height of the peakL6 decreases while the
bandL32L4 shifts by several degrees to high temperatur
and an additional peakL5 caused by a center with ionizatio

FIG. 2. Arrhenius plots for two deep levelsL4 andL6 in 6H-SiC, plotted on
the basis of measurements of current-DLTS spectra~solid curves! and ca-
pacitance DLTS spectra~dashed curves!. The corresponding activation en
ergies are printed next to the straight lines.
2
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energy 0.42–0.46 eV appears in the neighborhood of 242
In the majority of cases the peakL5 is observed as a ‘‘shoul
der’’ on the high-temperature slope of bandL3–L4 . The
intensities of the two signals that make up peaksL3–L5 are
related to one another in arbitrary ways in different samp
This indicates that all three levels belong to different cente
whose relative concentrations depend on the individual f
tures of the crystal. PeakL6 disappears completely when th
samples are heated to a temperature of 250 °C. Subseq
annealing of these crystals at temperatures in the range
2500 °C produces no further significant changes in
DLTS spectra near the bandL32L5 .

High-temperature annealing of point defects in SiC h
been observed by a number of authors who used elec
spin resonance~ESR! and positron diagnostics to investiga
silicon carbide irradiated by nuclear particles.5,6,10,11 These
authors established that simple point defects, i.e., Fren
pairs and single vacancies, are annealed out in the ra
1002750 °C; i.e., the thermal stability of these defects
SiC is considerably higher than in other diamond-latt
semiconductors. Vacancy associates and impurity-de
complexes have characteristic annealing temperatures
exceed 100 °C. Judging from these data we may concl
that the centers responsible for levelL6 are a few primary
intrinsic defects, some of which transform at a temperat
1502250 °C into more complicated centers, while the re
recombine or are captured at sinks~for example, disloca-
tions!.

The annealing dynamics of levelL6 coincides with the

FIG. 3. Current-DLTS spectra (tm51.49 ms) of samplee18– 1 irradiated
by electrons (E55 MeV) at a dose 1018 cm22 and annealed in temperatur
range 752250 °C. Anneal temperatureTa , °C: 1—75, 2—250.
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1191Semiconductors 33 (11), November 1999 V. S. Ballandovich
behavior of a carbon vacancyVC in 3C-SiC.5,6 Both in the
former and the latter cases, the majority of induced defe
are annealed out in the temperature range 100–200 °C.
correspondence leads us to think that both centers are i
tical, a conclusion that is not contradicted by studies
charge states of theL6 center using the double-correlatio
DLTS method. Figure 4 shows Arrhenius plots for leve
L32L6 made from current DLTS spectra for two values
the electric field intensity:E'83104 V/cm ~solid curves!
andE'43105 V/cm ~dashed curves!. These plots show tha
the position of peakL3 and activation energy of the corre
sponding center do not depend on the electric field intens
while for E.105 V/cm the other peaks shift to lower tem
peratures; this shift, which is most significant for levelL4 , is
not accompanied by changes in activation energy. Thus,
behavior of levelsL3 and L4 in an electric field suggest
electron capture by neutral centers, implying thatL3 andL4

are levels of acceptor type. This conclusion agrees with
description of the charge state of centersE1 /E2 given in Ref.
4. The presence of acceptor levels located not far from
bottom of the conduction band explains the fact that irrad
tion of n-SiC crystals leads to compensation of the prima
doping impurity, i.e., nitrogen, without decreasing the co
centration of uncompensated donors enough to accoun
the room-temperature concentration deduced from cap
tance-voltage characteristics.7 Conversely, the activation en
ergy of levelsL5 and L6 decreases with increasing electr
field intensity, indicating capture of electrons at positive
charged centers; i.e., the centerL6 behaves like a deep dono
which corresponds to the charge state of the carbon vac
VC

1 andVC
0 in p- andn-type 3C-SiC, respectively.

Much weaker peaks caused by charging of electro
traps with activation energies 0.18–0.25 eV can be obse

FIG. 4. Influence of electric field intensityE on the ionization energy of
radiation-induced deep levels in 6H-SiC. Approximate value ofE,
104 V/cm: solid curve—8, dashed curve—40.
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in the DLTS spectra of irradiated crystals in the temperat
range 100–150 K~Figs. 1 and 5!. The concentrations o
these defects, as a rule, are more than an order of magn
smaller than those of centersL3 , L4 , andL6 . On the other
hand, there are deep centers whose recharging occu
T.300 K. In samples that are not subjected to a spe
annealing, the presence of these centers can be seen fro
increase in the barrier capacitance when the structures
illuminated by impurity-energy light.

Figure 5 shows DLTS spectra of one of the samp
annealed in the temperature range 90021600 °C. In addition
to peaksL12L5 , the current DLTS spectra of irradiate
samples measured above room temperature exhibit a w
band with two maximaL7 andL8 near 370 and 410 K~Fig.
5a!, which correspond to deep levels atEc2(0.60
20.66) eV andEc2(0.6320.70) eV. The energy position
of these levels are close to those reported for cen
Z1 /Z2 .3,4 The intensities of peaksL7 andL8 are not related
in any definite way; therefore, the shape of the bandL7–L8

FIG. 5. DLTS spectra of samplee17– 1 irradiated with electrons (E
55 MeV) at a dose 1017 cm22 and annealed in the temperature range 9
21600 °C. Measurement methods: a—current DLTS,tm51.49 ms;
b—capacitance DLTS,tm510.88 ms. Annealing temperatureTa , °C: solid
curves—1000, dashed curves— 1500.
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varies from sample to sample. In a number of case
‘‘shoulder’’ L9 is observed on the high-temperature slope
band L72L8 , caused by recharging of a deep level atEc

2(0.7320.81) eV. Still another peak, labeledL10, with a
shoulderL11 on its high-temperature slope, was record
near a temperature of 545 K when capacitive relaxation m
surements were made~Fig. 5b!. With regard to intensity, this
peak is second only to the bandL32L5 . Defect levelL10 is
well known from previous studies: in single crystals
6H-SiC irradiated with electrons it was observed for the fi
time in Ref. 7. The ionization energies of levelsL10 andL11

computed from capacitance DLTS spectra equal~1.17– 1.27!
and ~1.34–1.45! eV, respectively. Structural defects respo
sible for these levels are probably vacancy associates.12

Most of the radiation-induced deep-level centers are
nealed out at temperatures above 1000 °C. From Fig. 5
easy to see that annealing of defects responsible for b

TABLE II. Ionization energiesEi and cross sectionssn for capture of
radiation-induced deep levels in single crystals ofn-SiC(6H) irradiated
with electrons at energies of 5 MeV. Results of calculations based on m
els sn5const andsn;T22 are shown.

sn5const sn;T22

Level Ei , eV sn , cm2 Ei , eV sn , cm2

L1 0.18 4310215 0.20 2310214

L2 0.21 1310215 0.23 8310215

L3 0.37 5310215 0.40 4310214

L4 0.40 4310215 0.44 3310214

L5 0.42 2310215 0.46 1310214

L6 0.48 4310215 0.53 3310214

L7 0.60 2310216 0.66 1310215

L8 0.63 4310217 0.70 5310216

L9 0.73 7310217 0.81 6310216

L10 1.17 5310215 1.27 2310214

L11 1.34 5310215 1.45 4310214
a
f

d
a-

t
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-
is
ds

L32L5 occurs at varying rates. The most intense annea
of centersL3 and L5 is characteristically at the start of th
process, so that the peakL4 becomes dominant in this band
Although fewer in number, the defects that make up the p
mary peaks in DLTS spectra remain in the crystal even a
heating toTa51600 °C. The residual concentrations of the
centers do not depend on the irradiation dose and are
proximately 1015, 1014, and 231014cm23 for bands L3

2L5 , L8 , L10, andL11, respectively.
The parameters of these deep levels are shown in T

II.
I am extremely grateful to L. V. Lebedeva and E. N
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The authors of this paper offer experimental proof that the method of solid-state reactions can be
used to make ternary II–IV–V semiconductors~using CdGeAs2 , for example!. In this
method, the semiconductor group-IV component reacts with a vapor phase containing the group-
II and group-V components of the compound. Initial results of studies of the physical
properties of CdGeAs2 crystals grown in this way and photosensitive heterostructures made from
these crystals indicate that this new growth technology promises to improve the quality of
II–IV–V semiconductors, thereby enabling novel practical applications of these materials.
© 1999 American Institute of Physics.@S1063-7826~99!00911-4#
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Studies of multicomponent semiconductors have led
the discovery of ternary II–IV–V compounds with high va
ues of the nonlinear optics coefficientd36, which opens up
new possibilities for increasing the efficiency of nonlinea
optical frequency converters.1–3 Among these materials, th
one with the largest value ofd365236 pm/V turns out to be
CdGeAs2 , which is still the most suitable material for dou
bling the frequency of a CO2-laser operating in the mid
infrared from 9 to 11mm.4 Until now, the only widely used
method for growing single crystals of CdGeAs2 has been the
method of directed crystallization from a near-stoichiome
melt of the ternary compound.5,6 In this paper we report the
first results of our investigations of the physical properties
CdGeAs2 crystals obtained by a novel method which w
have developed. It involves solid-phase reaction of germ
nium with a vapor phase of controlled composition, whi
eliminates the liquid phase.

1. To obtain CdGeAs2 we start with plates ofp-type
~111! Ge with chemically polished surfaces. The solid-pha
reaction takes place in an evacuated quartz cell (1023 Torr),
where the germanium is thermally processed in a va
phase containing cadmium and arsenic vapors. The pa
pressures of the vapors of these elements are controlle
their source temperatures, while the reaction rate is c
trolled by the temperature of the germanium. In order
suppress condensation of particles onto the plate surfac
gradient in temperature is set up in the system in such a
that the highest temperature corresponds to the regio
which the germanium plates are located.

Our physical and technological investigations revea
that once the processing is complete a continuous la
forms at the Ge surface, which differs in color from th
characteristic color of the original plates. The color of th
layer is close to the natural color of CdGeAs2 . The outer
surfaces of these layers were found to be rather rugged
uniformly colored, and reflection from them was diffus
1191063-7826/99/33(11)/3/$15.00
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Once the layers formed, they uniformly covered the surfa
of the starting plates, and were tightly bound to the substr
When the films were sheared off or ground off the plates
microscope clearly revealed a copy of the rugged surfac
the original boundary between the germanium plate and
layer that formed on it, which is characteristic of the diff
sive mechanism for interface interactions. Measureme
showed that the thickness of the layers that form on Ge i
the range 3–7mm, and is determined by a three-phase sy
thesis reaction that occurs according to the equation

Ges1As4
g1Cdg↔CdGeAs2

s . ~1!

X-ray measurements confirmed the formation of a layer
CdGeAs2 at the surfaces of the substrates.

2. According to our measurement data on the sign of
thermoelectric power, the layers of CdGeAs2 that form as a
result of reaction~1! have electronic conductivity atT 5 300
and 77 K.

By removing these layers from all but one side of the
plates, we obtained anisotropic heterostructures consistin
n-CdGeAs2 /p-Ge contacts. Figure 1 shows dark I-V cha
acteristics for one of these heterostructures at 300 and 7
It is clear that the heterostructures we obtained exhibit re
fication, with the forward-bias direction corresponding
positive polarity of the external bias on thep-Ge substrates
At bias voltagesU.0.5 V, the forward branch of the I-V
characteristic usually follows the relation

I 5~U2U0!/Rr , ~2!

where for these heterostructures the reference voltageU0

'0.3 V and the residual resistanceRr'160V at T5300 K,
which falls to '100V when the temperature is lowered
77 K. This fact leads us to the qualitative conclusion that
resistivity of the synthesized layers of CdGeAs2 does not
increase with decreasing temperature, and hence that the
nor centers that determine their conductivity are rather s
low. The falloff in Rr serves as evidence either of dege
3 © 1999 American Institute of Physics
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eracy of the electron gas or of the decisive role of latt
scattering. It is obvious that an unambiguous explanation
these features in the observed temperature variation of
I–V characteristics of these heterostructures requires an
vestigation of the conductivities and Hall coefficients in C
GeAs2 layers, which must be grown on high-resistivity su
strates in order to eliminate the influence of the Ge cond
tivity.

The reverse-bias I–V characteristics of these hete
structures follow a power lawI;Ua, wherea'1.1. This
behavior is primarily due to leakage current around the
riphery of these structures.

3. When these anisotropic heterostructures were illu
nated, we observed a photovoltaic effect. The photovolt
charged the layers ofn-CdGeAs2 negatively, consistent with
the rectifying direction.

Figure 2 shows a typical spectral dependence of the r
tive photoconversion quantum efficiencyh for one of the
n-CdGeAs2 /p-Ge heterostructures atT5300 K. It is clear
that the photosensitivity spectra of these heterostructures
the form of a band with a maximum at\vm'0.73 eV and a
full width at half-maximumd5852100 meV, depending on
the structure. The maximum voltage and current photose
tivities in the best heterostructures, which can be as larg
100 mV/W and 50mA/W at T5300 K respectively, occur in
the neighborhood of the fundamental absorption edges o
contacting semiconductors, which nearly coincide due to
closeness of the interband transition energies in the
materials.7,8 In light of this fact, these heterojunctions b
tween different semiconductor materials with similar val

FIG. 1. Steady-state I-V characteristics of an-CdGeAs2 /p-Ge heterostruc-
ture (T, K: 1 — 300, 2 — 77!. The forward bias direction corresponds
positive polarity of the external bias on the Ge.
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of the band gap resemble homojunctions more than het
junctions with regard to their photoelectric properties. The
fore, the long-wavelength edge of photosensitivity in the
heterostructures must be associated with interband abs
tion in the thin layer of ternary arsenide and thep-Ge sub-
strate.

Special note should be taken of the fact that the lo
wavelength photosensitivity edge of germanium heterostr
tures obtained by low-temperature solid-phase reactions
curs well within the regions of fundamental absorption of t
constituent materials, and that photoabsorption takes plac
photon energies that exceed the energy ofA transitions
(\vA) in CdGeAs2 (\v.0.6 eV). At the same time, it is
important to note that prior efforts to make photosensit
structures using melt-grownp-CdGeAs2 crystals7 have led
to devices with increased long-wavelength photosensitiv
beginning at photon energies\v,\vA . This is evidence
for a very far-reaching assertion: namely, that the concen
tion of centers responsible for the long-wavelength pho
conductivity of n-CdGeAs2 layers synthesized by solid
phase reactions is much lower than in crystals obtained f
a melt. In our view, this decrease in the concentration
lattice defects in layers ofn-CdGeAs2 synthesized on ger
manium is associated with lowering the temperature at wh
the ternary arsenide forms. This in turn leads to narrowing
the width of the homogeneity region and a decrease in
concentration of the corresponding lattice defects.

In summary, we report the first successful use of so
phase synthesis to make the ternary compound CdGeAs2 by
thermally processing germanium in the presence of a va
phase with controlled composition. The results we have
tained in the course of these initial studies ofn-CdGeAs2
layers allow us to conclude that increased perfection of
material, which is important for nonlinear optics, is a
achievable goal.

FIG. 2. Spectral dependence of the relative photoconversion quantum
ciency of a CdGeAs2 /p-Ge heterostructure atT5300 K ~illumination by
unpolarized light at the end of the heterostructure!.



nd
.

nd-

1195Semiconductors 33 (11), November 1999 Rud’ et al.
1N. A. Goryunova,Chemistry of Diamond-like Semiconductors~Leningrad
State Univ. Publ., Leningrad, 1963!.

2N. A. Goryunova, S. M. Ryvkin, I. M. Fishman, G. P. Shpen’kov, a
I. D. Yaroshetski�, Fiz. Tekh. Poluprovodn.2, 1525 ~1968! @Sov. Phys.
Semicond.2, 1272~1968!#.

3V. D. Prochukhan and Yu. V. Rud’, Fiz. Tekh. Poluprovodn.12, 209
~1978! @Sov. Phys. Semicond.12, 121 ~1978!#.

4P. G. Schunemann, K. L. Schepler, and P. A. Budni, MRS Bull.23, 45
~1998!.
5R. F. Mekhtiev, E. O. Osmanov, and Yu. V. Rud’, Prib. Tekh. E´ksp. No.
2, 179~1964!.

6P. G. Schunemann and T. M. Pollak, MRS Bull.23, 23 ~1998!.
7A. S. Borshchevski�, N. E. Dagina, A. A. Lebedev, K. Obezov, I. K
Polushina, and Yu. V. Rud’, Fiz. Tekh. Poluprovodn.10, 19095~1976!
@Sov. Phys. Semicond.10, 1136~1976!#.

8Physical and Chemical Properties of Semiconducting Materials: Ha
book ~Nauka, Moscow, 1979!.

Translated by Frank J. Crowne



SEMICONDUCTORS VOLUME 33, NUMBER 11 NOVEMBER 1999
Change in the energy of Jahn–Teller configurations of vacancy–donor complexes
induced by uniaxial strain
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Estimates are obtained for the energy splitting of equivalent Jahn–Teller configurations of the
light-absorbing state of̂vacancy Ga (VGa)&2^tellurium (TeAs)& complexes inn-GaAs
generated by uniaxial stress along the directions@111# and @001#. These estimates are based on
measuring the stress dependence of the polarization of photoluminescence associated with
these complexes atT.2 and 77 K. A phenomenological model of the complexes, which describes
how the donor (TeAs) and the Jahn–Teller effect modify the initialt2-orbitals of the
vacancy component of the complex, is discussed as the effect of uniaxial strain. This model
makes it possible to relate measured values of the energy splitting of equivalent configurations
relative to the splitting of the originalt2-state of the vacancy arising from the presence of
the donor and the Jahn–Teller effect. Comparison of calculations with experimental data shows
that the contribution of the Jahn–Teller effect to the formation of the light-absorbing state
of the complexVGaTeAs exceeds the contribution due to the donor effect, although the two effects
are comparable. ©1999 American Institute of Physics.@S1063-7826~99!01011-X#
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1. INTRODUCTION

It is well known that the local point symmetry of a num
ber of substitutional impurity centers and of very simple
trinsic defects in cubic semiconductors is lower than
point symmetry of the crystal as a whole by virtue of t
static Jahn–Teller effect. In this case, for each center th
will exist several equivalent configurations that differ in t
orientation of the axis or plane of symmetry of the center a
~or! its surroundings relative to the symmetry axes of
crystal as a whole. Examples of such centers, which are
to be orientationally degenerate, are vacancies in Si,1 deep
acceptors created by Cu, Ag, or Au atoms replacing Ga
GaAs,2–5 and Ga vacancies in GaAs.6

External uniaxial strain applied to the crystal~like other
acceptor-related probes! can disrupt the equivalence of var
ous configurations of the center, i.e., it can change the t
energy of these configurations by different amounts, ther
lifting the orientational degeneracy. In cases where spo
neous oriention occurs~transitions between equivalent co
figurations of the center! at low temperatures, this phenom
enon leads to preferential population of the lowest-ene
configuration, i.e., the creation of Jahn–Teller distortions
volving the entire defect system under study within the cr
tal. The extent of this induced distortion and its importan
as the temperature decreases depend on the value of the
figuration energy difference caused by the uniaxial strain

For relatively small values of uniaxial strain, the liftin
of the orientational degeneracy is due to changes in the
ergy of electronic defect states. This implies that the diff
ence between energies of previously equivalent config
tions will be directly related to deformation potenti
constants that are characteristic of a center that has no
dergone a Jahn–Teller distortion. Moreover, the splitting w
1191063-7826/99/33(11)/6/$15.00
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depend on the symmetry of the distorted center and
direction of the axis of external strain~see, e.g., Refs. 2–5
and 7!.

The Jahn–Teller effect and equivalent configurations
also be present in more complex defects, whose initial sy
metry may be lower than the crystal symmetry, although s
quite high. Complexes of vacancy-donor type in Si~Refs. 8
and 9! and GaAs,10,11 in which the donor is located in the
nearest configuration sphere of the vacancy, belong to
class of centers. However, both the geometric position of
atoms in the equivalent configurations of these complexe
equilibrium and the value of the energy splitting of the
configurations under uniaxial strain should differ from tho
of an isolated vacancy due to the effect of the donor on
vacancy orbitals and the vibrational properties of the co
plex.

The goal of this work is to experimentally determine t
energy splitting of equivalent configurations ofVGaTeAs

complexes inn-GaAs under the action of uniaxial elast
strain along various directions, and to use these data to
derstand the electronic properties of complexes and to e
mate the relative roles of the donor and Jahn–Teller effec
generating vacancy-ionic states.

2. EXPERIMENT

The energy splitting of various configurations of a Jah
Teller center under external uniaxial strain can be determi
from the associated splitting of photoluminescence~or opti-
cal absorption! lines connected with the different configura
tions of the center, or from changes in the equilibriu
populations of these configurations. Because the photolu
nescence~and light absorption! spectra ofVGaTeAs com-
plexes inn-GaAs consist of wide structureless bands,10 the
6 © 1999 American Institute of Physics
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splitting of these bands under uniaxial strain cannot be
served. However, changes in the equilibrium population
various configurations leads to a change in the polariza
of the photoluminescence. In our prior work we have o
served such changes at low temperatures,10,12,13 and in this
paper we use our results to estimate the value of the en
splitting of different configurations of a complex under t
action of uniaxial strain.1!

Samples for these studies were cut fromn-GaAs : Te
crystals grown by the Czochralski method and doped with
during growth. The free electron concentration in these cr
tals was in the range 5310172231018cm23 . The light
used to excite the photoluminescence had wavelengths
in the intrinsic absorption band of GaAs~photon energy 1.96
eV! and in the band of resonance excitation of the comple
~photon energy 1.43 eV!.

In all cases, the photoluminescence spectra exhibite
wide band dominated by a maximum at a photon energy
; 1.18 eV and a full width at half-maximum of; 170 meV,
which was assigned to radiative recombination of electr
from the conduction band or from an excited level of a co
plex with a hole localized in the ground state of t
complex.10–14 The polarization of this photoluminescenc
which propagates perpendicular to the stress axis, was m
sured at temperaturesT. 2 and 77 K for various values an
directions of the uniaxial stress.

The dependence of the polarization ratio of the photo
minescencer ~the ratio of the intensities of light with electri
vectors parallel and perpendicular to the strain axis! on the
magnitude of the stressP is shown in Figs. 1 and 2. It is clea
from Fig. 1 that whenPi@111# andT. 2 K, the change in
r (P) asP increases from zero is first characterized by ra
growth, which atP' 2 kbar becomes a relatively slow linea
increase that extends to the end of the range of stresse
investigated (P&10 kbar!. According to the results of Refs
2–5 and 10, we can associate the initial step-like increas
r (P) with the lining up of distortions in the complexes. E
periments show11,12 that this occurs by spontaneous reorie
tation of the distortion in the light-absorbing state of t
complexes. The region of slow, linear increase ofr at
P.2 kbar is probably determined by the splitting of th
emission bands of complexes with differing orientations
the original vacancy-donor axis relative to the strain ax
and possibly the rather small change in the wave function
the complexes induced by stress. The value of stress at w
the lining up of the distortion is complete (P.2 kbar! does
not depend on the intensity of excitation and remains
same when the photoluminescence is resonantly excited~Fig.
1!. In this case the lifetime of an individual complex in i
light-absorbing state is at least 1 s, i.e., it exceeds by sev
orders of magnitude the lifetime when the excitation is
intrinsic light. This allows us to assume that the degree
occupancy of the various configurations of the comple
corresponds to thermal equilibrium, and consequently tha
(P.2 kbar!, for which the lining up is complete, the spli
ting of the energies of differing configurations is;4kTeff ,
whereTeff is the effective temperature. At low temperatur
Teff exceeds the sample temperature, because it include
effects of internal random stresses and electric fields
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exist in the crystal on the configuration energy.15 The large
difference between the functionsr (P) at 2 and 77 K~Fig. 1!
indicates that the energy splitting of different configuratio
due to random stresses and fields is considerably sm
thankT at 77 K. Therefore, we may assume that the equi
rium populations of the various configurations at 77 K a
determined by the sample temperature. Then the fact tha
values ofr (P) at 2 and 77 K are observed to be equal wh
the pressure exceeds 9 kbar~Fig. 1! implies that when
T577 K the lining up of the distortions is complete atP
>9 kbar. In other words, atP.9 kbar the energy splitting o
equilibrium configurations is (3.524)kT, i.e., 23–26 meV.

WhenPi@001# ~Fig. 2!, no step-like increase is observe
in the polarization of the light with increasingP. However, at
a temperature of 2 K partial lining up of the distortions of the
complexes probably does occur with increasingP, since the
polarization of the light in this case is higher than it is
T577 K. The lack of a noticeable segment of step-like
crease in the polarization of the photoluminescence at 2
like the analogous segment in the functionr (P) for Pi@111#,
is connected with the relatively slow increase in the ene
splitting of equivalent configurations forPi@001#, and also
with the small value of the increase in polarization when
lining up of the distortion is complete. The smallness of t
polarization increase is due to the relative closeness of
directions of the emitting dipoles for the complexes to t

FIG. 1. Dependence of the photoluminescence polarization in the band
a maximum at a photon energy of 1.18 eV inn-GaAs : Te on the value of
the stressP along the@111# axis; a—sample 1, b—sample 2;hVex , eV:
1, 3, 4— 1.96 and2 — 1.43. TemperatureT, K: 1–3 — 2, 4 — 77. Emis-
sion was observed at a photon energy of 1.2 eV~1 and 2! and photon
energies corresponding to the maximum of the photoluminescence ban~3
and 4!.
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^111& axis, which qualitatively agrees with an analysis
polarization spectroscopy data for these defects in the sin
dipole approximation.11

The data shown in Fig. 2 indicate that the values ofr (P)
at 2 and 77 K continue to differ, with practically no decrea
with increasingP, over the entire measurement rangeP
<8 kbar!. This allows us to conclude that the energy sp
ting of equivalent configurations atP58 kbar is smaller than
kT at 77 K, i.e., it does not exceed 6 meV.

3. COMPUTATION OF THE ENERGY SPLITTING OF
EQUIVALENT CONFIGURATIONS OF VACANCY-DONOR
COMPLEXES AS A RESULT OF UNIAXIAL STRAIN

The complexVGaTeAs in GaAs like the vacancy-dono
complex in Si,8,9 contains components that are initially
neighboring lattice sites of GaAs~Fig. 3!.10–14 The pi-
ezospectroscopic and polarization properties of photolu
nescence connected with this complex can be unders
qualitatively if we assume that the complex undergoe
static Jahn–Teller effect at low temperatures it, like t
vacancy-donor complex in Si, and has not trigonal, but rat
monoclinic C1h(Cs) symmetry with a plane of symmetr
$110% that contains the original axis of the complex~the
vacancy-donor axis!.10–13There are three such planes in ea
complex, and consequently the complex at each instan
time has one out of three equivalent configurations that di
by the positions of their planes of symmetry.

FIG. 2. Dependence of the photoluminescence polarization in the band
a maximum at a photon energy of 1.18 eV in GaAs on the value of the s
along the@001# axis; a—sample 3, b—sample4. TemperatureT, K: 1, 3— 2,
2, 4— 77. The photoluminescence was observed at photon energies c
sponding to the maximum of the emission band.
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Thus, the initial one-electront2-state of the vacancy
component of the complex is split both by the presence
the donor~lowering the symmetry of the defect fromTd to
trigonal! and by the Jahn–Teller effect~lowering of the sym-
metry of the defect to monoclinic!.

In order to analyze the effect of external uniaxial stra
on the energy of the equivalent configurations of the co
plex, we use the phenomenological model of Ref. 13, wh
describes the intracenter interactions within a complex~the
Jahn–Teller effect and the influence of the donor! as uniaxial
strains as well. The splittings of the initialt2-state caused by
these strains equal the splitting of thet2-state caused by the
Jahn–Teller effect alone or the donor-related splitting alo
respectively. In this model it is natural to replace the effect
the donor by a strain along the initial axis of the compl
~the @111# axis in Fig. 3!, and replace the Jahn–Teller disto
tion by a strain along another axis of type^111& that does not
coincide with the original complex axis. This model, whic
incorporates the observed monoclinic symmetry of the co
plex VGaTeAs ,11 and which includes three equivalent co
figurations corresponding to possible directions of the Jah
Teller distortion ~along any of the three equivalent axe

@ 1̄1̄1#, @11̄1̄#, or @ 1̄11̄# in Fig. 3!, is in qualitative agree-
ment with all the photoluminescence-polarization and
ezospectroscopy studies of theVGaTeAs complex,10–13 since
spontaneous reorientation of the Jahn–Teller distortions
the complex, as shown in Ref. 12, takes place only in
light-absorbing state.2!

Moreover, this type of model ensures the necessary fo
of the defect symmetry in limiting cases. In fact, for an is
lated vacancy~no donor! the model predicts trigonal symme
try for the distortion due to the Jahn–Teller effect, which
in agreement with experimental data of Ref. 6. In the ot
limiting case, i.e., no Jahn–Teller interaction, the model a
predicts a trigonal center with the axis of symmetry coinc
ing with the vacancy-donor axis.

Let us consider the change in energy of the various c
figurations when exposed to an external uniaxial str
within this model of the complex. For the defect with initia

ith
ss

re-

FIG. 3. Initial positions of atoms in the complexVGaTeAs .
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axis @111# shown in Fig. 3, the splitting of thet2-vacancy
state by the donor field is described by a uniaxial strain t
sor in which the diagonal elements« i i equal zero, while the
nondiagonal elements« i j ( iÞ j ) equal the same quantity
which we denote by«d . An analogous description can b
used for the Jahn–Teller effect, with each of the three p
sible configurations1, 2, 3 corresponding to uniaxial Jahn
Teller strains along the directions@ 1̄1̄1#, @11̄1̄# or @ 1̄11̄#
~Fig. 3!. The nondiagonal components of these strain tens
are also equal to one another in absolute value, but t
differ in sign. We will denote these components by1«JT and
2«JT. Then the components of the total effective strain te
sor, which describes intracenter interactions of the comp
~Fig. 3!, in cofigurations1, 2, and3 are, respectively,

«xx5«yy5«zz50, «xy5«d1«JT,

«zx5«yz5«d2«JT; ~1!

«xx5«yy5«zz50, «xy5«zx5«d2«JT,

«yz5«d1«JT; ~2!

«xx5«yy5«zz50, «xy5«yz5«d2«JT,

«zx5«d1«JT. ~3!

Such expressions can be written for complexes whose in
axes ~the vacancy-donor axis! coincide with axes@ 1̄1̄1#,

@11̄1̄#, or @ 1̄11̄#.
For an external strain along the direction@ 1̄1̄1# we can

assign every complex in the crystal to one of two groups
the first group the axis of external strain coincides with
initial vacancy-donor axis, while in the second group it c
incides with the initial axis of one of the possible Jah
Teller distortions. In the first group of complexes, t
equivalence of all the configurations is preserved, i.e, th
energies change by the same amount. In the second gro
complexes, those configurations whose main distortion c
cides with the axis of the external load have an energy
differs from the energy of the two other configurations. Th
difference does not depend on the position of the in
vacancy-donor axis. Therefore, in order to determine the
ergy splitting of the various configurations it is sufficient
consider only one complex of this group, namely that sho
in Fig. 3. For the directions of the external load show
above, the components of the strain tensor for this comp
in configurations1, 2, and3 are, respectively,

«xx5«yy5«zz50, «xy5«d1«JT1«8,

«yx5«zx5«d2«JT2«8; ~4!

«xx5«yy5«zz50, «xy5«d2«JT1«8,

«yz5«d1«JT2«8, «zx5«d2«JT2«8; ~5!

«xx5«yy5«zz50, «xy5«d2«JT1«8,

«yz5«d2«JT2«8, «zx5«d1«JT2«8. ~6!

Here«8 is the relative strain in the GaAs for loading alon
an axis of typê 111&,
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6C44
, ~7!

where C44 is the elastic constant of GaAs (C4456
31011dyne / cm2 at temperature 0 K! andP is the magnitude
of the uniaxial stress along the trigonal axis~for tension in
the crystal the sign ofP is negative!.

Equations~4!–~6! allow us, following Ref. 16, to write
Hamiltonians for the energies of each of the possible c
figurations. Treating the splitting caused by the exter
strain as a small perturbation compared to the splitt
caused by the Jahn–Teller effect and the donor, the ener
of configurations1 and2 ~or 3! can be obtained using first
order perturbation theory. The difference between minim
values of these energies gives the energy splitting of
different configurationsD111, which determines the degre
of their population at equilibrium.

If the effect of the donor entering into the complex
such that the triply degenerate single-electron~or single-
hole! t2-state of the vacancy is split in such a way that t
ground state becomes a doubly degeneratee-state, then

D1115
8A3@A8~11p!21~12p!21p13#d«8

A8~11p!21~12p!2 @A8~11p!21~12p!21323p#
, ~8!

whered is the deformation potential constant for thet2-state
of the vacancy when the strain is along the^111& axis, andp
is the absolute value of the ratio of the splitting of thet2-state
of the vacancy caused by the donor to the same quantity
the Jahn–Teller effect. According to the definition of th
relative strains«d and«JT, we have

p5U «d

«JT
U. ~9!

In the opposite case, i.e., when the donor-induced sp
ting of the t2-state causes the ground state to become
nondegeneratea1-state, we have

D1115
8A3@A8~11p!21~12p!22p23#d«8

A8~11p!21~12p!2@A8~11p!21~12p!22313p#
.

~10!

When the external uniaxial strain is along the@001# axis,
complexes with any possible position of the Te atom
equivalent; however, different configurations of the comp
can have different energies, since the positions of th
planes of symmetry relative to the stress axis are differen
particular, for the complex shown in Fig. 3 the axes of t
effective strains that represent the Jahn–Teller effect and
influence of the donor are in the same plane as the axi
external strain@001# in configuration 1, but are not in the
same plane in configurations2 and3. It is well known that
strain along the@001# axis leading to splitting of the energ
levels is described by the three diagonal components of
strain tensor.16 For the strain directions we have chosen
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«xx5«yy52«9, «zz52«9. ~11!

Here

«952
P

C112C12
, ~12!

whereC11 andC12 are elastic constants~for GaAs atT50 K,
C11512.2631011dyne / cm2 and C1255.7131011

dyne/cm2). Thus, in order to compute the energies of t
various configurations it is necessary to replace the zero
ues of the diagonal components in Eqs.~1!–~3! with the
expressions~11!. Now, by treating the change in energy
the configuration to linear order in«9 we can obtain an ex
pression for the energy splitting (D001) of configurations1
and2 ~or 3!. If the presence of the donor causes thet2-state
of the vacancy to split so that the ground state become
doubly degeneratee-state, then

D0015
24pb«9

A8~11p!21~12p!2@A8~11p!21~12p!21323p#
,

~13!

whereb is the deformation potential constant for thet2-state
of the vacancy for strain along the^001& axis. In the opposite
case

D0015
24pb«9

A8~11p!21~12p!2@A8~11p!21~12p!22313p#
.

~14!

If the initial single-electron~single-hole! state of the vacancy
has symmetryG8 rather thant2, and if the spin-orbit splitting
greatly exceeds the splitting due to the presence of the d
and the Jahn–Teller effect, then by using the deforma
tensor components given above and the expression for
energy corresponding to this case given in Ref. 16 we ob

D1115
4d«8

A312p13p2
and D00150. ~15!

Note also that we have no assurance that configuration
defects equivalent under the Jahn–Teller effect will rem
so under prespecified conditions for arbitrary values ofp. For
example, if a single electron or single hole is present in
initial t2-state of the vacancy, and if the action of the don
entering into the complex causes the state for which the
rier is localized to be nondegenerate even in the absence
Jahn–Teller effect, then the appearance of equivalent c
figurations is possible only forp,1 due to the pseudo-Jahn
Teller effect.17 For this reason, Eqs.~10!, ~14!, and~15! are
meaningful only forp,1, while expressions~8! and~13! are
valid for everyp.

4. ANALYSIS OF EXPERIMENTAL DATA

As we have already indicated, spontaneous reorienta
and the initial lining up of Jahn–Teller distortions of th
VGaTeAs complex inn-GaAs take place in the light-absorbin
state of the complex.12 The number of electrons present
this state is not precisely known for vacancy-ionic orbita
In a number of papers~see, e.g., Refs. 18–20! it is asserted
that under equilibrium conditions this complex is sing
l-
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.

negatively charged. In such a case it is natural to assume
it consists of (VGa

22TeAs
1 )2, i.e., the orbitals that are generate

from thea1- andt2- states ofVGa bind seven electrons. Sinc
the a1-state is located; 1 eV below thet2- state in energy,
this implies that initially thet2-orbitals of the vacancy con
tain five electrons, i.e., one hole. Let us analyze the splitt
of the energy of equivalent configurations in this case. St
ies of the vacancy-donor complex in Si have shown8,9 that
the splitting of thet2-state under the influence of the don
causes the ground state of the hole to become a doubly
generate single-electrone state. An analogous conclusio
may be inferred from indirect information regarding the^gal-
lium vacancy&–donor complexes in GaAs.21 Within the
framework of the phenomenological model used here,
implies that the difference in energy of equivalent config
rations for strain along the@111# or@001# axes should be
given by expressions~8! or ~13! when the spin-orbit interac
tion can be ignored, or expression~15! when the spin-orbit
interaction plays a dominant role. Since forPi@001# the
splitting of the configurations is nonzero, let us consider
first case. It follows from Eqs.~8! and ~13! that p can be
estimated from the experimental magnitudes for the ene
splitting of equivalent configurations in this case if the ma
nitudes of the initial deformation potential constantsd andb
are known, or at least their ratio.

For the valence band and many defects in GaAs~see, for
example, Ref. 15!, b andd should be exactly related by th
empirical condition

d.~2.723!b ~16!

~in the spherical approximationd5A3b). Substituting Eq.
~16! into Eqs.~8! and ~13!, we find

D001

D111
5

kp

A3@A8~11p!21~12p!2131p#

«9

«8
, ~17!

where the value of the numerical coefficientk lies in the
rangek5121.11. From Eq.~17!, using Eqs.~7! and ~12!
and the experimental data forD001 andD111 presented in Sec
2 for specific values of the uniaxial stress, it is easy to sh
thatp&0.8. Substituting this estimate and the quantitiesD111

and«8 into Eq. ~8!, we then obtaind'2(2.022.5) eV. Us-
ing the spherical approximation to replace Eq.~16! in Eqs.
~8! and ~13! makes the value ofp even smaller.

In addition, it should be noted that when Eq.~16! holds
roughly, Eqs.~10! and ~14! cannot explain the experimen
tally observed difference in the energy splittings of equiv
lent configurations for compression along axes@111# and
@001# ~Sec. 2!, since for any values ofp and the magnitudes
of the stress we have chosen the quantityD001 obtained for
Eq. ~14! greatly exceeds the quantityD111 from Eq. ~10!.
This contradiction shows that the splitting of thet2-state of
the vacancy corresponding to Eqs.~10! and ~14! due to the
presence of the donor in the complexVGaTeAs cannot be
realized, and thus our previous assumptions are confirm

Let us now consider the case of another charge s
postulated for the light-absorbing state of the comp
VGaTeAs . In Ref. 21 it was proposed that under equilibriu
conditions in n-GaAs this complex consists of a doub
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negatively charged defect (VGa
32TeAs

1 )22 . In favor of this as-
sumption is the small cross section for capture of an elec
by this complex after it captures a hole (10219210220cm2;
see Ref. 22!. In this case, all the vacancy-ionic orbitals of th
complex are occupied by electrons, and the distortion of
complex in the light-absorbing state can be treated as re
ing from the Jahn–Teller effect, which in turn takes place
virtue of the mixing of the light-absorbing and emittin
states of the complex due to interaction with incomplet
symmetric phonons. Analysis shows that such vibratio
which initially consist ofF2-vibrations of the vacancy envi
ronment, give rise to distortions of the light-absorbing st
of an isolated vacancy along the trigonal axis as well.
external stress will change the energy minima of the ad
batic potentials of the complex in this state by shifting t
analogous minima of the emitting state, in which a sin
hole is bound in the vacancy-ionic orbitals.

Because of the phenomenological character of the mo
we are proposing, and the mixing of the light-absorbing st
with a state that binds a single hole in the vacancy-io
orbitals, we can once more use expressions~8! and ~13! to
describe the behavior of the energy of equivalent configu
tions under an external stress. For this reason the estimat
the valuesp, d, andb given above are also correct when t
light-absorbing state of the complex has the fo
(VGa

32TeAs
1 )22 .

Note also that only the charged states of the complex
have considered are in qualitative agreement with the res
of experimental observations, according to which the Jah
Teller effect and barriers between equivalent configurati
in the emitting state are considerably larger than in the lig
absorbing state.

Thus, our investigations show that the Jahn–Teller eff
affects the formation of the light-absorbing state of the co
plex VGaTeAs more than the presence of the donor TeAs ,
although the two effects may be comparable. This conclus
is in agreement with the results of experiments in which
direction of the optical dipole was inferred by describing t
complex in the single-dipole approximation,23 results that
also give the magnitude of the relative contribution of t
donor, which consists of an effective average of this con
bution in the light-absorbing and light-emitting states.

This work was supported in part by the Russian Fund
Fundamental Research~Grant 98-02-18327!.

1!Measurement of changes in the intensity of a magnetic resonance
corresponding to different configurations8,9 cannot be used to study th
VGaTeAs complex, because no magnetic resonance signal was observe
2!
Previously, in Ref. 13, we modeled such a complex using three unia

strains, since we assumed that the Jahn–Teller distortion reorients its
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low temperatures both in the light-absorbing and in the light-emitting sta
Under these conditions, the results of studies of polarized photolumi
cence of complexes could only be explained by assuming that the ce
remain monoclinic without any reorienting distortion. For this reason, fix
strains were introduced only along two axes.
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Using the temperature-dependent photovoltage to investigate porous silicon/silicon
structures

E. F. Venger, É. B. Kaganovich, S. I. Kirillova, É. G. Manoilov, V. E. Primachenko,
and S. V. Svechnikov
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Structures based on porous siliconpor-Si/p-Si, both freshly prepared by chemical etching and
aged, exhibit a temperature-dependent photovoltage at high levels of electron-hole pair
generation by pulse trains of red and white light. These structures are investigated by measuring
this photovoltage, which is shown to consist of two components: a photovoltage generated
in p-Si, and an oppositely directed photovoltage that appears inpor-Si, characterized by trapping
of nonequilibrium holes at the surface ofpor-Si nanocrystals during the period of
illumination by the first pulse of white light. For aged structures capture of electrons in the oxide
of the por-Si is also observed. The concentration of interface electronic states and electron
traps at the interface ofp-Si with por-Si is determined by measuring the photovoltage induced by
pulses of red light. ©1999 American Institute of Physics.@S1063-7826~99!01111-4#
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Photoluminescence of porous silicon in the visible
gion of the spectrum has prompted researchers to invest
its properties by various methods. Recently informat
about the electronic properties of porous silicon/p-silicon
structures (por-Si/p-Si) prepared by electrochemical etc
ing was obtained by investigating the photovoltage.1–3 In
Ref. 1, studies of the photovoltage by the Kelvin meth
revealed for the first time that the photovoltage signal ari
not only from p-Si but also frompor-Si. Studies of the
kinetics of the photovoltage excited by laser pulses with v
ous photon energies2 revealed that nonequilibrium holes ge
erated in thep-Si are captured in thepor-Si. Experiments
have shown3 that the photovoltage which appears in layers
por-Si detached from thep-Si can be both positive an
negative, depending on the type of electrochemical etch
used to make thepor-Si.

It is known4,5 that por-Si layers obtained by chemica
coloring etching also emit visible photoluminescence. Ho
ever, in this case the process used to make the layers is
controlled, allowing finer layers~,0.521 mm! to be grown.
In contrast, layers ofpor-Si grown by anodization are, as
rule, thicker and of nonuniform thickness.

Our goal in this study was to analyze the temperat
dependence of the pulsed photovoltage and use the resu
investigate por-Si/p-Si structures obtained by chemic
etching ofp-Si without applying an electric field, both im
mediately after preparation and after a half a year of agin
air.

EXPERIMENTAL PROCEDURE

Layers of porous silicon whose thickness was less t
1 mm were made on a polished surface of~100! p-Si ~resis-
1201063-7826/99/33(11)/4/$15.00
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tivity r510 V•cm! by processing the latter for 10 min in
solution with composition HF : HNO3 : H2O51:3:5. For
these layers we observed ‘‘slow’’ red and ‘‘fast’’ blue ban
in the time-resolved photoluminescence spectra.6 Control
samples ofp-Si with a smooth surface were made by etchi
in a solution with composition HF : HNO351:3. The
por-Si/p-Si structures were investigated both immediate
after preparation and after six months of aging them un
natural conditions.

In order to measure the photovoltage across th
por-Si/p-Si structures, the latter were monitored togeth
with a capacitor consisting of a semitransparent conduc
layer of SnO2^Sb& on mica. The capacitance of the capacit
was on the order of 100 pf/cm2 . The photovoltage signal wa
recorded on a memory oscilloscope when the capacitor
illuminated by light pulses from an ISSh-100 flash lamp w
duration 10ms and intensity 1021photons/cm2

•s. In order to
obtain the magnitude of the photovoltage (Vph) of the struc-
ture, the signal taken from the oscilloscope was multipl
by a calibration coefficient for the measurement surfa
which was determined using a calibration electrical pulse

The quantityVph was measured in vacuum in a cryost
at a residual pressure of 1024 Pa as the temperatureT was
lowered from 300 to 100 K. The functionVph(T) was plotted
twice as thepor-Si/p-Si structure was exposed to puls
trains of both white and red light. In the latter case we us
a KS-19 spectral filter, which was transparent to light w
wavelengths of 700 to 2700 nm. This filter prevented t
porous silicon from absorbing light.2,3

In most cases, the photovoltageVph measured after the
first light pulse differed from its value after the second or a
subsequent pulses, which arrive at a repetition rate of 1
This difference is associated with capture of nonequilibriu
2 © 1999 American Institute of Physics
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1203Semiconductors 33 (11), November 1999 Venger et al.
holes or electrons at surface traps during the first pu
which are filled by the time it ends.7 The time for retention of
the captured charge in these traps increases greatly~to sev-
eral hours! at low temperatures; therefore, in order to co
rectly measure the values ofVph, the samples were heated
a temperature high enough to empty the traps of captu
carriers after each measurement, and then once more co
in the dark to the temperature of the next measurement
this time, the first and second values ofVph were measured
again.

EXPERIMENTAL RESULTS AND DISCUSSION

The light intensity we used was high enough to flatt
the energy bands of bothpor-Si andp-Si during the illumi-
nation pulse.8 Therefore, when the samples were illuminat
with red light the photovoltageVph became equal to the su
face potential ofp-Si ws , but with opposite sign. Note tha
the contribution of the Dember photovoltage toVph is insig-
nificant due to the mutual scattering of carriers when
concentrations are high, which makes the diffusion coe
cients of electrons and holes equal.9

Figure 1 shows the functionsVph(T) obtained from a
control sample ofp-Si with a normal surface~curves1, 18!
and from as-grownpor-Si/p-Si structure, along with curve
for the same samples illuminated with white light~curves2,
28! and red light~curves3, 38!. Curves1, 2, and 3 were
obtained after the samples were illuminated by the first li
pulse, curves18, 28, and38 after illumination by the second
and subsequent light pulses. For the surface ofp-Si, the val-
ues ofVph obtained in white and red light coincided. In th
case2Vph5ws at any temperature, which corresponds
downward bending of the energy bandsqws ~whereq is the
electron charge! for p-Si. The rather small increase inws as
the temperature decreases from 300 to 230 K~curve 1! is
connected with filling of surface electronic states by holes
the Fermi level inp-Si shifts toward the valence band. Th
decrease inws for T,230 K is associated with reconstru
tion of the system of electronic states caused by revers
structural changes at the semiconductor-oxide film interf
as the temperature varies.10,11. The difference between curve

FIG. 1. Temperature dependences of the photovoltageVph for a p-Si surface
~1,18! and an as-grownpor-Si/p-Si structure in white~2,28! and red~3,38!
light. ~1—3!—first light pulse,~18—38!—second light pulse.
e,
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1 and18 for T,220 K is due to trapping of nonequilibrium
electrons and surface traps within the illumination time
the first pulse, which gives rise to photomemory in the p
tential ws .7

It is clear from Fig. 1 that for as-grownpor-Si/p-Si
structure the functionsVph(T) measured in white and re
light differ significantly. Over the entire temperature rang
the values of2Vph obtained after the first pulse of red ligh
are larger than2Vph obtained after the first pulse of whit
light ~curves3 and 2, respectively!. This implies that white
light, in addition to generating a negative photovoltage
flattening thep-Si energy bands, which also happens w
red light, generates a positive photovoltageVph

por when it is
absorbed bypor-Si nanocrystals. Recall thatpor-Si is be-
lieved to be a two-phase system containing quantum-w
nanocrystals~nc-Si! in a porous SiOx host. In this case the
por-Si/p-Si interface is made up of regions where the int
faces arenc-Si/p-Si and SiOx /p-Si. Light absorbed in
por-Si also creates nonequilibrium holes that are capture
traps of the internalnc-Si/SiOx surfaces within the time the
first light pulse acts, leading to larger values of2Vph after
subsequent light pulses~compare curves2 and 28!. This
hole-generated photomemory is maintained at room temp
ture for; 30 s, which is much longer than the retention tim
at 230 K of the photomemory associated with capture
electrons at surface traps of the more narrow bandp-Si when
the sample is illuminated with red light~see curves3 and38!.
All these results suggest that the wider-bandpor-Si behaves
like an n-type semiconductor, in contrast top- Si, which is
characterized by upward bending of the energy bands at
surface and trapping of holes as minority carriers at the s
face under illumination.

For por-Si/p-Si structures aged for six months und
natural conditions, thepor-Si also behaves like ann-type
semiconductor, but in this case the positiveVph

por is smaller in
value and the trapping of holes at thenc-Si/SiOx surfaces is
weaker~Fig. 2!. It is clear that the difference between curv
1 and2, which were plotted after the first pulses of white a
red light, respectively, is not as significant as it was for
as-grown structure. Clear evidence of the weaker trappin
holes in aged structures is the fact that in samples illu
nated with white light at 220 K the photomemory chang

FIG. 2. Temperature dependences of the photovoltage of aged structur
por-Si/p-Si in white ~1,18! and red ~2,28! light. 1,2—first light pulse,
18,28—second light pulse.
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1204 Semiconductors 33 (11), November 1999 Venger et al.
sign ~curve 18!. At T.220 K trapping of holes at the sur
faces of nc-Si dominates, while atT,220 K trapping of
electrons at the SiOx /p-Si interface dominates. It is clea
from curves2 and28, which were obtained under illumina
tion with red light, that this begins even atT 5 240 K.

Yet another peculiarity of the agedpor-Si/p-Si struc-
tures is the photomemory that appears after a train of wh
light pulses. This memory is connected with charging
traps in the silicon oxide by electrons,12 whose thickness
around thenc-Si increases with aging. While traps at th
nc-Si surfaces are saturated with holes and traps at thep-Si/
por-Si interface are saturated with electrons within the ti
the first light pulse acts, about 120 white light pulses
required to saturate the traps in the SiOx . In this case, at
room temperature the value of2Vph changes from 120 to
34 mV, while the time the photomemory is maintained e
ceeds 105 s. The number of electrons captured at oxide tra
which can be estimated from calculations based on meas
ment of the photovoltage in red light, is found to exce
331010cm22 . Note that since no detectable photomemo
of this kind was observed on an aged surface ofp-Si, capture
of electrons inpor-Si/p-Si structures takes place within th
por-Si oxide.

As we already noted, when red light pulses are u
2Vph equals the potentialws of the p-Si substrate at the
interface withpor-Si. It is clear from Figs. 1 and 2 that th
surface potentialws is always positive~depletion-related
bending of the energy bands downward!, and is larger in
magnitude on as-grownpor-Si/p-Si structure. Furthermore
once a certain temperatude is reached,ws no longer increases
with decreasing temperature and starts to decrease. On
segment wherews increases with decreasing temperatu
which is due to charging of surface electronic states ofp-Si
by holes as the Fermi level shifts towards the valence ba
we can calculate13 the density of electronic surface states f
the region of thep-Si band gap that is being probed. W
found that the density of electronic surface states in the
ergy range 0.14–0.17 eV above the midpoint of the band
Ei for an as-grown structure amounts to 331011cm22

•eV21, while for an aged structure it is 431010cm22

•eV21 in the energy range 0.14–0.22 eV belowEi . At the
surface ofp-Si the density of states is only 331010cm22

•eV21 in the interval 0.08–0.13 eV belowEi . Thus, the
density of states clearly increases when apor-Si layer is
grown onp-Si, and decreases as thepor-Si/p-Si structure
ages. The segment of the functionws(T), wherews is found
to decrease with decreasing temperature, is explained b
construction of the system of surface electronic states du
structural changes at thep-Si/por-Si interface as the temper
ture changes. For an agedpor-Si/p-Si structure these struc
tural changes begin at a higher temperature than for a fre
prepared structure.

Illumination with red light at temperatures below 230
220 K indicates that the photomemory ofws is connected
with capture of nonequilibrium electrons at surface traps
p-Si ~Figs. 1 and 2!. Figure 3 shows calculated7 dependences
of the number of captured electrons on temperatureN(T) at
a planar surface ofp-Si ~Fig. 1! and at ap-Si/por-Si interface
for freshly prepared~curve2! and aged~curve3! structures.
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Because the traps are saturated with electrons by the
light pulse, the functionsN(T) also reflect the temperatur
dependences of the trap concentration. The increase in
value ofN with decreasing temperature is attributable to t
participation of increasing number of shallow traps loca
near the conduction band in trapping and holding electro
From Fig. 3 it is clear that while at higher temperatur
slightly more electrons are trapped by deep trapping cen
at the surface ofp-Si, at lower temperatures the traps wi
the highest rate of electron capture (;331010cm22) are
shallow traps at the interface for an as-grownpor-Si/p-Si
structure. Note that the number of holes captured at surfa
of nc-Si when the structure is illuminated with white light a
low temperatures can turn out to be even larger than
31010cm22, because the quantity2Vph at the second pulse
increases despite the same capture of electrons taking p
in this case as occurs in red light~Fig. 1!.

Figure 3 also shows the temperature dependences o
photovoltageVph

por that appears in porous silicon, obtained
subtracting the values ofVph measured after the first pulse
of white and red light. It is clear that the values ofVph

por for
an as-grown structure~curve4! are considerably larger tha
for an aged structure~curve5!. This implies that thepor-Si
in an as-grown structure has a larger band bending upwa
the nc-Si thanpor-Si in an aged structure. The fact that th
temperature dependences ofVph

por are so distinct for freshly
prepared and aged structures clearly indicates that
amount of oxidation ofnc-Si and the structural changes
the nanocrystal surfaces with decreasing tempera
strongly affect the band bending.

CONCLUSIONS

We measured the temperature dependence of the pu
photovoltage in order to investigate the electronic proper
of por-Si/p-Si structures in which thepor-Si was obtained
by chemical etching without applying an electric field. B
illuminating the por-Si/p-Si structures with white light
pulses, which were absorbed in both thepor-Si and thep-Si,
and red light pulses, which were absorbed only in t

FIG. 3. Temperature dependences of the concentrationN of captured elec-
trons at the surface ofp-Si ~1!, and at the interface of an as-grown~2! and an
agedpor-Si/p-Si structure~3!, and also the temperature dependences of
photovoltageVph

por that appears inpor-Si for as-grown~4! and aged~5!
structures.
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por-Si, we were able to measure the temperature dep
dences of the magnitude of the photovoltage at high level
electron-hole pair generation in both materials. Our res
proved that the photovoltage that appears inpor-Si is oppo-
site in polarity to the photovoltage that appears inp-Si.
Moreover, we found that in as-grownpor-Si/p-Si structures
capture of nonequilibrium holes takes place within the ti
the first white light pulse acts over the entire temperat
range 300–100 K, whereas in agedpor-Si/p-Si structures
capture of nonequilibrium holes dominates atT.220 K, but
at T,220 K capture of nonequilibrium electrons dominate
This gives rise to corresponding photovoltage memory
fects. For aged structures we also observed a photovol
memory connected with charging of traps in the silicon ox
of por-Si by electrons after the structure is illuminated by
train of white light pulses.

By investigating the photovoltage generated by illumin
tion with red light we can determine the band bending of
p-Si at the interface withpor-Si in the temperature rang
300–100 K, and also estimate the density of electronic s
face states ofp-Si. As the temperature decreases, we reac
certain temperature at which the system of electronic sur
states reconstructs. We calculated the temperature de
dences of the number of captured electrons at the interfac
p-Si with por-Si for the structures under study.
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Electrical characteristics and structural properties of ohmic contacts to p-type 4 H-SiC
epitaxial layers
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Epitaxial films grown by low-temperature liquid phase epitaxy onp-type 4H-SiC were used as
strongly doped subcontact layers for making low-resistance contacts to thep-type material.
The layers had a bulk resistivity of;0.02V•cm and an aluminum atom concentration of;1.5
31020cm23. The absence of polytype inclusions and the distinct crystalline quality of the
strongly doped subcontact layers was confirmed byx-ray diffraction methods. Ohmic contacts with
resistivities less than 1024 V•cm2 were prepared by depositing and then annealing multilayer
metal mixtures containing Al and Ti. The structural properties and energy characteristics
of the resulting ohmic contacts are discussed. ©1999 American Institute of Physics.
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INTRODUCTION

Silicon carbide is one of the most promising semico
ductor materials for making devices used in solid-state hi
power and microwave electronics. In fabricating silico
carbide bipolar devices, the creation of low-resistan
contacts to 4H- and 6H-SiC with p-type conductivity re-
mains a key problem, because these polytypes of silicon
bide have wide band gaps~3.28 and 3.09 eV at room tem
perature, respectively!. In nature there are no metals wit
work functions greater than 6 eV, which would make it po
sible to obtain ohmic contacts by decreasing the height of
Schottky barrier. Hence, such contacts can be obtained
by creating tunneling-transparent barriers to strongly do
SiC, or by creating highly defective layers at the met
semiconductor boundary. The best contacts to polyt
4H-SiC are obtained by magnetron sputtering of Al1 Si
with a subsequent annealing for 20 min at 700 °C.1 The mini-
mum resistivity (Rcont) that can be achieved in this way
3.831025 V•cm2, but reproducibly obtainable values a
aboutRcont.1024 V•cm2. The epitaxial layers have an ac
ceptor concentration of 531019cm23. The best contact to
polytype 6H-SiC (Rcont.431026 V•cm2) was obtained on
expitaxial layers with an acceptor concentration of 231019

cm23, using Co1 Si metallization and a long anneal:
hours at 500 °C plus 2 hours at 900 °C, leading to the form
tion of cobalt silicide.2 This value of the contact resistivity i
in rather good agreement with experimental dependenc
Rcont on the doping level for Ti- and Al/Ti-contacts top-type
6H-SiC,3,4 which in turn repeat the dependence of t
Schottky barrier transparency on the doping level of the s
con carbide subcontact region. In Ref. 3 it was conclud
that the dependence of the resistivity of Ti/Al-contacts on
concentration of acceptor impurities is also typical of
1201063-7826/99/33(11)/6/$15.00
-
-

-
e

r-

-
e
ly
d
-
e

-

of

i-
d
e
l

other metallizations, because it is determined by the dep
dence of the tunneling current through the Schottky bar
on the level of 6H-SiC doping. Thus, in order to obtai
low-resistance contacts to 4H- and 6H-SiC with hole con-
ductivity it is necessary, above all, to create a strongly do
subcontact semiconductor layer.

It is possible to increase the doping level of the semic
ductor subcontact region by using aluminum and boron,
chemical elements that are acceptor impurities in SiC,
create the contacts. Once they have diffused into silicon
bide, either during the time of deposition or after a sub
quent annealing, they should increase the level of doping
the subcontact layer. However, because the diffusion co
cients of impurities in silicon carbide are extremely sma
short-time annealing of contacts at temperatures of or
1000 °C does not increase the level of doping of the subc
tact layer. Although annealing at higher temperatures –
the order of 1700 °C – or for longer annealing times do
lead to the formation of a contact via recrystallization of t
semiconductor surface layer,5,6 such high-temperature an
nealing is not compatible with technologies for making d
vices withp2n junctions just below the surface.

Another way to increase the doping level of the subco
tact layer is to grow an additional strongly doped epitax
layer or create one by ion doping. The maximum concen
tion of aluminum atoms that can be incorporated into the S
crystal lattice and play the role of electrically active impu
ties depends on the methods of epitaxy or doping. The h
est concentration of aluminum atoms ever incorporated
silicon carbide, on the order of 231021cm23, was obtained
by doping during epitaxy of 6H-SiC, using the sublimation
sandwich method.7 Epitaxial layers grown in this way hav
high crystal quality, and the aluminum atoms are almost
6 © 1999 American Institute of Physics
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electrically active. On the other hand, the higher growth te
perature~;2000 °C! means that this method cannot be us
for direct deposition of the contact layer onto a prepa
device structure, and the impossibility of controlling th
level of doping during the growth process prevents the c
ation of the working structure and the subcontact layer at
same time.

A strongly doped contact layer can also be obtained
ion implantation of aluminum with subsequent annealin
Thus, this method has been used to create subcontact la
for contacts top-type 6H-SiC made of Ti/Al ~Refs. 8–10!
and Al ~Ref. 11!. The highest concentration of aluminu
atoms in silicon carbide obtained by ion doping at roo
temperature was 231019cm23. In this case the concentra
tion of electrically active atoms was 1019cm23 ~Ref. 12!.
Combined implantation of Al and C into 6H-SiC at room
temperature, or at higher temperatures~800 °C!, makes it
possible to increase the atomic concentration of Al
231021cm23 ~Ref. 11!, but activation of the impurities and
recrystallization of the amorphous SiC layer that forms
such high implantation doses (Al1.1015cm22) requires a
long high-temperature anneal for 30 min at 1550 °C in
special geometry that prevents the decomposition of the
surface layer. Although ohmic contacts with a contact re
tivity on the order of 1025 V•cm2 can be made to thes
layers,11 strong diffusion of the implanted impurities is ob
served at the same time, leading to washing-out of the d
ing profile of the working structure and to depletion of t
surface layer. The crystalline quality of the annealed lay
however, is considerably worse than the starting layer.13

Because vapor-phase epitaxy makes accurate contr
the doping profile possible, strongly doped subcontact lay
could be grown by this method at the same time as a de
structure. However, the maximum concentration of alum
num that can be attained for doping during epitaxial grow
from a vapor phase is roughly 231020cm23 for epitaxial
layers of 6H-SiC, i.e., almost an order of magnitude smal
than that obtained by the two preceding methods.14 The
growth rate of these layers was 2mm/h at a growth tempera
ture of 1550 °C. It was shown in Ref. 14 that practically
the Al atoms are electrically active. However, at the high
concentrations of around 231020cm23 a number of triangu-
lar defects were observed in the layers. Those defects w
interpreted as inclusions of the 3C-SiC polytype. A number
of strongly broadened lines were also observed on the ro
ing curves obtained from these layers, which is evidence
strong disruption of the crystal lattice induced by the e
tremely high Al concentrations. Contacts to these layers w
made by direct deposition of the composition Al/Ti/Al an
annealing at temperatures from 650 to 950 °C. Because
resistance contacts with resistivities of;1024 V•cm2 were
obtained only for Al concentrations of;231020cm23 in
the epitaxial layers, we may conclude that the presenc
lattice defects and inclusions of the 3C-SiC polytype play an
important role in lowering the contact resistivity. These d
fects and inclusions can affect the reliability and lifetime
the contacts, while in devices that are operating under
tremely high power densities they can cause nonuniformi
-
d
d

-
e

y
.
ers

t

a
iC
-

p-

s,

of
rs
ce
-
h

r

l
t

re

k-
of
-
re

w-

of

-
f
x-
s

in the current density, local heating, and consequen
burning-out of the mesa structure.

Finally, strongly doped layers ofp-type 4H- and 6H-
SiC can be grown by low-temperature liquid-phase epita
~LTLPE!.15 The monitored rate of growth in this process
found to be in the range 0.1–1mm/h, which makes it pos-
sible to grow thin layers, while the growth temperature
relatively low and lies in the range 1100–1200 °C. The co
centration of aluminum atoms in such layers, which w
measured by secondary ion mass spectroscopy~SIMS!, was
found to be 731020cm23, which is lower than the highes
doping level obtained by the sublimation sandwich meth
and ionic doping but exceeds the maximum doping le
obtained for vapor-phase epitaxy. The distinctive crystall
quality of these layers was confirmed byx-ray diffraction, as
well as its successful use as a substrate for subsequent
taxy of gallium nitride and the creation ofn-GaN/p-SiC
heterostructures.16 All this makes the LTLPE method attrac
tive for making strongly doped subcontact layers to decre
the resistivity of contacts top-type 4H- and 6H-SiC.

The topic of this paper is the fabrication of low
resistance ohmic contacts top-type 4H-SiC by growing
strongly doped subcontact layers using LTLPE, and the
vestigation of structural properties and electrical characte
tics of these contacts.

FABRICATION OF OHMIC CONTACTS TO p-TYPE 4H-SIC

Our strongly doped subcontact layer for making lo
resistance contacts top-type 4H-SiC was ap-type epitaxial
layer grown by LTLPE~an LTLPE layer!.15,16 The substrate
for this layer was provided by a homoepitaxial structure1!

consisting of an epitaxial layer of 4H-SiC with a thickness of
10 mm grown on the ‘‘silicon’’ facet of ann-type 4H-SiC
semiconductor crystal having a concentration of uncomp
sated acceptors on the order of 0.931018cm23. The LTLPE
layer had a thickness of 300 nm, while the atomic conc
tration of aluminum in it, as measured by SIMS, was 1
31020cm23.

In order to make ohmic contacts, metals were depos
onto the LTLPE layer by vacuum sputtering via evaporat
of a target by an electron beam. Before deposition
samples were subjected to standard chemical cleaning,
which photoresist was deposited on them and patterns w
created for measuring the contact resistance. Immediately
fore deposition the samples were held for 2 minutes in a 1
solution of hydrofluoric acid and washed in deionized wat
Successive deposition of all the metals took place in a sin
process while the residual pressure in the chamber of
deposition apparatus was held below 431027 Torr. The
contact metallization consisted of metals deposited in
following sequence: Ti~3 nm! — adhesion layer; Al~50
nm!–Ti ~100 mm! — contact layer; Pd~10 nm!–Ni ~50 nm!
— protective coating. After deposition and flash phot
lithograpy, the samples were annealed to create the oh
contact. The annealing took place over various time interv
at a temperature of;1200 °C in a hydrogen flux, and a pre
sure of 500 Pa in a quartz chamber with cooled walls. Bef
annealing, the chamber was evacuated to a pressure of
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The time required to increase the temperature from ro
temperature to the anneal temperature was 40 sec. Anne
in a hydrogen flux and the Pd–Ni coating were used to s
press oxidation of the metals during the anneal.

ENERGY CHARACTERISTICS OF OHMIC CONTACTS

We used the Shockley method to measure the con
resistance, modified for a cylindrical contact geometry,
described in Ref. 17. The low surface resistivity of the m
allization compared to the resistance of the epitaxial laye
an important condition for the use of this method to be va
The surface resistivity of the metallization was 0.5V/h im-
mediately after deposition, and increased to 4.2V/h after
annealing at 1150 °C for 11 min. Despite the fact that
resistance of the metallization increased as a result of
annealing, it remained much smaller than the surface re
tivity of the p-SiC layer (;600V/h).

The pattern formed on the metallization to measure
contact resistance had a set of point contacts with diam
d540 mm, surrounded by outer contacts whose inner dia
eter (D) varied from 100 to 500mm. The resistance of the
ohmic contacts was determined by plotting the depende
of the total resistance between the inner and outer con
Rtot on ln(D/d). The tangent of the slope angle of the straig
line approximation to this function equalsRS/2p, whereRS

is the surface resistivity of the epitaxial layer, while the i
tersection with theRtot axis equals the resistance of the inn
point contactRct . The value of the contact resistivityRcont

can be obtained by numerically solving the transcende
equation given by the functionRct5 f (RS ,Rcont).

17 Note that
in this method of measuring the quantityRcont the resistance
of the outer contact is assumed to be negligible. In rea
the resistance of the outer contact ranged from 0.05Rct to
0.25Rct as the outer diameter of the mask varied from 500
100 mm for the anticipated values ofRS.1000V/h and
Rcont.1024 V•cm2. This implies that the value ofRcont cal-
culated from these measurements is an upper bound fo
value of the contact resistivity.

The current-voltage~I-V ! characteristics of the tes
samples became linear after annealing for 50 sec at 1150
Figure 1 shows the dependence ofRtot on ln(D/d) for several
periods of the photolithographic mask. A considerable sc
ter in results at various points on the film is noticeable; ho
ever, plots ofRtot versus ln(D/d) based on points measure
within a single period of multiplication~1200mm! are well
approximated by a straight-line function. The value of t
specific contact resistance obtained from this function ran
from 6.031025 to 8.931024 V•cm2 for various regions on
the film, which also differed in their values ofRS . An aver-
age value of Rcont51.531024 V•cm2 was obtained for
RS,600V/h. Subsequent annealings of these contacts
periods as long as 300 sec at 1200 °C led to an increase i
contact resistance to 8.531024 V•cm2, although the I-V
characteristics remained linear in this case.
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STRUCTURAL PROPERTIES OF THE STRONGLY DOPED
SUBCONTACT 4 H-SIC LAYER AND THE CONTACT
METALLIZATION

The structural properties of the LTLPE 4H-SiC layer
were studied byx-ray diffraction. Figure 2 shows rocking
curves in modes (v) and (v, 2u) measured using two- an
three-crystal spectrometers operating on the~0004! CuKa re-
flection. Asymmetry of the peaks is observed in both curv
The half-widths of the rocking curves measured in mod
(v) and (v, 2u) were comparable, allowing us to assume
uniform distribution of dislocations in the epitaxial laye
This assumption in turn allows us to decompose the rock
curves measured in both modes into a sum of curves
scribed by Gaussian distributions.18 As is clear from the fig-
ure, each rocking curve is well approximated by a sum
two curves that are signals from the strongly doped LTL
layer ~1! and the weakly dopedp-type layer and substrat
~2!. The half-width of the peak of the rocking curve from th
layer was 37.29 for a half-width of the peak from the sub
strate equal to 129 on the curve measured in the (v)-mode,
which shows the rather high structural quality of the stron
doped LTLPEp-type layer. The angular distance betwe
the peaks from the substrate and the strongly dopedp-type
layer on the rocking curve measured in the (v, 2u)-scanning
geometry is 0.00253°, which corresponds to a concentra
of Al in the LTLPE layer of about 1.531020cm23 ~Ref. 19!.
This value of the Al concentration is in good agreement w
the results obtained from SIMS.

In order to study the changes that occur in the compo
tion of the metallic layer as the ohmic contact forms, w
measured Auger profiles of the samples immediately a
deposition and after annealing. The results are shown in
3. It is clear that as a result of annealing, oxidation occ
only at the metallization surface, and that there is no oxyg
at the ^silicon carbide&–metal boundary. Despite the fac
that, on the whole, the protective Pd–Ni layer fulfilled i
function and prevented oxidation of the contact Ti–Al lay
during the anneal time, it must be noted that the Pd diffu

FIG. 1. Dependence ofRtot on ln(D/d) for an annealed Ti/Al/Ti/Pd/Ni con-
tact to strongly doped 4H-SiC.
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FIG. 2. Diffractive reflection curves in modes: a—(v, 2u), b—(v). The experimental points lie on a curve that is the sum of two Gaussians which are s
by the thin curves and explained in the text.
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in the Ti layer even during the deposition process. In fact
shown in Ref. 20, it is necessary for oxygen to be presen
the surrounding atmosphere in order that there be no mu
diffusion of Pd and Ti, because oxygen itself diffus
through the palladium and forms titanium oxide at the Pd–
boundary, which intrinsically plays the role of a barrier f
Pd and prevents its diffusion into the Ti. For a deposition
metals under high-vacuum condition, i.e., in the absence
oxygen, the use of the additional Pd layer turns out to
unnecessary. Although the substrate was not heated in
tionally, the deposited metal increased its temperat
s
in
al

i

f
of
e
n-

re

enough for mutual diffusion of Pd and Ti. This process
also observable in the Auger profiles of the samples imm
diately after deposition.

Another distinctive feature of the metallization o
samples after annealing is the presence of a layer contai
carbon and titanium close to thêsilicon carbide&- metal
boundary.X-ray phase analysis of the contact layer after a
nealing shows that peaks for pure Ni and Ti appear on
diffraction pattern, and also a peak that can be interprete
corresponding to AlPd or TiC. Comparison with the resu
of Auger analysis, for which neither Al nor Pd were o
flux of
FIG. 3. Auger profile of the contact composition of the metals: a—immediately after deposition, b—after annealing for 50 sec at 1150 °C in a
hydrogen.
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FIG. 4. SIMS profile of contact com-
position of metals after annealing fo
50 sec at 1150 °C in a flux of hydro
gen.
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served~which implies that their concentrations do not exce
1%!, allows us to assert that titanium carbide forms in t
contact layer as a result of annealing. In order to obtain
Al distribution in the contact layer we used SIMS, whic
allowed us to detect very low concentrations of Al down
;1017cm23. The SIMS profile for the distribution of ele
ments in the contact layer after annealing is shown in Fig
Although the SIMS method does not give correct quant
tive estimates for such high concentrations, the correla
between SIMS and the Auger profiles is quite clear: b
methods show the presence of a layer enriched with Ti
C. It is also clear from Fig. 4 that some of the aluminu
atoms diffuse through the titanium layer towards the surfa
while the rest of the Al atoms remain close to the TiC-S
boundary. We assume that the Al forms a high-tempera
alloy with Ti in a very thin layer near the boundary, becau
the contact remains stable as a result of the subsequen
neal.

CONCLUSIONS

The layer grown by low-temperature liquid-phase e
taxy and used for making ohmic contacts top-type 4H-SiC
had an aluminum concentration of 1.531020cm23, which
allowed us to obtain contacts with resistivities less th
1024 V•cm2. The high concentration of acceptor impuritie
is the most important, but by no means the only requirem
on the subcontact layer of semiconductor in the course
device fabrication. In particular, the subcontact layer sho
have a low bulk resistivity in order to avoid additional loss
due to the resistance connected in series with the work
structure. The resistivity depends not only on the impur
concentration but also on the degree of activation of the
purities and the crystalline quality of the semiconductor m
terial. Thus, when 231021cm23 atoms of aluminum were
incorporated by ion implantation into 6H-SiC, a material
was obtained with a resistivity less than 0.22V•cm ~Ref.
11!, and when 6H-SiC was doped with aluminum durin
vapor-phase epitaxy up to levels of about 531020cm23, the
resistivity of the epitaxial layer was 0.042V•cm ~Ref. 21!.
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The magnitude of the resistivity of the subcontact lay
RS.600V/h, obtained by measuring the contact resistan
corresponds to a bulk resistivity of the LTLPE 4H-SiC layer
of ;0.02V•cm. From what we can gather from publishe
data, this value is close to the resistivity of the very highe
conductivity epitaxial layers ofp-type 4H-SiC ~0.025V
•cm) made by doping during vapor-phase epitaxy.21 Keeping
in mind that layers grown by low-temperature liquid-pha
epitaxy have high structural quality, these results should fi
application in making contacts in bipolar high-power a
high-frequency silicon-carbide devices.
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Effect of low-temperature charge redistributions on the conductivity of surface electron
channels at the Si / SiO 2 interface
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The behavior of the electron density at the Si / SiO2 interface with temperature is investigated by
measuring the rf conductivity of band-edge surface electronic channels that shunt Schottky
barriers inn-type Si. The results are explained within a model in which the ‘‘metallic’’ character
of the temperature behavior of the conductivity reflects a redistribution of electron charge
between the oxide and the silicon lattice in the vicinity of characteristic temperatures of the oxygen
subsystem of the oxide. ©1999 American Institute of Physics.@S1063-7826~99!01311-3#
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1. The electronic properties of the Si / SiO2 interface
form the basis for devices used in silicon electronics and
classical two-dimensional electronic system, and as s
have been studied extensively. However, recently there
been an ongoing elaboration of new model representation
electronic states at this interface and in the oxide. These
representations are required in order to understand the
cesses by which these states are modified by changes in
perature, electric field, and illumination, and the role of h
drogen in these processes.1,2 Observations of a metal
insulator transition in the two-dimensional electron g
contained in silicon field-effect transistors at liquid-heliu
temperatures,3 and its interpretation based on an assum
relation between the metallic conductivity and the tempe
ture dependence of the occupation of scattering cente
charged hole traps in SiO2 ~Ref. 4! — has also attracted
attention to this problem. Note that the ‘‘metallic’’ behavio
of the conductivity of electron channels at the Si / Si2

boundary at liquid-nitrogen temperatures is connected w
the dominance of electron-phonon scattering.5 However, the
nonmonotonic temperature behavior of the mobility o
served in experiments~see, e.g., Ref. 6! requires that other
mechanisms be invoked.

One such mechanism could be a low-temperature cha
in the spectrum of surface states and band bending of the
observed in Ge,7 Si,8 and GaAs.9 In these cases, measur
ments of the conductivity of surface channels can give inf
mation about the nature of electrical activity of surface c
ters. In Ref. 10 it was shown that the temperatu
dependence of the high-frequency conductivity of shunt
surface electronic channels in barrier structures and re
ation spectra of the conductivity can also be informative.
Ge and Si, for example, these dependences are found to
well-defined steps and peaks near the same tempera
when surface structural defects are present,10,11 allowing us
to hypothetically associate them with the intrinsic behav
of oxygen and hydrogen-oxygen complexes at the bound
between the crystals and the natural oxide.10 Such investiga-
tions of barrier structures with electronic surface chann
induced by positive charge that forms in the oxide during
1211063-7826/99/33(11)/4/$15.00
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thermal oxidation of silicon are of considerable interest.
Our goal was to investigate and compare the tempera

behavior of the conductivity of surface channels in Schot
diodes made fromn-type Si, channels that form at the inte
face between the Si and natural and thermally generated
ides, and to take into account a possible relationship betw
the ‘‘metallic’’ temperature character of the conductivity an
redistributions of electron charge between the oxide a
crystal silicon at the Si / SiO2 interface that occur in the
neighborhood of ‘‘intrinsic’’ temperatures of the oxide
oxygen subsystem.

2. In these investigations we used films of hig
resistivityn-type Si with resistivities of 2 kV•cm which con-
tain surface stacking faults surrounded by partial dislocati
that penetrate to a depth of,1mm. The defects are intro
duced by oxidizing the Si in dry oxygen at an oxidatio
temperature 85021050 °C for 1 hour, according to th
method described in Ref. 10. In order to create the Scho
barrier, a layer of SiO2 is first removed within a window
with area 335 mm2 . A layer of Au is then deposited on th
film with area 3.535.5 mm2, forming a structure with a wide
electrode. In control samples, the layer of thermally gen
ated oxide is removed from the entire Si surface before
positing the Au. In order to measure the layer conductivity
a portion of the film, the thermal oxide with the defectiv
surface is not removed. Ohmic Ni contacts are made on
backside of the films.

3. Structures with a wide electrode exhibit a consid
able excess current which increases as the temperatu
lowered. This is illustrated by the temperature dependenc
the dc conductivityG(T), shown in Fig. 1 by curve1. At

high frequencies the active conductivityG̃(T) of all the di-
odes exhibits a tendency toward nonmonotonic changes
decreasing temperature~curves2, 3, 6, and7!. The change in
the capacitive component of the rf conductancevC(T) with
temperature~whereC is the measured capacity of the diode
andv52p f ; heref is the frequency of the probing voltage!

is illustrated by the functionB̃(T), where B̃[v(C2C0),
C0[C(T5300 K) ~Fig. 1, curve4!. The correlation between

the traces of curvesG̃(T) and B̃(T) indicates that the tem
2 © 1999 American Institute of Physics
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perature features of the measured capacitance are caus
changes in the reactive conductivity of the leakage chan
with temperature. Note that the functionsG(T), G̃(T), and
vC(T) are reversible under thermal cycling.

The temperature dependences of the modulus of
high-frequency admittanceỸ[(G̃21B̃2)1/2 are shown in
Fig. 1 by curves5 and8. The temperature curves of the lay
admittance of the samplesGs(T) are similar in character
reflecting the temperature behavior of the surface admitta
ss(T), because the measured value ofGs exceeds the bulk
conductivity (;131025 V21 at 300 K! ~Fig. 1, curves9
and10!. From Fig. 1 it is clear that the nonmonotonic natu
of the curvesG̃(T), B̃(T), andỸ(T) in samples with a ther-
mal oxide is less clearly defined than in the control samp
but the changes in slope are observed at similar temperat

Such behavior of the conductivity with temperature
the samples under study is even more strikingly eviden
the relaxation spectra~Fig. 2!, which consist of temperatur
curves for the nonstationary capacitive admittanceDB̃(T)
5v@C(t2)2C(t1)# and which are obtained by the standa
method used for capacitive deep-level transient spect
copy. As already noted in Ref. 10, the choice to investig

FIG. 1. Temperature dependences of the dc conductanceG(T) ~1!, its active

componentG̃(T) ~2, 3, 6, 7!, its capacitive componentB̃(T) ~4!, and the

modulus of the rf conductivityỸ(T) ~5, 8! of surface channels at the bound
aries between Si and its thermal~1–5! and natural oxides~6–8!, and also the
layer conductance of a Si sample with a thermal oxideGs(T) after holding
the sample for several days~9! and several months~10! under natural con-
ditions. The arrows denote temperature positions of the peaks of spectr
in Fig. 2. For curves1–5, 7, and8 the left-hand scale is used, for curves6,
9, and 10 the right-hand scale. The oxidation temperature, °C:~1–8! —
1050,~9, 10! — 850.U, 6 — 0.5; 2 — 1.5; 3, 4 — 2.5; 1, 5, 7 — 3.5; 8 —
8. f 5160 kHz.
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high-resistance Si excludes the possibility that effects
charging deep levels will appear in the spectra, because
width of the depletion region even under equilibrium con
tions greatly exceeds the penetration depth of the stac
faults ~,1 mm! and when the voltage is switched, the ed
of the space-charge region sweeps through a region with
defects. The spectra of control samples are identical to th
observed in Ref. 10 in Si with surface packing faults; th
contain five basic peaks with maximaA1 ~94 K!, A2 ~126 K!,
B3 ~187 K!, C ~226 K!, andD ~273 K!. From Fig. 2 it is clear
that in structures with a wide electrode, despite the con
erable monotonic background, peaks in the spectra are
served near the same temperatures.

4. The correlation of the temperature dependencesỸ(T)
and DB̃(T) with the function Gs(T) can be interpreted
within the model discussed in Ref. 10, which establishe
relation between the density of electrons at the Si / SiO2 in-
terface and the admittance of the electron channel that sh
the potential barrier. In this model it is assumed that an
ternal voltage changes not only the width of the space-cha
region and the depth of the channel, but also the width of
channel, because a transverse field appears at its boun
due to the different distributions of longitudinal field in th
channel and in the depletion region. When this field
screened, the channel narrows at the source and broa
towards the drain. Negative feedback in the channel affe
the screening time significantly. When the voltage is

1

FIG. 2. Relaxation spectra of the capacitive component of the rf conduc
ity of a surface channel at the boundary of Si with its natural~1! and
thermally grown oxide~2, 3!. t152 ms,t2510 ms.f 5 160 kHz. Switching:
1, 2 — ~0→4.5 V!, 3 —~1→2.5 V!.
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creased in a stepwise manner, for example, the increas
current as a result of broadening of the channel at the d
suppresses the redistribution of voltage along the chan
causing narrowing of the channel at the source. The su
quent decay of the current and narrowing at the drain slo
down the broadening at the source. Negative feedback br
ens the frequency characteristics both in the regions of h
and low frequencies, decreasing the timet f(T);ss

21(T) for
the current to grow and increasing the timets(T);ss(T) in
which it slowly falls off.10 At high frequencies, due to th
oscillating width of the channel, measurements of the adm
tance reflect the conductivity of an ‘‘opened’’ channel a
the temperature dependencesss(T) are clearly manifested in

the functionsG̃(T), B̃(T), andỸ(T) but more weakly in the
functionsG(T), which to a large degree reflects the overl
of the channel by the depletion region and the effect of
increase of the diffusion potential as the temperature is l
ered. In addition, atvt f; 1 the temperature change inss

leads to a change in the ratioG̃/B̃, which also makes itsel

felt in the shapes of the curvesG̃(T) andB̃(T). The depen-
dencets5 f (ss) accounts for a number of peaks in the r

laxation spectra asDB̃(T)5v@C(t2)2C(t1)# changes for a
given choice oft2 and t1 for the relaxation time window.

5. We have presented some information about poss
connections between the temperature-dependent chang
the admittance of surface band-edge channels and the su
density of electrons and temperature-induced redistribut
of electron charge between the oxide and silicon, based
low-temperature properties of oxygen in adsorbed oxy
and hydrogen-oxygen condensates that are known from
literature, and also in the solid phase.

Analogy with the temperature transition from donor
acceptor activation of oxygen adsorbed complexes. Oxy
can be both an acceptor and a donor of electrons. Donor
behavior of oxygen centers at the surface of Si crystals,
oxygen thermal donors in its bulk, is connected with ele
trons of unshared-pair orbitals in super-coordinated oxy
atoms. Increasing the number of oxygen atoms in a comp
and also increasing the binding energy and decreasing
interatomic distances, leads to ejection of electronic lev
into the conduction band.12 The force that drives the tem
perature dependence of the electronegativity and the con
sion of submonolayer oxygen adsorbed on a cold subs
from donor to acceptor is a structural transition that is o
served with increasing temperature. Oxygen adsorbed at
K on a Si surface, for example, exhibits electropositive pr
erties, and decreases the work function, forming a downw
band bending at the surface. Upon heating, the work func
increases and the bands bend upwards, which is attribut
to a changeover from molecular adsorbed oxygen to che
sorbed oxygen.13 The transformation of the molecular form
of oxygen to its atomic form observed in Ref. 14 in su
monolayers of oxygen adsorbed at 100 K at the surface o
is accompanied by a step-like increase in the work functi
at the same temperatures as the peaksA2 , B3 , C, D in the
relaxation spectra in this paper. An analogous change in
work function is also observed in the system H2O/O2/Cu
~Ref. 15!. In this case, in the region of the same temperatu
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as the peaksB3 , C, andD in our study, the authors of Ref
15 observed peaks in the thermodesorbed spectra, refle
a loss of stability of hydrogen-oxygen complexes at 19
220, and 280 K.

Redistribution of charge at a silicon-oxide interface
at intrinsic temperatures of the oxygen subsystem of the
oxide. Within the same temperature intervals as the pe
A1 , A2 , B3 , C, andD, a succession of structural phase tra
sitions is observed when solid hydrogen-oxygen condens
synthesized at 80 K are heated: amorphous condensat→
sintering→ softening→ viscous liquid→ crystallization→
melting→ liquid → gas,16 as well as amorphous solid wate
a-H2O ~Ref. 17!. As a result of these transformations, th
concentrations of molecular ions of oxygen peroxide O2

22

and O2
2 ions, and also O3 and O4 structures containing a

-OO- bond, decrease nonmonotonically with temperatu
while the concentrations of atomic ions O2 and O22 in-
crease: O2→O2

2→O2
22→O2→O22 ~Ref. 16!. Note also

that in the temperature range corresponding to peaksA2 , B3 ,
C, and D, the authors of Ref. 18, using ESR, observed
stepwise decrease in the concentration of peroxide radi
[Si-OO- during post-irradiation annealing of amorpho
SiO2 with a high content of dissolved O2 molecules.

The analogies formulated here allow us to assume tha
the oxygen subsystem of SiO2 there are a number of tem
peratures in the range 772300 K at which the interaction
energy in the oxygen complexes containing the bond -O
change reversibly, which is accompanied by a change
their electronegativity and a redistribution of electron cha
between the oxide and the silicon crystal. As a result,
density of bound and free electrons at the Si surface can
change. These temperatures in the final analysis are relat
temperature phase transitions: boiling of the oxygen~90 K!
and ozone~161 K!; breaking of the molecular bond -OO- i
molecular O2

2 ions ~145 K! and oxygen peroxide O2
22 ; the

beginning of decomposition of the solid condensa
H2O2– H2O ~190 K! and melting of the eutectic H2O2– H2O
~220 K!; melting of ice~273 K!, sintering~;100 K!, glassi-
fication ~; 136 K! and crystallization~; 158 K! of the solid
hydrogen-oxygen condensates.16,17 In this case the change i
electron density at the Si/SiO2 interface in the neighborhood
of these temperatures depends on real structural feature
SiO2 and defects at the Si surface, and also the presenc
hydrogen in SiO2 .

Analogy with the temperature mechanism for inter-
layer charge transfer in layered oxides.The qualitative
model considerations stated above are also based on
‘‘oxygen-hole’’ model of quasi-two-dimensional conductiv
ity and superconductivity in layered oxides based on the s
tial separation of electrons and holes between planes
differing oxygen concentrations19 and on the decisive role o
the oxide’s oxygen subsystem. In these models, the bind
of electrons in a layer with an oxygen deficit leads to
increase in the concentration of holes in the conduct
layer. It is assumed that dimerization of holes 2O2222e
→2O2→O2

22 and binding of the holes at oxygen peroxid
O2

22 leads to superconductivity in the neighborhood 90
~Refs. 20 and 21! and that the temperature dependence of



s

ri
la
in
th
a
a
io
d
as
of
op
fo

i
h
tr
e
id

-

es
e
ef
ilo
ct
lk

ex
tio
1
a
y.
u

er

i
ite
o
ro

-
t

lit
tru

he
tu
ge
e
n

e

in
th

a-

and
that
e of

ibu-

ub-
ed

i-
in

ute
this

M.

tors

d

,

.

b-

v,

ys.

.

tiv-

1215Semiconductors 33 (11), November 1999 N. I. Bochkareva and S. A. Khorev
conductivity is controlled by thermal drift of oxygen atom
in oxygen bridges between layers.22 Comparison of the ex-
perimental data allows us to identify the general characte
tic temperatures for changes of interatomic distances in
ered oxides controlled by the density of holes in conduct
layers,22 and changes in the density of electrons at
Si/SiO2 interface based on data from our study. This is
indication of a possible generality of electronic chemic
processes responsible for interlayer charge redistribut
The analogy we have mentioned is confirmed by the mo
representation put forth in this paper for microscopic ph
transitions at the Si/SiO2 interface as the physical cause
the temperature correlation of electronic and structural pr
erties, and indirectly confirms that the temperature trans
mations between molecular and atomic forms of oxygen
the oxide are reversible under temperature cycling. T
analogy also allows us to assume that the increase in elec
density at the Si/SiO2 interface as a result of cooling can b
accompanied by an increase in the bond length of the br
ing oxygen~oxygen in the structural fragment[ Si-O-SiO3)
with the Si lattice.

Temperature analogies between the relaxation spec
trum of the conductivity and the spectra of internal fric-
tion. Additional confirmation of these conclusions com
from analogous behavior of temperature features in th
conductivity of surface channels found here and also in R
10 and 11, and absorption of ultrasonic waves in the k
hertz spectral region observed as anomalies in the condu
ity in Ge and Si crystals containing dislocations in the bu
and in the skin layer reported in Refs. 23 and 24. For
ample, peaks were observed in the spectra of internal fric
in Si crystals23 in the temperature range 80–200 K at 9
124, and 192 K, which are close to the temperature pe
A1 , A2, andB3 in the relaxation spectra of the conductivit
Similar peaks in layered oxides, accompanied by abr
changes in the parameters of the oxide lattice,25 are observed
at 90, 126, 180, and 220 K, which correspond to the temp
ture positions of peaksA1 , A2 , B3, andC. The mechanisms
for low-energy relaxation processes in oxides, just as
semiconductor crystals, remain matters of dispute, desp
long history of discussion. Anomalies in the absorption
elastic waves in Si are connected with freeze-out of the
tational motion of point defects, including oxygen26 or hy-
drogen defects,27 which brake the elastic vibrations of dislo
cations. In oxides these anomalies are often related to
oxide’s oxygen subsystem, i.e., internal structural instabi
connected with oxygen vacancies, changes in the spec
of vibration of oxygen- containing complexes, etc.~see, e.g.,
the review artice28!.

Note also that we can find an explanation within t
framework of these model representations of the tempera
changes in electronegativity of oxygen and hydrogen-oxy
complexes for the temperature anomalies observed pr
ously in the mobility of electron inversion channels in silico
field-effect ransistors,6 and also the post-irradiation positiv
built-in charge in SiO2 ~Ref. 18! and the density of dangling
bonds of silicon at the Si/SiO2 surface.29 This prompts us to
claim that our model could provide the key to understand
the mechanism for modification of interface states at
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Si/SiO2 interface upon exposure to electric field, illumin
tion, and temperature.

6. Based on analysis of the results obtained here,
using literature data that are relevant, we may conclude
the observed nonmonotonic increase in the conductanc
electronic channels at the Si/SiO2 boundary with decreasing
temperature is controlled by temperature-induced redistr
tion of electrons and holes between Si and SiO2 in the neigh-
borhood of intrinsic temperatures of the oxide’s oxygen s
system, leading to the formation of a surface layer enrich
by electrons near 80 K.

We wish to thank the participants of the Scientific Sem
nar from the Laboratory for Nonequilibrium Processes
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Statistical delay of microplasma breakdown in GaP p 2n junctions
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The mechanism for switching on a microplasma in gallium phosphidep2n junctions is
investigated. It is shown that changing the distribution function of the statistical breakdown delay
with respect to distance makes it possible to determine the energy spectrum of deep levels
localized in the microplasma channels. In these experimental studies, commercial gallium
phosphide AL102 red-light LEDs were used. In the temperature range 100–380 K the
influence of a number of energy levels was detected. In these diodes, deep levels were observed
to have an unusually strong effect on the statistical breakdown delay when their charge
states are changed by a fractional decrease in the voltage across thep2n junction. © 1999
American Institute of Physics.@S1063-7826~99!01411-8#
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INTRODUCTION

Avalanche breakdown ofp2n junctions usually has a
microplasma character with a delay.1 Deep levels located in
the space-charge region of ap2n junction are found to have
a large effect on the breakdown delay.2–6 At high concentra-
tions of these levels, when the electric field intensity in t
p2n junction changes appreciably during their charging
relaxational breakdown delay appears.4 If the concentration
of deep levels is low, then they affect the statistical bre
down delay of the microplasma. For siliconp2n junctions
these issues were investigated in Ref. 5, and in Ref. 6
gallium phosphidep2n junctions. However, the results ob
tained, as the authors of these papers themselves remar
too imprecise and contradictory.

In our view, many of the problems are connected w
the fact that charging of deep levels takes place by pas
of the avalanche current through the microplasma channe
this case, the deep levels can capture both electrons
holes. The occupation of deep levels occurs over the en
space-charge region, including the region of maximum fie
Therefore, effects of Frenkel–Poole type or tunneling c
manifest themselves during re-emission of the captu
charge carriers. The passage of a filling current pulse h
the channel of the microplasma. Because emission of car
occurs over a short time, problems arise with the definit
of temperature.

In this paper we study the effect of deep levels on s
tistical breakdown delay as these levels are filled by decr
ing the reverse voltage across ap2n junction. In this case
trapping of only charge carriers~electrons from then-base
side and holes from thep-base side! occurs. Filling of deep
levels can take place within a bounded region near the ed
of the space-charge region, where the electric field inten
is considerably lower than its maximum field intensity in t
p2n junction.
1211063-7826/99/33(11)/5/$15.00
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We will consider the influence of deep levels in a micr
plasma channel on the probability of the channel switch
on, and the possibility of determining deep-level paramet
from measurements of the distribution function for the leng
of delay before static breakdown of the microplasma.

DISTRIBUTION OF STATIC BREAKDOWN DELAY VERSUS
DISTANCE

Consider ap2n junction in which a uniform distribu-
tion of deep levels is present with an energy level in t
upper half of the band gap. In this case, as a rule, the em
sion of electrons from a deep level is considerably lar
than the emission of holes, i.e.,en@ep . Let thep2n junc-
tion support a voltageUm for a sufficiently long time so tha
stationary occupation of the deep levels is achieved. Le
discontinuously increase the voltage fromUm to U.UM ,
whereUM is the voltage for microplasma breakdown. Th
situation in the microplasma channel for a certain timet after
the discontinuous change in voltage is shown schematic
in Fig. 1.

Whenen@ep , the deep levels in the region from2Lp to
Lm are nearly empty, and from them we will alternately s
emission of holes and electrons. In the region fromLm to Ln ,
starting with the instant of the voltage jump, all the de
levels will be completely occupied by electrons. In this r
gion we will observe primarily electron emission.

The probability of switching on the microplasma aft
applying an overvoltage can be expressed in the form2

PM512expF2E
0

t

P01~ t !dtG ,
where P01 is the probability of a transition from the
‘‘switched off’’ state to the ‘‘switched on’’ state per uni
time. It is determined by the frequency for the appearance
triggering carriers in the microplasma channel and the pr
6 © 1999 American Institute of Physics
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ability of avalanche being triggered by them. In the ca
under study, switching on of the microplasma is caused
electrons and holes emitted from the deep levels.

The probability that in a timet after applying the over-
voltage the microplasma does not switch on is determined
the expression

12PM5 expH 2SME
0

tE
2Lp

Ln
@Gn~x,t !Pn~x,t !

1Gp~x,t !Pp~x,t !#dxdtJ , ~1!

whereGn(x,t) andGp(x,t) are the rates of emission of ele
trons and holes from the deep levels, respectively;Pn(x,t)
and Pp(x,t) are the probabilities that they will trigger a
avalanche, andSM is the cross section of the microplasm
channel.

In the first portion of the space-charge region fro
2Lp to Lm we have a stationary occupation of the de
levels and the rate of emission of electrons and holes is
same:

Gn15Gp15
enep

en1ep
Nt , ~2!

whereen andep are emission coefficients for electrons a
holes from the deep levels, andNt is the deep level concen
tration.

In the second region fromLm to Ln there is nonstation-
ary occupation of the deep levels. The rate of emission
this region is given by the relations

Gn25enNtS en

en1ep
e2

t
t1

ep

en1ep
D , ~3!

Gp25
enep

en1ep
NtS 12e2

t
t D , t5~en1ep!21. ~4!

In this case it is assumed that att 5 0 occupation of the
deep levels is complete in this region. We also assume
the concentration of deep levelsNt is small compared to the
concentration of doping impurities, and that the electric fi
has is no effect on the emission of charge carriers from
deep levels. In this caseen and ep do not depend on the
coordinates, whileLn , Lp , Pn , and Pp are independent o
time.

FIG. 1. Schematic illustration of ap2n junction.
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Based on Eqs.~1!–~4! for the distribution function of the
breakdown delay with respect to distance~the probability
that during timet the microplasma will not switch on! we
then have

12PM5 exp H 2SMNtF enep

en1ep
tE

2Lp

Ln S Pn~x!

1Pp(x))dx1
en

2

~en1ep!2 S 12e2
t
t D

3S E
Lm

Ln
Pn~x!dx2

ep

en
E

Lm

Ln
Pp~x!dxD G J . ~5!

In GaP the coefficients of collisional ionization of electro
and holes are equal, i.e.,an5ap5a. In this case the prob-
ability of triggering an avalanche by an electronPn(x) and a
holePp(x) starting from a pointx in the space-charge regio
is determined by the expressions1

Pn~x!512exp F2PnpE
x

Ln
a~x8!dxG ,

Pp~x!512exp F2PnpE
2Lp

x

a~x8!dxG , ~6!

wherePnp is the probability of triggering an avalanche by a
electron-hole pair. When the ionization of electrons is t
same as that of the holes, this quantity does not depen
the location of the pair generation, and is determined by
transcendental equation

12Pnp5exp F2PnpE
2Lp

Ln
a~x!dxG . ~7!

It follows from Eq. ~5! that in a semilogarithmic system
of coordinates the distribution function for breakdown del
consists of linear and nonlinear parts:

f ~ t !52
M

L E
2Lp

Ln
@Pn~x!1Pp~x!#dx

enep

en1ep
t, ~8!

w~ t !52
M

L F E
Lm

Ln
Pn~x!dx2

ep

en
E

Lm

Ln
Pp~x!dxG

3
en

2

~en1ep!2 S 12e2
t
t D , ~9!

whereM is the number of deep levels in the microplasm
channel.

For purely electronic traps (ep50), the linear term
equals zero, and the distribution function for breakdown
lay has the form

12PM5expFAS 12expS 2
t

t D D G . ~10!

In this caseA is always negative, which corresponds to
decrease in the statistical breakdown delay. If, howev
epÞ0, then the linear term can be eliminated from consid
ation if we measure the distribution function without fillin
the deep levels. In this case for small overvoltagesLm>Ln
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and, according to Eq.~5!, f (t) is measured. Thus, the que
tion can be reduced to analyzing the functionw(t) which
contains the basic information about the influence of d
levels on the breakdown delay, and which also has the f
of Eq. ~10!. It follows from Eq. ~9! that in this caseA can
have both negative and positive signs. The latter implies
the filling of deep levels by majority carriers increases
statistical delay of the microplasma.

Figure 2 shows the change in the parameterA with in-
creasing width of the region of filling for a smooth galliu
phosphidep2n junction withM 5 100. In these calculation
we used ionization coefficients from Ref. 7. It is clear fro
the figure that for equal ionization coefficients of electro
and holes it is harder to see the increase in the static br
down delay than it is to observe its decrease. As the d
levels fill near the edge of the space-charge region,A.0, but
in absolute value it is small. This hinders its separation fr
the overall distribution functions for breakdown delay. T
situation is somewhat more favorable in abrupt asymme
p2n junctions. When other conditions are approximately
same, the values ofA near maximum are an order of magn
tude greater in these junctions.

It is even easier to observe the increase in the statis
breakdown delay when the collisional ionization coefficie
for majority carriers is smaller than the coefficient for mino
ity carriers ~for example, in siliconn12p junctions!. Here
the occupation of deep levels by holes leads to a tim
dependent decrease in electron emission, whose contribu
to triggering avalanche is considerably higher.

We easily can obtain the distribution function for brea
down delay for the case where the voltage is switched
with a built-in delay. In other words, we increase the volta
from Um to UM , pause for a timetd , and then increase th
voltage toU.UM . For rather small overvoltagesU2UM

this reduces to adding a factor exp(2 td /t) to the expression
for the nonlinear part in Eq.~9!. The effect of such a delaytd

is equivalent to incomplete occupation of the deep levels
the region fromLm to Ln .

FIG. 2. Dependence of the parameterA on the width of the filled region.
The concentration gradient was 431022 cm24 ; T5300 K; UM517.80 V;
U2UM50.7 V. ep /en : 1 — <1023, 2 — 1022, 3 — 231022, 4 — 3
31022, 5 — 531022 .
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In real p2n junctions, along with emission of carrier
from the deep levels there are some other mechanisms w
supply carriers for triggering an avalanche. Another ter
usually a linear term,1 in this case should be added to th
exponent on the right side of expression~5!. Its contribution
can also be included when measuring the distribution fu
tion of the breakdown delay without filling of the deep leve
~background triggering!.

EXPERIMENTAL RESULTS

By studying the effect of deep levels on the breakdo
delay of the microplasma we can determine the parame
of the deep levels located in the microplasma channels. T
can be done either by measuring the distribution function
the breakdown delay, or by studying the effect of the delaytd

for a voltageUM . We restrict the analysis to determining th
parameters of the deep levels directly from the distribut
function for breakdown delay.

Measurements were made on a series of gallium ph
phide red-light emitting diodes AL102. The capacitanc
voltage characteristics are shown for the example of a dis
bution of doping impurities that is linear in character with
the space-charge region for a concentration gradient of a
431022cm24 . The steady-state breakdown voltage of t
first microplasmas in various diodes varied in the range of
to 19 V. For these measurements we chose diodes in w
the breakdown voltage for the second microplasma excee
by more than 1 V the voltage for first breakdown.

Analysis of the LEDs under study showed that the a
pearance of a microplasma is always accompanied by
appearance of a glowing point that is yellow-orange in col
In all cases, these points are located outside the edge o
p2n junction contour. This is probably explained by the fa
that near the edges of the space-charge region the conce
tion of doping impurities is;631017cm23 . Surface states
at such high concentrations of impurities are unable to h
any important effect on the field distribution, and thep2n
junction breakdown is bulk-like in character.

The temperature range for these investigations was
to 380 K. The samples were placed in a cryogenic thermo
that emitted no light, which accurately maintained a tempe
ture of ;0.1 K. The temperature of the samples was co
trolled by a platinum resistance thermometer TSPM-5. T
voltage across thep2n junction was varied using a genera
tor of step voltages with a leading edge whose width w
about 10ms. The breakdown delay time was measured b
CHZ-54 frequency meter.

When observed at constant voltage, the microplas
pulses had a well-defined ‘‘packet’’ character in the ent
temperature range. This observation was evidence of
presence of deep levels in the microplasma channel. H
ever, no relaxation of the barrier capacitance with time w
observed. The temperature dependence of the capacit
had a smooth monotonic character. All of this indicates
ther a low concentration of deep levels in the diodes or th
localization in the microplasma channels.

In order to eliminate the influence of previous brea
down cycles, in measuring the breakdown delay we allow
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enough of a time lag for the diode to undergo a filling vo
age Um . Depending on temperature, this time was eith
fractions of a second at high temperatures or several sec
at low temperatures.

Without filling of the deep levels, the distribution func
tion for breakdown delay is linear in semilogarithmic coo
dinates. If re-emission of trapped carriers from the deep
els is eliminated, then avalanches are triggered by elect
hole pairs that were generated~the entry of minority carriers
into the microplasma channel from the base regions
equivalent to the generation of electron-hole pairs at the e
of the space-charge region!. It is easy to show that the ave
age duration of breakdown delayt0 for equal collisional ion-
ization coefficients of electrons and holes can in this case
written in the form

t05~nPnp!
21, ~11!

wheren is the frequency of appearance of electron-hole p
in the microplasma channel. HerePnp does not depend on
the location where the pairs were generated and is given
expression~7!. Using Eq.~11!, we find thatn changes very
slowly with temperature and depends strongly on the app
voltage. This indicates that in the temperature interval un
study a large contribution to the supply of charge carriers
triggering an avalanche comes from a tunneling mechan
for generating electron-hole pairs.

In order to experimentally measure the distribution fun
tion for breakdown delay it is necessary to ensure the co
tion t0.2t. This can be done by choosing the overvolta
(U2UM) at the diode or by varying the temperature.

Figure 3 shows the distribution function for breakdow
delay 12PM at T5 320.9 K. The function 12PM is defined
as the ratio of the number of step-voltage pulses for wh
breakdown delay exceeds a timet to the total number of
applied pulses~1000!. It is clear from the figure that all the
curves correspond to relations~5! and ~8!–~10!. At certain
temperatures the resulting curve3 is described by the sum o
two exponentials of the form~10! with time constants tha
differ by almost an order of magnitude. This allows us
separately determinet in these cases.

FIG. 3. Distribution function for the static breakdown delay with respec
time. 1—Without filling of deep levels,2—with filling of deep levels,
3—the difference curve corresponding to expression~10! for A 5 2.40 and
t578.2 ms.T5320.9 K;UM518.45 V;U2UM50.35 V; Um513.0 V.
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Figure 4 shows dependences oft on T in the form of
Arrhenius curves. Six values of activation energy were fou
~in eV!: 0.4960.01, 0.3560.01, 0.2360.01, 0.1660.01,
0.08460.005, and 0.0306.001. The first five values of acti
vation energy can be assigned to individual energy lev
However, it is impossible to determine from which band w
should measure these energy values, because the diode
der study have almost symmetrical structure. The lost a
vation energy appears at low temperatures over a rather w
range. Possibly it is connected with fluctuations in the ba
potential from the space-charge region of thep2n junction.8

Near the boundaries of the space-charge region they can
to the appearance of local regions that capture majority
riers and hold them for a long time.

It should be noted that within the entire temperatu
range the occupation of deep levels by decreasing the vol
led to a decrease in the statistical breakdown delay. In
case an anomalously high sensitivity was observed to
filling of deep levels, especially at low temperatures. Ev
for a rather small change in the voltage across thep2n
junction (UM2Um>0.5– 4 V! a decrease in the averag
delay to breakdown was observed and the value of
parameterA reached 1–2 in absolute value. Meanwhile, c
culations using the ionization coefficients of Ref. 7 for re
sonable assumptions about the geometric dimensions o
microplasma and deep level concentrations give values foA
that are smaller by ten orders of magnitude. As follows fro
Fig. 2, for the diodes under study the considerable incre
in A with increasing range of occupation should be obser
for Ln2Lm>0.3LB , where LB is the width of the space
charge region at the microplasma breakdown voltage.

In order to explain the anomalously high sensitivity
breakdown delay to deep level filling we offer the followin
assumptions.

1. The electric field distribution in the microplasm
channel differs considerably from the distribution of field
the p2n junctions under study and is more similar to th
field distribution in a p12n2n1 structure. In this case
even when the deep levels near the edges of the space-c
region are filled, they turn out to be in regions of relative
high field. The increase in sensitivity to filling of deep leve
with decreasing temperature is connected with the increas

FIG. 4. Arrhenius curves for the observed levels.
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the width of edge layer of the space-charge region, in wh
the deep levels are always completely filled.

2. The collisional ionization coefficients in GaP and th
temperature dependences in weak fields are consider
larger than the values obtained by extrapolating the dat
Ref. 7 would suggest. In this paper the ionization coefficie
were measured in the range of fields (5 – 13)3105 V/cm,
whereas the maximum value of the field in the region wh
the deep levels are filled forUM2Um>4 V is on the order
of 105 V/cm.

3. Although the distribution function for carriers in Ga
in strong fields is assumed to be spherically symmetric, th
are a small number of carriers that are able to avoid co
sions with phonons~Shockley electrons!. These carriers play
the primary role in triggering an avalanche as carriers
emitted from the deep levels. In this case, in calculating
probability for triggering an avalanche the use of avera
values of the collisional ionization is inadequate, and
h

r
bly
of
s

e

re
i-

e
e
e
e

theory of avalanche triggering should be reconsidered.
At this time, there is no basis for preferring one of the

assumptions over the others.
This work was carried out with the support of the Ru

sian Fund for Fundamental Research~Grant 98-02-03334!.
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On the transformation of the potential barrier at a GaAs/Au interface during heat
treatment

B. I. Bedny * )

N. I. Lobachevski� Nizhegorod State University, 603600 Nizhni� Novgorod, Russia
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The effect of vacuum heat treatment on the electronic state of a GaAs~100! surface coated with
island layer of gold is investigated. It is found that the effective band bending in the
depletion layer decreases monotonically with increasing anneal temperature in the range
100–500 °C. The Fermi level at the surface remains approximately 0.8 eV below the conduction-
band bottom. The transformation of the potential barrier is due to the formation of a
strongly doped region near the surface with high tunneling transmittance. It is shown that the
photoelectric properties of thin GaAs films can be controlled by adsorption of gold and
heat treatment. ©1999 American Institute of Physics.@S1063-7826~99!01511-2#
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1. INTRODUCTION

The high density of electron states localized on a f
GaAs surface and at interfaces between GaAs and meta
insulators is one of the most important physicotechni
problems impeding the full realization of the well-know
advantages of gallium arsenide over silicon in practical
plications. In Schottky diodes, surface states cause the F
level to be pinned near the center of the band gap in Ga
thereby sharply decreasing the ‘‘sensitivity’’ of the potent
barrier to the work function of the metal.1 Pinning makes the
technology for fabricating diodes with a low barrie
height,2–4 which are necessary for a number of technical
plications ~for example, the production of millimeter-rang
detectors and mixers4!, much more complicated. Definite dif
ficulties also arise in the development of GaAs-based th
film photosensitive components.5

The possibility of controlling the electric characteristi
of a number of III–V–metal contact systems by heat tre
ment~right up to a transition of contacts from rectifying int
ohmic! has been reported elsewhere.6–8 The changes occur
ring in the electric properties of Schottky diodes are e
plained by the ‘‘repinning’’ of the Fermi level near th
conduction-band bottom as a result of the rearrangemen
the energy spectrum of surface states.8 In the present pape
we report the first results of an experimental investigation
the effect of heat treatment on the electrical and photoelec
properties of a GaAs surface coated with an island laye
gold. They attest to a change in the shape and effec
height of a barrier near the surface while the Fermi le
remains pinned near the center of the band gap.

2. EXPERIMENTAL METHODS

A GaAs surface coated with an island layer of gold is
methodologically convenient model system whose electro
properties are similar to those of a completely metalliz
GaAs surface.9 The methodological advantages are due
the absence of a surface conducting phase with relati
small fillings of the surface with the adsorbate. This make
1221063-7826/99/33(11)/4/$15.00
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possible to use for diagnostics of metal–semiconductor
terfaces photosensitive methods based on the study of lo
tudinal carrier transport near the semiconductor surface~pla-
nar conduction, photoconduction, field effect, and others!. Of
great interest is the possibility of controlling the potent
barrier near the surface in GaAs by photoelectric metho
since photoelectronic processes in this material are espec
sensitive to the state of the surface because the photoca
are located primarily within the depletion layer near t
surface.10

We have investigated the submicronn-GaAs films
~about 0.5mm thick! doped~Ge! to ;1017 cm23 and grown
by vapor-phase epitaxy~MOCVD! on the ~100! surface of
semi-insulating GaAs. An island surface structure was
tained by adsorption of gold from a water solution
HAuCl4 , using the method described in Ref. 9. The Au co
centration in the solution was;1.631024 g-ions/liter, and
the adsorption time was;2 min. Electron-microscopic
analysis confirmed the island character, established in Re
of the adsorbed gold layer. Typical values of the island d
sity were;1011 cm22, the characteristic size of the island
was ;10 nm, and the degree of filling of the surface wi
metal was;0.420.5.

Heat treatment was conducted in a;1024 Pa vacuum
for 1 h. The anneal temperatureTann was varied in the range
100–500 °C. Control specimens, which were subjected to
stages of preliminary treatment except treatment in
HAuCl4 solution, were prepared for identifying the effec
due to the presence of gold atoms on the semiconductor
face.

The surface band bendingUS, the positionUFSof the
Fermi level relative to the conduction-band bottom at t
surface, and the densitygSS of surface states near the Ferm
level were determined from combined measurements of
planar ~surface-barrier! photoconductivity, surface photo
voltage, and differential field effect. The algorithm used
analyze the results of the photoelectric measurements
been described previously.10–12The electrostatic potential o
1 © 1999 American Institute of Physics
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FIG. 1. Photoconductivity spectra for samples with
free surface~a! and a surface coated with a gold laye
~b! with annealing temperatureTann, °C: 1—100,
2 —200,3—400,4—480.
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the surface~the work functionx) and the photovoltageVph

on the surface barrier were measured by the dynamic cap
tor method~Kelvin probe!.

3. RESULTS AND DISCUSSION

Comparing the properties of a surface coated with
island layer of gold and the properties of the initial surfa
showed that band bending in the first case (;0.7520.8 eV!
is much greater than in the second case (;0.5520.6 eV!.
According to the field-effect data, the increase in band be
ing and the corresponding shift of the Fermi level to t
valence band (DUFS.0.2 eV! are due to an increase in th
density of surface states. As a result of the adsorption of
the value ofgSS increased from (122)31012 to (425)
31012 cm22

• eV21. Therefore the position of the Ferm
level on a GaAs surface coated with islands of goldUFS

.0.8 eV is close to the usual barrier height in Au–Ga
Schottky diodes (;0.9 eV; Refs. 13–15!.

Figure 1 shows the typical photoconductivity~PC! spec-
tra obtained at various heating temperatures on the con
and gold-coated samples. The photoconductivity was m
sured with modulated illumination in a weak-signal~linear in
the illumination intensity! regime and resulted in the sam
number of photons incident on the sample. It is evident t
the adsorption of Au changes the character of the effec
heat treatment on the magnitude of the PC signal (Dsph). An
increaseDsph, reaching'20% for Tann*400 °C ~Fig. 1a!,
is observed with increasingTann for samples with a free sur
face. When an island gold structure is present, the photo
ductivity decreases in the entire spectral range. Startin
Tann'400 °C, Dsph decreases by more than an order
magnitude~Fig. 1b!.

Figure 2 shows the surface photovoltageVph versus the
anneal temperature and the corresponding changes in
work functionx. When the control samples were anneal
Vph and x iuncreased. Taking into account the previo
ci-
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results,16,17it can be concluded that the effect of vacuum he
treatment on the electronic state of a GaAs surface is du
reconstruction of the skin layer as a result of the desorp
of arsenic and the formation of a polycrystalline phase
Ga2O2. The additional structural surface disordering arisi
in the process results in a higher density of surface states
surface band bending~according to our data, atTann'450
2500 °C the band bending increases by an amount of
order of 0.2 eV!. A consequence of these processes is
experimentally observed increase in the work function a
surface photovoltage.

For samples with a gold layer the effect of heat treatm
on the photovoltage had the opposite sign and was m

FIG. 2. Surface photovoltageVph ~left-hand scale, curves1 and 2! and
changeDx of the work function~right-hand scale, curves3 and 4! versus
the annealing temperature for the control sample~1, 3! and a sample with a
gold layer on the surface~2, 4!.
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FIG. 3. Model of the energy band
diagram of a GaAs/Au interface be
fore ~a! and after~b! heat treatment.
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pronounced. AtTann'500 °C, for example, the photovoltag
decreased in magnitude by more than 0.4 eV. Interestin
no substantial changes of the work function could be d
cerned in the process. As one can see from Fig. 2,Dx
<0.05 eV, irrespective of the annealing temperature. T
shows that the heat-treatment-induced change in the pos
of the Fermi leve at a surface modified with Au atoms
negligible. Estimates show that after annealing at temp
tures Tann.350 °C the density of states of such a surfa
exceeds 1013 cm22

•eV21 ~the value ofgSS could not be
determined more accurately because of the extremely
values of the mobility in the presence of the field effect!.

Therefore, to interpret the experimental data it is nec
sary to take into consideration the fact that during vacu
heat treatment the position of the pinned Fermi levelUFS

'0.8 eV remains essentially the same at a GaAs sur
coated with an island layer of gold. This result agrees w
the data obtained in a study of the internal photoemission
Au–GaAs Schottky diodes,18 and it can be easily interprete
from the standpoint of the theory of disorder-induced surf
states~DIGS model19!. Indeed, thermal activation of inter
phase interactions and reactions at a metal–semicondu
interface is accompanied by an increase in the structu
chemical disordering of the boundary layer.14,15According to
theory,19 disordering of this kind should result in higher va
ues ofgSSand in pinning of the Fermi level near the electri
neutrality level of the system of surface states. Calculati
based on the DIGS model~see, for example, Ref. 14! show
that in GaAs the electric-neutrality level lies approximate
0.9 eV below the conduction-band bottom; this is close to
experimental value ofUFS.

A phenomenological analysis of the data on the effec
heat treatment on the photoelectric properties of a go
modified GaAs surface, just as analysis of the curre
voltage and capacitance–voltage characteristics of Scho
diodes,6–8 leads to the conclusion that the surface band be
ing decreases with increasingTann. A calculation ofUS from
the dependence of the stationary photoconductivity on
photovoltage on a surface barrier shows that forTann

'450– 500 °C the band bending does not exceed 0.3
The conclusion that the band bending decreases is form
y,
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at variance with the data on the pinning of the Fermi leve
the surface. However, this discrepancy can be easily
moved by assuming that heat treatment gives rise to a t
heavily doped,n1 region with a high transmittance for elec
tron tunneling near the boundary with a metal. The part
the contact potential that falls across then1 region, because
of the tunneling transmission of carriers through the top
the barrier, will then virtually have no part in barrier phot
effects. For this reason, the photoconductivity and photov
age under these conditions should be determined not by
true height but rather by the effective height of the surfa
barrierUS

eff , equal to the band bending in the depletion lay
outside then1 region ~Fig. 3!.

The transformation of the barrier increases withTann:
The voltage drop in then1 region increases andUS

eff de-
creases. The effective barrier height can therefore be c
trolled by varying the annealing temperature, similarly to t
way this is done in Schottky diodes by special subsurfacd
doping of a semiconductor before metallization.20

The hypothesis that a heavily doped layer appears n
the surface agrees with the existing theory of interphase
teractions in the system Au–GaAs.6,14,15According to these
ideas, the restructuring of the GaAs/Au interface as a re
of heat treatment is accompanied by a breakdown of stoi
ometry in the skin layer as a result of gallium atoms escap
from the semiconductor into the metal~autdiffusion! and the
formation of an Au–Ga solid solution and an intermetal
phase Au3Ga ~at Tann.350 °C). It is natural to infer that
favorable conditions for the localization of germanium~dop-
ant! in the Ga sublattice and manifestation of its donor pro
erties arise as a result of gallium autdiffusion and the g
eration of point defects of the typeVGa. Thus, as a result o
the accumulation of germanium near the surface, par
compensation of the initial negative charge of the surface
the positive charge of donor centers of the type GeGa and, as
a result, a decrease of the effective height of the barrier n
the surface occur.

The above-examined nechanism of transformation o
barrier at a GaAs surface coated with an island layer of g
also agrees with the results of an experimental investiga
of the morphology and chemical composition of the interfa
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in a GaAs–Au system with a solid metal film.7 Secondary
ion mass spectrometry has revealed7 surface segregation o
the volume dopant atTann>400 °C. The thickness of the
destroyed region near the surface with high dopant den
(.1018 cm23) reached hundreds of angstroms. Under th
conditions the potential barrier should be completely c
tained within then1 region and should enable carrier tunne
ing through the interface. This seems to be the main rea
for the transformation, which was observed in Refs. 6 an
of the contacts from rectifying type into ohmic type as
result of heat treatment.

4. CONCLUSIONS

Thermal activation of the interphase interaction at
GaAs/Au interface results in the transformation of the s
face potential barrier — decrease of the effective band be
ing accompanying rigid pinning of the Fermi level on th
surface approximately 0.8 eV below the conduction-ba
bottom. The effect is due to the formation of a strong
dopedn1 region with high transmittance for tunneling ele
trons near the semiconductor surface. The results of
work show that the effective barrier height and the char
teristics of surface photoeffects in GaAs can be controlled
adsorption of gold and by choosing an appropriate he
treatment regime.

We wish to thank R. V. Kudryavtseva and A. B. Ozer
for assisting in the experiment.
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Absorption of a strong electromagnetic wave by electrons in a superlattice
in a quantizing electric field
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Intraminiband absorption of light by electrons in a quantum superlattice in a quantizing electric
field is investigated theoretically taking into account the electron–phonon interaction. It is
assumed that the interaction with optical dispersion-free phonons makes the main contribution to
electron scattering. It is shown that the pointv5v0 ~v is the light frequency, andv0 is
the optical phonon frequency! conditionally divides thev dependence of the absorption into two
parts:v,v0 , the region of exponentially weak absorption andv.v0 , the region of
‘‘strong’’ absorption. An electric field shifts the region of strong absorption in the red direction
of the spectrum. ©1999 American Institute of Physics.@S1063-7826~99!01611-7#
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Electroabsorption of light in semiconductor structur
could become a basis for the development of a variety
optoelectronic devices1 ~optical modulators,2 optical logic
gates,3 laser diodes with mode locking,4 and others!. In ad-
dition, experiments on interband electroabsorption5 have re-
liably confirmed the Stark quantization of the energy sp
trum of charge carriers in superlattices~SLs!.

The theory of interband absorption of light in a SL in
quantizing electric field has been developed by Zhilich.6 In-
traband absorption of light in a classically strong elect
field has been investigated theoretically by Malevich,7 who
took into account the dynamic effect~not associated with
carrier heating! of a constant electric field on the electro
scattering by phonons.

In the present paper we report the results of an exp
mental study of the multiphoton intraband absorption of lig
by a semiconductor SL in a quantizing electric field. W
point out several specific features of this effect which
promising in terms of their use for practical applications.

We assume that the electronic energy spectrum in
absence of an external perturbation can be approximate
the relation

e~p!5
py

21pz
2

2m
1DF12cosS pxd

\ D G , ~1!

whereD is the half-width of a conduction miniband,px , py ,
and pz are the projections of the quasimomentum onto
coordinate axes,m is the effective mass of current carriers
a plane perpendicular to the SL axis~thex axis!, andd is the
period of the SL.

When a strong electric field oriented along the axis
the superstructure is applied, the energy spectrum of the e
trons becomes quasidiscrete:8,9

e~pz ,py ,n!5
py

21pz
2

2m
1n\V. ~2!
1221063-7826/99/33(11)/4/$15.00
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HereV is the Stark frequency,V5eExd/\ is the Stark fre-
quency,Ex is the strength of the electric field, andn is an
integer.

Stark quantization appears when the following con
tions are satisfied:

Vt@1, ~3!

\V!Eg . ~4!

Here t is the relaxation time, andEg is the miniband gap.
The condition~4! means that we restrict the analysis to t
single-miniband approximation. The inequality~3! corre-
sponds to discrete levels which are not broadened by elec
collisions with lattice irregularities.

Let us assume that a strong, linearly polarized elec
magnetic wave, whose electric field vector lies in thezy
plane, is incident on the SL. Under these conditions the e
tron wave function~disregarding the photon momentum! has
the form

C~pz ,py ,n!5ALx

dV
Jn2x/dS D

\V D
3expH i

\
@pyy1pzz1 f ~p'!2e~p!t#J , ~5!

f ~p'!5
eEp'

mv2
sin~vt !2

e2E2

8mv3
sin~2vt !,

whereLx is the size of the normalization volumeV along the
x axis,Jn(x) is a first-order Bessel function,E is a the elec-
tric field vector of the electromagnetic wave,p' is the com-
ponent of the electron quasimomentum in thez0y plane, and
v is the angular frequency of the incident wave.
5 © 1999 American Institute of Physics
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The wave function~5! is a product of two functions cor
responding to a constant Stark ladder8,9 and a state that take
into account exactly the influence of a strong electrom
netic wave.10

Treating the interaction between electrons and opt
phonons as a perturbation, we find the absorption, which
determine in the standard manner~as the ratio of the energ
absorbed per unit volume of the matter per unit time to
flux density of the incident light!. We assume the phonons
be dispersion-free and the phonon frequencyv05 const.

Thus, we write the light absorption as

a~v!5
2pvn0

cuV (
n,n8

(
p' ,p'8

(
q

n~p'!H2uM n,n8~qx!u2

3 (
s52`

`

suGs~q'!u2d@e~p'8 !2e~p'!1\v0

2\V~n2n8!2s\v#dp
'8 ,p'2\q'

. ~6!

Here u is the radiation energy density,c is the velocity of
light in vacuum,n0 is the refractive index of the medium
n(p') is the function for electron distribution over perpe
dicular values of the quasimomentump' , H
5A\/(2v0rVCq , Cq is a coupling constant,r is the density
of the crystal,M nn8(qx) @Gs(q')# is the matrix element of
the operator exp(iqxx) @exp(iq'•r'…# which takes into ac-
count the effect of a static field~light! on the absorption;
specifically, for the energy spectrum~2! we have

uM nn8~qx!u25Jn2n8
2 F D

\V
sinS dqx

2 D G , ~7!

uGs~q'!u25Js
2~a0q'!, ~8!

wherea05eE/mv2 is the amplitude of electron oscillation
in the field of the wave. The expression~7! is presented, for
example, in Refs. 8 and 9, and the expression~8! can be
obtained using the standard relation11 ~see also Ref. 10!,

e2 izsin(a)5 (
s52`

1`

Js~z!e2 isa.

In the expression~6!, processes with absorption of
phonon are ignored~this is possible when\v0@kT).

In general, substantial difficulties arise in the calculati
of n(p'). We shall therefore restrict the discussion to t
case

\V@
D2

2\v0
cothS \v0

2kTD , ~9!

e2E2

\mv3
!

kT

\v
!1. ~10!

The inequality~9! signifies that there are virtually no trans
tions between Stark sublevels, and that equilibrium is es
lished within each Stark subband.12 We note that numerica
values ofv on the order ofV are important in the problem
so that on the basis of Eq.~3! we assumevt@1. The condi-
tion ~10! then makes it possible to ignore the heating
current carriers by the field of the electromagnetic wave.13,14
-

l
e

e

b-

f

The function n(p') can therefore be written in the
form12

n~p'!5
2pdn\2

mkT
expS 2

p'
2

2mkTD , ~11!

wheren is the electron density in the conduction miniban
Investigating the case of ultraquantum fields~D/\V!1!,

we can expand expression~7! in a series and retain the term
of order (D/\V)2. Only the terms withn2n850,61 will
then remain in the sum overn andn8.

If the intensity of the incident light is moderately high
so thata0!a ~a is the period of the crystal lattice along th
0y and 0z axes!, then the expression~8! can also be ex-
panded in a series, retaining the first nonvanishing terms

Retaining in the sum overs only terms of order
(a0•q')2, we shall examine the single-photon absorpti
(s561).

For a nonpolar crystal we haveCq5C05 const. In this
case we obtain an expression fora~v! in the zeroth-order
approximation in (D/\V)2

a~v!5
A

v3 (
s521

1

expF \

2kT
~k2uku!G S 11

\uku
2kTD , ~12!

A5
C0

2ne2kTp

dn0\3crv0

,

wherek5sv2v0 .
For a polar crystalCq5C/q. In this case the absorptio

coefficient has the form

a~v!5
B

v3 (
s521

1

sexpS \k

2kTD ukuK1S \uku
2kTD , ~13!

B5
A2pC2ne2

2cn0rv0\AmkT
,

whereQ1 is a modified Bessel function of the first kind.
From the expressions~12! and~13! and Fig. 1~curve1!

and Fig. 2~curve1! it is evident that the pointv5v0 con-
ditionally divides the single-photon absorption as a funct
of v into two parts:v,v0 , the region of exponentially
weak absorption andv.v0 , the region of strong absorption
The width of the region of exponentially weak absorption
Dv;kT/\. We note that the pointv5v0 corresponds to
the threshold for the creation of an optical phonon.

A similar situation is also observed in the absence o
quantizing field.

In the next approximation in (D/\V)2 the absorption
has the following form for a nonpolar crystal:

a~v!5
A

v3 (
s521

1

(
l 521

1

sMlexpF \

2kT
~k2uku!G S 11

\uku
2kTD

~14!

and for a polar crystal it is

a~v!5
B

v3 (
s521

1

(
l 521

1

sexpS \k

2kTD f l~k! ~15!
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Here

M0512
1

4 S D

\V D 2

,

M15M 215
1

8 S D

\V D 2

,

f 0~k!5F12
1

4 S D

\V D 2GF~k!1
1

4 S D

\V D 2

I ~k!,

f 21~k!5 f 1~k!5
1

8 S D

\V D 2

@F~k!2I ~k!#,

FIG. 1. Absorption coefficient for a nonpolar crystal in the zeroth appro
mation ~1! and in the first approximation~2! with respect to (D/\V)2.
v05431013 s21, V5231013 s21 , andT55 K.

FIG. 2. Absorption coefficient for a polar crystal in the zeroth approxim
tion ~1! and in the first approximation~2! with respect to (D/\V)2.
v05431013 s21, V5231013 s21 , andT55 K, m510227 g.
F~k!5ukuK1S \uku
2kTD ,

I ~k!5
\

4mE
0

`

expS 2
\2

8mkT
j22

k2m

2kT

1

j2
2jdD jdj,

k5sv2v02 lV.

It is evident from the expressions~14! and~15! and Fig.
1 ~curve 2! and Fig. 2~curve 2! that the region of strong
single-photon absorption in the first-order approximation
(D/\V)2 shifts in the direction of lower frequencies by th
amountV. An appreciable absorption of light with frequenc
less than the frequency of an optical phonon is theref
possible. Specifically, the inequalityv.v02V should be
satisfied. However, the absorption of light at frequen
v;v02V is suppressed by the factor (\V/D)2 . This situ-
ation resembles the Franz–Keldysh effect in interband
sorption, where an electric field shifts the absorption ed
into the interior region of the band gap. A physical reason
the shift of the region of strong single-photon absorption
the possibility of an electron hopping downwards along
Stark ladder. As a result, the energy required to excite
optical phonon is taken not only from the electromagne
wave but also from the static field.

Let us write the expression for the two-photon abso
tion for a nonpolar crystal in an approximation of zerot
order in (D/\V)2:

a~v!5
A

v3 (
i 521

1

(
l 521

1

iM l H expF \

2kT
~k2uku!G S 11

\uku
2kTD

1
3e2E2kT

4m\2v4
expF \

2kT
~k2uku!G

3F313
\uku
2kT

1S \uku
2kTD 2G1

3e2E2kT

8m\2v4

3expF \

2kT
~k82uk8u!GF313

\uk8u
2kT

1S \uk8u
2kT D 2G J ,

~16!

wherek5 iv2v02 lV, andk852iv2v02 lV.
Thus it is evident that the dependence of the two-pho

absorption on the light frequency can also be conditiona
divided into two regions: For absorption not to be expone
tially small, the condition 2v .v0 must be satisfied.

We shall now make some numerical estimates. The id
developed here are applicable for\v0.331022 eV, T<10
K, E<53102 V/cm ~;2 CGS units!, D<1022 eV, and
\V.231022 eV. If, moreover, the density isn.1016

cm23, then a numerical estimate of the light absorption giv
a(v).102 cm21 .

Finally, we note that the above-described characteri
features of electroabsorption of light are strongly coup
with the fact that electrons are scattered by dispersion-
optical phonons. In general, dispersion of optical phono
and interaction of electrons with acoustic phonons c
change the picture described above. To observe the cha
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teristic features predicted in our study, dispersion must
quite weak. This effect can be estimated by expressing
phonon frequency asv5v02aq2 ~q is the quasiwave vec
tor of a phonon, in order of magnitudea is estimated to be
a;\/2M , andM is the mass of an atom!. Dispersion can be
ignored if \2q2/2M!\Dv;kT. The actual values ofq in
our problem are qac;(2mv0 /\)1/2. The condition
m\v0 /M!kT must therefore be satisfied. For the nume
cal values chosen above for the parameters and form/M
;1025 ~which is characteristic of Ga and As, which are us
to synthesize typical SLs! the latter inequality holds well.

To estimate the role of acoustic phonons we shall use
following circumstance — in uniform materials with ele
trons being scattered by acoustic phonons the intraband
sorptionaac is related, in order of magnitude, to the abso
tion aopt at deformational acoustic phonons~for conditions
similar to ours,\v;\v0@kT) by the relation15

aac5aoptS «acv0

C0Us
D 2

.

Here«ac is a constant in the acoustic deformation potent
and Us is the speed of sound. Therefore in the materi
where «acv!C0Us or scattering by polar optical phonon
e
e

-

d

e

b-
-

l,
s

predominates, it can thus be expected that the abo
described features of electroabsorption of light can be
served experimentally.
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X-Ray diffraction analysis of multilayer InAs–GaAs heterostructures with InAs quantum
dots
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Multilayer InAs–GaAs structures with an array of vertically aligned InAs quantum dots in a
GaAs matrix, grown by molecular-beam epitaxy, were investigated by crystal truncation rods and
high-resolution x-ray diffractometry methods. It was shown that the formation of scattering
objects such as vertically aligned quantum dots in the structures strongly influences the mechanism
of diffraction scattering of x-rays and changes the spatial distribution of the diffracted
radiation. This is explained by the appearance of additional long-range order in the lateral
arrangement of the scattering objects in the periodic structures, by the curving of the
crystallographic planes in the periodic part of the structure, and by the quasiperiodicity of the
deformation profile due to the vertically coupled quantum dots. The observed spatial
distribution of the diffracted intensity can be explained qualitatively on the basis of a new model
where the scattering layers with quantum dots consist of defect-free, coherently coupled,
InAs and GaAs clusters. ©1999 American Institute of Physics.@S1063-7826~99!01711-1#
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1. INTRODUCTION

Epitaxial heterostructures with arrays of vertica
aligned quantum dots1–8 are interesting objects for studyin
their possible applications in various optomicroelectronic
vices, for example, laser diodes. In this connection, it is
portant to investigate the structural properties of such st
tures, to study the mechanisms of epitaxial growth a
relaxation of elastic stresses, and to determine the chara
istic features of the diffraction interaction of x-rays wi
scattering objects of this type. It is well known that the fo
mation of an array of quantum dots~QDs! on a growth sur-
face changes the mechanism of epitaxial growth of interm
diate GaAs layers and influences the distribution of
elastic stresses in and the planarity of the layers. Dur
growth of multilayer structures an ordered structure of Q
is formed in the direction of epitaxial growth (qz) — an
array of vertically aligned dots — and in the plane of t
heterojunction~lateral directionsqx andqy). The parameters
of QDs and the character of their spatial ordering are de
mined by the conditions of epitaxial growth.

It is known that the formation of quantum dots in th
structures substantially changes the physical paramete
the structures. Specifically, a change produced in the sp
distribution of deformation in epitaxial layers by the pre
ence of QDs should appreciably affect the conditions of d
fraction of x-rays and change the character of the spa
distribution of the intensity. The results of x-ray diffractio
1221063-7826/99/33(11)/9/$15.00
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studies will help to establish the mechanism leading to
formation of QDs and to determine the characteristic featu
of the relaxation of elastic stresses in structures of this ty
All this is important for understanding the physical chara
teristics of low-dimensional quantum-well objects.

2. EXPERIMENTAL METHODS

The experimental samples were grown on precisely
entedn1-GaAs~001! substrates by molecular-beam epita
in a Riber 32P system with a solid-state arsenic source.
decrease segregation and reevaporation of In, the subs
temperature during formation of a multilayer structure w
QDs and deposition of a 100-Å-thick GaAs layer coveri
the array of quantum dots was lowered to 480 °C. T
growth temperature for the rest of the structure was 620
Growth was conducted under As-stabilized conditions.
array of vertically aligned dots was formed on approximat
1.2-mm-thick GaAs buffer layers as a result of three-, si
and tenfold deposition of QD layers separated by 50-Å-th
GaAs layers. The effective thickness of InAs layers was 5
6.0 Å. The InAs–GaAs periodic structures were buried w
a GaAs layer of the order of 0.4–0.5mm thick. Transmission
electron microscopy~TEM! showed the InAs QDs formed in
this manner to be close in shape and size and weakly ord
in lateral directions. Correspondingly, the periodic structu
containing InAs QDs are arrays of vertically aligned QDs
a GaAs matrix.9 However, because TEM methods are loc
9 © 1999 American Institute of Physics
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the presence of long-range order in the lateral arrangeme
InAs QDs requires that these data be confirmed by x-
diffractometry, which is highly sensitive to structural orde
ing.

Structures with additional spatial ordering of layers
the direction of epitaxial growth~superlattices! as objects of
investigations were chosen because in x-ray diffraction
periments on perfect periodic structures, just as on struct
of interference type, spatial resolution comparable to
resolution of transmission electron microscopy10,11 can be
attained and substantial information about the structure
the layers and interfaces can be obtained.

Measurements by the crystal truncation rods~CTR!
method were performed on a two-crystal diffractometer
station BL6A of the photon factory in Tsukuba, Japan us
synchrotron radiation from a storage ring with 2.5-GeV po
itrons ~the ring current — 380–250 mA!. Monochromatiza-
tion and collimation of the synchrotron radiation were p
formed using a curved quartz mirror and a triangular Si~111!
crystal, curved to form a quasiparallel beam of monochrom
tized radiation. Special light-sensitive plates~imaging plate
— IP! were used to record the two-dimensional diffracti
patterns. Information from the plates was read optically.12

The CTR patterns were recorded near the~004! GaAs
reflection at the wavelength 1.6 Åof the synchrotron rad
tion. After information was read from the IP and the inc
herent background was removed, the diffraction curves w
reconstructed from the complete two-dimensional pattern
the direction of the diffraction vectorqz ~analogs ofv22u
x-ray diffraction curves! and in a perpendicular directionqx
of
y

-
es
e

of

t
g
-

-

-

-

re
in

~analogs ofv curves!. These curves were later used to obta
numerical data on the structures.

The high-resolution x-ray diffraction studies were pe
formed on a Rigaku~Japan! high-transmission, double
crystal u2u diffractometer with a slit-type Ge~001! double
monochromator using CuKa1 radiation. Thev – 2u and v
scanning methods were used to record the diffraction refl
tion curves~DRCs! and the intensity distribution in recipro
cal space~reciprocal space mapping — RSM!. A narrow
receiving slit in front of the detector was used to separate
coherent and diffuse components of the diffracted radiati

3. EXPERIMENTAL RESULTS

For accurate estimation of the crystallographic structu
perfection, the samples were first investigated near the~004!
GaAs reflection in a TRS-1 double-crystal diffractome
with high angular resolution@the divergence of the radiatio
after the asymmetric Ge~001! monochromator was 1.0-1.29#.
A characteristic feature of the experimental structures is
the intermediate layers containing InAs QDs serve as in
ference interlayers for radiation diffracted by the top Ga
layer. As a result of the large mismatch of the average lat
parameters in layers with QDs, the top GaAs layer is s
tially shifted relative to the substrate and the GaAs buf
layer. In turn, the latter is spatially displaced relative to t
substrate because of the presence of a silicon-doped G
layer on its bottom interface. In crystallographically perfe
heterostructures the presence of such interlayers results i
appearance of extended interference patterns in the DR
FIG. 1. CTR patterns of the spatial distribution of the radiation intensity near the~004! GaAs reflection for structures with 3~a!, 6 ~b!, and 10~c! pairs of
InAs–GaAs layers. The wavelength of the synchrotron radiation is 1.6 Å.
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The crystallographic perfection of the buffer and top Ga
layers can be determined according to the shape and pa
eters of these patterns, and the planarity of epitaxial lay
producing the interference pattern can be estimated from
angular extent of the thickness oscillations.13 The measure-
ment results showed that the experimental structures pos
high crystalline perfection, and the density of growth defe
~predominantly of the point type! is low. Extended structura
defects of the type dislocation loops and~or! misfit disloca-
tions are virtually completely absent in the experimen
structures.

It is known that most crystallographic defects in epita
ial structures are formed during epitaxial growth.14–16 Mi-
grating along the structure, defects formed on the gro
surface strongly affect the crystallographic perfection of b
the upper- and lower-lying layers, including th
substrate.14,15 For this reason, data on the structural perfe
tion of thick adjoining layers make it possible to estimate
degree of perfection of the intermediate layers that con
quantum dots and to interpret correctly the results of furt
diffraction studies. For heterostructures with a high crys
lographic perfection, determined by the structural perfect
of each layer individually, this makes it possible to compa
directly the characteristic features of the x-ray diffracti
data with the true structure of the experimental objects,
example, quantum dots. For epitaxial layers with low cr
tallographic perfection, the structural defects formed hav
predominant effect on x-ray scattering, changing the cha
ter of the diffraction patterns substantially.

Analysis of the CTR diffraction patterns~Fig. 1! shows
that the character of the spatial distribution of intensity in

TABLE I. Parameters, obtained by the CTR method, for the experime
structures.

Sample n tSL , Dt if , DaSL , xInAs , t InAs ,
No. Å Å 1022 Å % Å

1 3 54.6 9.6 6.44 7.63 4.15
2 6 52.7 9.2 7.69 9.1 4.80
3 10 52.0 9.0 7.57 9.00 4.65

Note: n — number of pairs of InGA–GaAs layers;tSL — period of the
InAs~QDs!–GaAs superstructure;Dt if — broadening of the interface in th
superstructure;DaSL — mismatch of the lattice parameters in th
InAs~QDs!–GsAs superstructure, determined by x-ray diffractometry me
ods according to the position of the 0SL peak, corresponding to the ave
composition ~mismatch! in the superstructure, in the diffraction curve
xInAs — InAs concentration in the superstructure~estimated according to the
mismatch parameter and the period of the superstructure!; t InAs — InAs
thickness in the superstructure~scaled to pure InAs!.
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directionqz and in the directionqx(qy) changes as the tota
number of pairs of layers~InAs 1 QD!–GaAs increases
Appreciable changes in theqz direction — decrease of the
linear extent of superstructural spots, appearance of a
tional thickness oscillations — are all manifestations of
dynamical effect due to an increase of the coherent-scatte
volume. But the shape of the superstructural peaks a
changes at the same time in a perpendicular~lateral! direc-
tion. Becoming narrower in theqz direction, the distant su-
perstructural spots become appreciably extended in theqx

direction, and chords, whose length increases from
21SL peak to the23SL peak, appear near them. The sha
and parameters of the CTRv curves for the21SL and
22SL peaks showed that the broadening of the spots in
qx direction is much greater than the instrumental error
the method due to the finite size of the incident beam. It c
therefore be inferred that the experimentally observed e
gation of the diffraction spots in the lateral direction is due
the appearance of certain features, due primarily to the
mation of InAs QDs, in the periodic part of the structures

Numerical analysis of thev22u CTR curves showed
that the thicknesses of the quantum-well layers in multila
structures are close to the prescribed values~Table I!. The
planarity of the InAs/GaAs heterojunctions of the period
part of the structures, estimated according to the total ex
of the diffraction patterns, was 3–4 monolayers. The diff
ences between the CTR and x-ray diffraction data did
exceed 1.5 Å, despite the much higher (.104 times! inten-
sity of the synchrotron radiation.

Comparison with the results of investigations of InAs
GaAs periodic structures of different types17,18 shows that
such broadening of the InAs/GaAs heteroboundaries is c
acteristic of a GaAs~001! surface and is determined by th
morphology of the growth surface.19 This allows us to asser
that in epitaxial structures with a low density of growth d
fects (<1042105 cm22

) the broadening or nonplanarity o
the heteroboundaries, which is due to the morphology of
growth surface, is the main factor which decreases the ex
of the informative part of the coherent DRCs and limits t
spatial resolution of diffraction methods.

Data from high-resolution x-ray diffraction measur
ments~Table II! confirmed the results obtained by the CT
method. A comparison shows that the differences in
structural parameters are negligible and fall within the m
surement error. Numerical simulation of the coherent diffra
tion reflection curves was used to refine the geometric
rameters of the structures. The calculations were perform
using the standard dynamical theory of diffraction based

al

-
ge
rical
TABLE II. Structural parameters obtained from high resolution x-ray diffractometry data and by nume
simulation of experimental diffraction reflection curves. .

Sample tcapL, tSL , Dt if ,
DaSL ,

xInAs , t InAs ,
Computed values

No. nm Å Å 1022 Å % Å tSL
calc, Å xInAs

calc , % t InAs
calc , Å

1 505624 54.2 11 6.58 7.8 4.22 55 9.8 5.40
2 410628 52.3 10.8 7.60 9.0 4.70 53 9.5 5.04
3 450623 52.4 10.5 7.66 9.05 4.75 52 9.6 5.00

Note: tcapL — thickness of the top GaAs layer in the structure
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FIG. 2. Experimental~1! and computed~2 and3! coherentu – 2u diffraction curves for a structure containing 10 pairs of InAs–GaAs layers.~004! GaAs
reflection, CuKa1 radiation.
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the Takagi equations.20 Quantum dots were simulated by
InGaAs layer of variable composition with an InAs wettin
layer at the heterojunction. In the dynamical approximati
ignoring the real broadening of the InAs/GaAs boundar
and the characteristic features of the internal structure of
layers containing quantum dots, good agreement was
tained between the experimental curves~Fig. 2, curve1! and
the computed curves only in a limited angular range — n
the central~0SL! and the closest (61SL! superstructural
peaks~Fig. 2, curve2!. Taking into account the broadenin
of the InAs/GaAs boundaries somewhat changed the sh
of the distant superstructural peaks, but, as expected, it
not lead to any fundamental changes in the pattern a
whole ~Fig. 2, curve3!. The computational results are als
presented in Table II. The computed values of the period
the superstructures agree well with the experimental val
while the thicknesses of the InAs layers calculated tak
into account Vegard’s law are closer to the technologi
parameters. This can be explained by the dynamical effec
scattering by thin layers, shown for single-layer structures
Ref. 21.

The results of the x-ray diffraction analysis of the spat
distribution of the diffracted intensity~RSM! and the shape
and parameters of thev curves completely confirmed th
CTR data. The RSM patterns~Fig. 3! showed that the spatia
distribution of the diffracted intensity differs substantial
from similar curves for planar periodic structures or stru
tures with an artificially produced periodicity in the later
direction.22 The largest differences in the intensity distrib
tion are observed near the substrate peak and the super
,
s
e
b-

r

pe
id
a

of
s,
g
l
of
n

l

-

ruc-

tural peaks. Just as in the CTR patterns, the size of the m
diffraction spots decreases in theqz direction but increases in
the qx(qy) direction upon transition from the central supe
structural maximum~0SL peak! to the lateral superstructura
maxima. Moreover, a distinguishing feature of the RSM p
terns is the presence of extendedv chords not only in the
superstructural peaks but also in the substrate peak.

The v curves measured near the superstructural pe
showed that instead of a single peak characteristic of pla
structures the curves can possess two or more diffrac
peaks, whose shape and parameters seem to be determ
by the ordering in the system of quantum dots. In the sy
metric ~004! reflection the most extended chords in t
qx(qy) direction are observed for the21SL peak and the
central~004! GaAs reflection. In the central section of th
21SL peak, for example, two maxima are observed in thev
curves ~Fig. 4!, and away from the exact angular positio
corresponding to the21SL peak their number increases to
The average sizes of the scattering clusters in the azimu
direction@110#, estimated according to the distance betwe
the peaks in thev curves, correspond to scattering by com
plexes with average sizes 6464 and 2662 nm, which is
close to the average sizes of GaAs and InAs clusters. For
~100! azimuthal direction the character of the distribution
the diffractive intensity does not change as a whole. T
average size of GaAs clusters is 90.0 nm. The change in
shape of thev curves and the appearance of additional pe
in them attest to the formation of long-range order in t
arrangement of the scattering centers. The character of
change in the shape of the superstructural spots in the R
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FIG. 3. Diffraction patterns of the diffracted intensity distribution in reciprocal space near the~004! GaAs layers for structures with 3~a!, 6 ~b!, and 10~c!
pairs of InAs–GaAs layers. Radiation — CuKa1.

FIG. 4. v curve near the center of the
superstructural peak21SL. The result-
ing fit of the curve with a Lorentzian is
presented.~004! GaAs reflection, CuKa1

radiation.
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patterns suggests that the degree of lateral ordering in la
with QDs increases with increasing total number of pairs
layers, which is confirmed by the calculations and the exp
mental~TEM! data.23,24

The x-ray diffraction measurements gave a detailed p
ture of the spatial distribution of the diffracted intensity ne
the ~004! GaAs central diffraction spot. The RSM patte
showed clearly the presence of anv chord for the substrate
peak, while because of the limited dynamic range of
detecting plates, strong background illumination is alwa
present in the CTR patterns near the main structural max
making it difficult to study the details of the spatial distrib
tion of the diffracted intensity.

4. DISCUSSION OF THE RESULTS

Analysis of the experimental results shows that the
eral scattering of x-rays is influenced mainly by InAs–Ga
superlattices containing InAs QDs. In addition, it is nec
sary to take into account the appreciable bending of the c
tallographic planes due to the presence of QDs on the
fraction scattering of x-rays as well as the effect of t
quasiperiodic deformation potential induced by vertica
aligned quantum dots in the adjoining part of the GaAs lay

This suggested a structural model of the scattering lay
that qualitatively explains the experimental results. In
standard model the InAs quantum dots lying on an In
wetting layer are treated coherently as ideal, elastic
stressed InAs clusters of definite size and shape, i.e., wit
structural defects, built into a perfect GaAs matrix. It is a
sumed that the elastic stresses introduced by the QDs do
strongly influence the structure of the intermediate GaAs l
ers and the stress distribution in them, i.e. the GaAs lay
are planar and uniform with respect to structural paramet
The curvature of the crystallographic planes is disregard

In such a model the main factor that can apprecia
influence the diffraction scattering of x-rays are the In
QDs. In the case of random spatial distribution and if t
intrinsic sizes are markedly nonuniform, they will contribu
only to diffuse scattering, which will be weak because th
total scattering volume is negligible and there are no
tended structural defects associated with them. Compar
with the experimental results shows that this model dis
gards certain features of the structure of scattering layers
requires refinement.

The results obtained show that the elastic stresses in
duced by quantum dots strongly affect the structure of
intermediate GaAs layers. Taking into account the charac
istic features of the formation of quantum-well layers w
elastically strained clusters and the character of the st
distribution in them,25 the GaAs layers with built-in InAs
quantum dots cannot be regarded as planar and uniform
our model the periodic structure is formed by layers cons
ing of pyramidal InAs clusters separated by coheren
coupled GaAs clusters in the form of inverted pyramids.
layer of such clusters is bounded below by an InAs wett
layer and above by a thin GaAs layer. In contrast to
preceding model, where the GaAs layer containing In
QDs was regarded as a standard epitaxial layer, unboun
rs
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in the lateral directions, in the new model the GaAs lay
containing InAs QDs is regarded as a system of quantu
well InAs and GaAs clusters that possess finite sizes in
directions. It is assumed that under optimal growth con
tions clusters are formed without formation of extend
structural defects along the boundaries. As a monola
structure grows, the variance of their intrinsic sizes d
creases, and a system of InAs–GaAs clusters with ind
tions of long-range order in lateral directions forms as a
sult of vertical alignment of the QDs. In addition, th
curvature of the crystallographic planes, which is due to
herent embedding of strained InAs QDs in the matrix of t
main material~Fig. 5!, must be taken into account. It is ev
dent in photomicrographs that the curvature of the crysta
graphic planes increases with the total number of pairs
layers in the periodic part of the structure. In addition, t
curvature is inherited by the upper-lying GaAs layer, grad
ally decreasing away from the layers with QDs.

Using the model presented here, we shall examine
process of relative ordering of GaAs and InAs clusters in
~001! plane and we shall analyze the associated feature
the spatial distribution of the diffracted intensity. For a com
pletely disordered arrangement of clusters, diffraction sc
tering will be diffuse and due mainly to scattering by GaA
clusters as a result of their large scattering volume~on the
order of 90% of the total volume of the periodic structure!.
As a result, the scattering will be localized near the cor
sponding GaAs site, as shown in Ref. 26. In the presenc
periodicity in the direction of epitaxial growth (qz), diffuse
scattering should also appear near the superstructural pe
Ordering of a cluster system in the vertical and lateral dir
tions, as well as the variance of the characteristic sizes
InAs and GaAs clusters should increase the local st
Debye–Waller factor26 and, ultimately, the intensity of co
herent scattering in theqx (qy) direction near the superstruc
tural peaks and lead to the appearance of additional pea
the v curves.

The sharp increase in length of the chords for the21SL
and 22SL peaks, as compared with the 0SL peak, can
explained by the fact that as the angular deflection from
central peak increases, the sensitivity of the shape of

FIG. 5. Electron-microscopic image of a structure with 20 pairs of InA
GaAs layers in the cross-sectional geometry,g ~002!.
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superstructural peaks to nonuniformities in the structural
rameters, for example, to the gradient of the period of
superstructure and the curvature of the crystallograp
planes increases substantially. At the same time, the rela
contribution of the top part of the structure to scatteri
increases.13 This is very important, since the vertical an
lateral ordering of the cluster system increases in each
sequent layer.23,24 As a result, the position of clusters at th
top of the structures is more ordered, and their sizes are m
uniform. At the same time, the curvature of the crystal
graphic planes also increases. This should be most cle
seen as a change in the shape of thev curves — appearanc
of additional peaks in them~lateral ordering! and increase in
length of thev chords near the distant superstructural pe
and the substrate peak~additional diffuse scattering due t
local deformation of the crystal lattice near the QDs, res
ing in curvature of the crystallographic planes!, as is ob-
served experimentally. The large difference in the shape
the chords for the21SL and11SL satellites seems to b
due to a difference in the mechanisms of phase interactio
the waves diffracted by the substrate and epitaxial struct

Using the above-described physical model as a basis
shall use as a computational model the ordered, on the a
age, arrangement of quantum dots in the directions of thx
andy axes with the same average step. To describe this
tem we introduce ann-dimensional normal distribution
wheren is the average number of quantum dots in one per
of the superlattice. For simplicity, we assume that the r
dom displacements of the QDs from the average positi
are uncorrelated, i.e., they are statistically independent.
also assume that in each period the variances of the disp
ments, the QD sizes, and the average distances between
are the same. By changing the variance, the average dist
between QDs, and the average QD size from period to pe
we can simulate the variation of the vertical and lateral c
relations in the QD parameters. The intensity distribution
reciprocal space was simulated on the basis of the the
which was described by Pavlov and Punegov27 and which
was extended to a multicrystal diffraction scheme. The sim
lation results are presented in Fig. 6. The form of the co
puted coherent intensity distribution in the reciprocal sp
is in many respects the same as the experimental res
which confirms the assumption that the coherent compon
makes the main contribution to the scattered intensity.
note that the working model makes it possible to descr
only the most general features of the structure of the qu
tum dots that are actually formed. As a result, only qual
tive agreement between the experimental and theoretical
was attained. In the future, we plan to use multiparticle c
relation functions in the calculations in order to obtain
more accurate description of correlations in the parameter
quantum dots.

It is also necessary to take into account in the model
effect on the scattering of x-rays of the curvature of the cr
tallographic planes and elastic stresses that penetrate
layers with QDs into the upper-lying GaAs layer. Allowan
should also be made for the changes due to the built-in qu
tum dots, which affect the distances that are large compa
with the sizes of the QDs themselves~see Fig. 5! and ac-
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count, together with the curvature of the planes, for the n
uniformly distributed deformation profile in the GaAs lyin
at the top. In aggregate, this should result in the appeara
of additional quasicoherent scattering in the directionsqx

(qy) near the~004! GaAs peak, as was indeed observed
the experimental RSM data in the form of narrowv ties. The
difference in the experimental and theoretical patterns
likewise be explained by the fact that diffuse scattering w
ignored in the simulation, and it undoubtedly makes a s
stantial contribution to the distribution of the diffracted r
diation.

In general, the question of the degree of coherence of
diffracted radiation is very complicated, and it is now in th
investigatory stage. We note only the following circum
stance, referring to the question of the degree of coherenc
the radiation. In the directionqz the half-width of thev
chords, observed in the RSM patterns, in anyx section does
not exceed their half-width in the centralu22u section,
which is determined by the total thickness of the perio
structure. Just as narrow chords in the directionsqx andqy

are also observed in the asymmetric~115! reflection with a
small entry angle. This can be explained by the fact that
degree of spatial ordering of the system in the direction
epitaxial growth is much greater than in the lateral directio
primarily because of the radical difference in the mech
nisms leading to their formation. For this reason, the ph
correlations in the directionqz are stronger than in the direc
tionsqx andqy , in which further ordering of the statistically
disordered clusters~or QDs! only starts to appear. Nonethe
less, our data show that the rate of lateral ordering of clus
in real structures is much higher than in the compu
model,23 since the choice of the initial position for InA
quantum dots and their conditions of formation in a re
structure are not random but rather are determined by
mechanism of epitaxial growth and the quality of the init
growth surface in the process of formation of layers w
quantum dots.

We note another important circumstance concerning
question of the coherence of the diffracted radiation. T
data obtained show that in the investigated structures de
mation curvature of the crystallographic planes, in contras
the breakdown of planarity of the layers and heterobou
aries, does not seem to have a large effect on the coher
of the diffracted radiation and therefore on the spatial re
lution of x-ray diffractometry methods.

5. CONCLUSIONS

The crystal truncation rods~CTR! and high-resolution
x-ray diffractometry methods were used to investigate
crystallographically perfect multilayer periodic InAs–GaA
structures with InAs quantum dots. The characteristic laws
the diffraction scattering of x-rays by structures of this ty
were found. Using the CTR patterns and the patterns of
spatial distribution of the diffracted intensity, it was show
that long, narrow chords in theqx (qy) direction form paral-
lel to the surface near the superstructural peaks and re
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FIG. 6. Computed diffracted intensity distribution in reciprocal space near a~004! GaAs reflection for a structure with 10 pairs of InAs–GaAs laye
Radiation — CuKa1.
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tions from the substrate. This indicates curvature of the c
tallographic planes in regions containing QDs and in
upper adjoining layers.

It is shown that as the number of pairs of layers in
periodic structure increases, the length of thev chords in-
creases and the pattern of the spatial distribution of the
fracted intensity changes. The shape and parameters of tv
curves near the superstructural peaks attest to the forma
of long-range order in the lateral arrangement of the sca
ing centers ~QDs, GaAs clusters! in multilayer periodic
structures. It was shown that in a direction toward the surf
lateral ordering of clusters grows in the layers and the s
variance decreases.

A new model of quantum-well layers of quantum do
was proposed. The layers consist of defect-free, cohere
coupled InAs and GaAs clusters. The formation of a syst
of clusters is due to the presence of nonuniformly distribu
elastic strains around the buried InAs quantum dots. T
s-
e

f-

on
r-

e
e

tly
m
d
e

model takes into account the curvatures of the crysta
graphic planes, due to local deformations near InAs Q
and the additional deformation potential induced in t
upper-lying GaAs layer. The calculations performed on
basis of the proposed model showed that the results obta
largely agree with the experimental results, thereby confi
ing that the coherent component of the diffracted radiat
makes a large contribution to the scattered intensity. It w
shown that the formation of an additional deformation pote
tial and the adjoining GaAs layer at the top and the curvat
of the crystallographic plane strongly influence the spa
distribution of the diffracted intensity and lead to the appe
ance of an additionalv chord for the substrate peak.

It was shown that the nonplanarity or broadening of t
interfaces in perfect heterostructures is the main factor l
iting the spatial resolution of x-ray diffractometry method
In contrast to this effect, the deformation curvature of cry
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tallographic planes does not seem to greatly influence
spatial resolution of the method.

The crystal truncation rods and high-resolution x-ray d
fractometry methods complement one another, making
possible to establish the particular features of the diffract
scattering of x-rays by complex scattering objects.
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Quantum Hall effect in a single-mode wire
Z. D. Kvon,* ) E. B. Ol’shanestki , M. I. Katkov, A. E. Plotnikov, A. I. Toropov,
and N. T. Moshegov

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia

M. Casse

High Magnetic Field Laboratory CNRS, F-38042 Grenoble, France

J. C. Portal

INSA—Toulouse, F-31077 Toulouse, France
~Submitted February 8, 1999; accepted for publication April 13, 1999!
Fiz. Tekh. Poluprovodn.33, 1369–1371~November 1999!

The quantum Hall effect in a single-mode wire is studied for the first time. It is established that
a well-expressed quantum Hall resistance for filling factorsi 51 and 2 is observed in
magnetic fields in which the magnetic length becomes less than the width of the wire. Breakdown
of proportionality with respect to the magnetic field in the arrangement of the Hall
quantization plateau and the dissipative conductivity minima is observed. ©1999 American
Institute of Physics.@S1063-7826~99!01811-6#
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The behavior of the quantum Hall effect~QHE! in wires
and point contacts is one of the interesting features arisin
the study of this effect. Unitl now, however, it has not be
studied exhaustively. There are several works1–3 devoted to
an experimental investigation of the QHE in wires. The o
ject of investigation in all of these cases were wide wi
whose widthW was much greater than the electron wav
length; i.e., in fact, in those studies the QHE in a situat
where the energy spectrum was essentially the same as i
macroscopic situation was studied, and all effects analy
in Refs. 1 and 2 were studied in a situation where the wi
of the wire was much greater than the electron wavelen
We have carried out for the first time a study of the quant
Hall effect in a one-mode quantum wire, where the situat
is reversed in some sense, i.e. the wire width is such tha
a zero magnetic field the wire is a conducting channel wh
the electrons fill only the ground quantum-well subband.
first glance, a QHE should be impossible in such a w
However, since a single-mode wire has a finite width on
order ofl, it can be inferred that the QHE will still occur in
magnetic fields such that the magnetic lengthl h,l. Our
objective was to verify this conjecture experimentally and
study the possible features of the QHE in a one-mode qu
tum wire.

The experimental samples consisted of wires curved
a ring and equipped with potentiometric contacts, which c
sisted of the same kind of wires~see the inset in Fig. 1!.
They were fabricated on the basis of a two-dimensional e
tron gas with high mobility on a AlGaAs/GaAs heterojun
tion with a 60-nm-thick spacer. The electron density a
mobility were 231011 cm22 and 106 cm2/~V•s!, respec-
tively. Next, a TiAu metal gate was deposited on the str
ture. It was used to change the width of the wire. The dis
pative RL (R1234 or R1256) and Hall RH (R1235 or R1246)
1231063-7826/99/33(11)/3/$15.00
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resistances of the samples described were measured.
measurements were performed at 40 mK temperature
magnetic fields up to 15 T. The measuring current was 0.1
nA in order to prevent effects due to heating. It should
noted that in the absence of a bias on the gate all experim
tal samples were closed, and a conducting channel appe
only when a positive bias was applied to the gate.

Figure 2 shows the results of measurements of
Aharanov–Bohm oscillations of one of the above-describ
structures withVg5455 mV andT530 mK. It is evident
that the amplitude of these oscillations is not uniform in t
magnetic field, but rather it is marked with beats. This
clearly seen in the inset in Fig. 2, which shows the sa
oscillations but without the constant component. The Fou
spectrum, shown in the same figure, also confirms the e
tence of beats. As was established in Refs. 3 and 4,
presence of beats of the Aharonov–Bohm oscillations is
portant evidence of uniformity of the wires used to fabrica
the ring. The beats are due to the lifting of the clockwis
anticlockwise degeneracy in a finite-size ring by a magne
field. Besides the indications of a single mode, the be
more accurately their frequency, also make it possible
estimate the wire width, which is 40–60 nm in order of ma
nitude, i.e. the electron wavelength in the initia
dimensional gas. The Aharonov–Bohm oscillations d
scribed above therefore make it possible to talk more or
uniquely about a single-mode nature of the experimen
wires, where the resistance of a wire atB50 exceeds 20 kV.

Figure 1 shows typical results of measurements of
Hall RH and dissipativeRL resistances of wires in stron
magnetic fields. The curves are presented for two value
the gate voltageVg5630 mV ~a! andVg5580 mV ~b!. We
consider first the curves in Fig. 1a, which correspond to
large, positive bias and actually larger wire width. In the fi
8 © 1999 American Institute of Physics
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FIG. 1. Dissipative (RL , solid lines! and Hall (RH , dashed lines! resis-
tances with different gate voltagesVg , mV: a — 630, b — 580. Inset:
Schematic diagram of the geometry of the experimental samples.
place, it is evident that the resistanceRLof a wire in a zero
magnetic field is 11.2 kV, which would suggest that at leas
two one-dimensional subbands are filled. In this case, eve
magnetic fieldsB.2 T clearly defined quantum Hall resis
tance is observed for filling factorsi 54,2, and 1 and the
corresponding minima ofRL . The observation of a platea
with i 54 confirms the assumption made above that a w
with Vg5630 mV is not a single-mode system. As the ma
netic field increases, the plateau width and correspondin
the width and depth of the minima inRL increase, as is
usually observed in macroscopic samples and wide wi
Resistance fluctuations which are of a mesoscopic nature
are characteristic of submicron-long wires are also observ
Let us now analyze the curves in Figs. 1b, corresponding
a lower value of the gate voltage and actually a smaller w
width. They are of special interest. The resistance of a w
in the absence of a magnetic field for this state of the sam
is 37 kV, which attests to realization of a single-mode r
gime. As one can see, in a strong magnetic field clearly
pressed Hall quantization plateaus are observed for fil
factors i 52 and i 51. A more detailed comparison an
analysis of the curves in Figs. 1a and 1b shows two un
pected effects: In the first place, even though the d
minima vanish, whenRL

min is several orders of magnitud
less thanRL

max ~in Fig. 1b the value ofRL at a minimum is
greater than the value ofRL at a maximum by only a facto
of 2 or 3!, in the curvesRH(B) the Hall–quantization pla-
teaus for the same filling factors are essentially identica
the plateaus in Fig. 1a. In the second place, the position
the center of the plateau is no longer proportional to
filling factor: the center of the first plateau corresponding
i 52 occurs atB53.2 T, and the center of the plateau co
responding toi 51 occurs atB57 T. Therefore, the experi
pectrum.
FIG. 2. Dissipative resistanceRL(B) of a structure in weak magnetic fields. Inset: Same dependence without the constant component and its Fourier s
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mental results presented above show that the Hall quan
tion in a one-mode wire of submicron length exhibits
number of features which do not fit into the standard pict
of the QHE.

We shall now briefly discuss the possible reasons for
behavior. It is obvious that the QHE in a one-mode w
must be analyzed in terms of edge current states~ECSs!,
which describe well the QHE in bounded wires.4,5 From the
standpoint of the theory of ECSs the described anomalie
the behavior of the QHE in a one-mode wire can be
plained as follows. When edge current states are introdu
it is always implicitly assumed that the wire width is su
that states can be sharply divided into localized volu
states and edge states that transport the current. This div
results in a unique correspondence between the positio
the Hall-quantization plateau and the filling factor, as is o
served in experiments with wide wires.1,2 It also suppresse
backscattering between ECSs, which results in quantiza
of RH and vanishing ofRL . Such a separation cannot b
made in a single-mode wire. This is probably the reason
a-

e

is

in
-
d,

e
ion
of
-

n

r

the peculiarities of the QHE in such a wire. Still, an exhau
tive explanation of the results described in this paper requ
further theoretical and experimental investigations.
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Molecular-beam epitaxy of a strongly lattice-mismatched heterosystem AlN/Si „111…
for application in SAW devices
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The results of using molecular-beam epitaxy for growing piezoelectric AlN films on Si~111!
substrates suitable for device applications are reported. The technological conditions for
growth of stoichiometric AlN by controlling the surface reconstruction occurring under various
thermodynamic conditions on the growth surface are determined. The films of the
hexagonal polytype of AlN possess high crystalline perfection and an atomically smooth
epitaxial surface. The mechanism for relaxation of the AlN crystal lattice over a distance of one
monolayer from the heterojunction is found. It is demonstrated that the AlN film is
piezoelectric. Investigations of the temporal characteristics of a SAW attest to a low level of
scattering of the wave during propagation. The electromechanical coupling constant is measured in
interdigital transducer geometry~l516 mm! and is found to be 0.07 % at a frequency
f 5286 MHz, in good agreement with the theoretical value for a 1.04-mm-thick AlN film.
© 1999 American Institute of Physics.@S1063-7826~99!01911-0#
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1. INTRODUCTION

One of the promising applications of aluminum nitrid
involves the development of new SAW devices1,2 and its use
as a buffer layer for subsequent deposition of heterost
tures based on the solid solutions AlN–GaN and InN–Ga
Its high SAW velocity,3,4 excellent insulating properties, an
chemical and thermal stability make AlN a promising ma
rial for transducers operating at frequencies above
GHz.5–10 Today, quartz and LiNbO3 are widely used for
these applications, especially in radiotelecommunicati
technology. Most papers published thus far reported ma
the results of experimental studies of the acoustic prope
of the system AlN/Al2O3, obtained by reactive sputtering5

vapor-phase epitaxy,6 vapor-phase epitaxy from metalloo
ganic compounds~MOCVD!,7 and molecular-beam epitax
~MBE!.8

It is of interest to use silicon substrates for growing
ezoelectric AlN layers. This is promising for integration
the technology of group III metal nitrides with the cheap a
well-developed silicon technology. Only a few papers co
sidered the application of the piezoelectric AlN layers gro
on silicon substrates for SAW filter devices: the high grow
temperature required in the MOCVD method~'1200 °C!
makes this method less promising for use in the conventio
technology of structures.1 Positive results in this direction
1241063-7826/99/33(11)/6/$15.00
c-
.

-
1
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ly
es
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al

have been obtained by reactive rf sputtering, where the A
growth temperature was lowered to 500 °C.9–11 Nonetheless,
the decrease in the propagation velocity of SAW in A
epitaxial layers is due mainly to the roughness of the surf
and the defectiveness of the AlN layers.1,5 Although the
structures in the interdigital transducer geometry with a
riod of several microns can be obtained on AlN layers with
rough surface, layers with an atomically smooth surfa
make it possible to decrease the period of the transduce
0.5 mm, which is an important achievement in applicatio
of SAW devices.5,7 In some cases, the surfaces of the A
films must be polished in order to improve their piezoelect
properties.1,4,6

Thus, the use of AlN layers as a basis for SAW devic
and as a buffer layer for subsequent deposition of the wo
ing optoelectronics components based on AlGaN and InG
heterostructures imposes stringent requirements on the c
talline perfection of AlN layers, on the quality of their su
face, and on their transport properties.

AlN has been less studied than GaN. Many proble
attributable to the thermodynamic conditions of epitax
which are necessary for initiating and growing cryst
perfect AlN layers on strongly lattice-mismatched substra
have not yet been resolved. Previous investigations of
taxial growth of AlN by MBE, MOCVD, and reactive sput
1 © 1999 American Institute of Physics
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tering on Si substrates attest to a columnar structure of th
layers.12–17

The relatively low epitaxy temperatures and grow
rates, as well as the better controllability of the epitaxy p
cess make the method of modified molecular-beam epit
with a plasma-activated nitrogen source very promising
growth of piezoelectric AlN layers. Recently published p
pers have reported the successful application of this me
for growing AlN layers in a two-dimensional growth mod
on GaN ~Ref. 18! and Si~111! ~Refs. 19–21!. In addition,
there exists some information on the surface reconstruc
of AlN: ~232! and ~333! surface reconstructions of AlN
epitaxial layers grown on Si~111! were noted in Refs. 20 an
22 and in Refs. 23 and 24, respectively. Surface reconst
tion of the type (A33A3)R30° for MBE-grown AlN on SiC
has been reported in Ref. 25. However, the physical pic
of nucleation and epitaxy and the appearance of the ab
indicated reconstructions as a function of the flux ratios
group-V and group-III elements were not considered in Re
18–24.

In this paper we will determine the thermodynamic co
ditions for initiation and epitaxial growth of AlN on Si~111!
substrates. We will consider the structural properties and
face morphology of the grown AlN epitaxial layers, whic
allow us to use this heterosystem AlN/Si~111! as composite
substrates for growing other nitride compounds and s
solutions based on them. We will describe the mechan
for relaxation of the crystal lattice of the strongly mi
matched AlN/Si~111! system. We will also present the re
sults of an investigation of the SAW characteristics for o
of the epitaxial layers of aluminum nitride.

2. EXPERIMENTAL PROCEDURE

The AlN films were grown in a three-chambe
molecular-beam epitaxy system. The growth chamber
se

-
y
r
-
od

n

c-

re
e-
f

s.

-

r-

d
m

e

s

equipped with a standard aluminum effusion cell and a t
bomolecular pump with an effective evacuation rate of 15
liters/s. The background pressure in the growth chamber
10210 mbar. An MPD21~Oxford Applied Research! high-
frequency~13.56 MHz! source of plasma-activated nitroge
was used to activate the nitrogen. At a working pressure
1025 mbar the flow of molecular nitrogen N2 into the growth
chamber was one standard cubic centimeter per min
~sccm!; the purity of Al and N2 was 6N. The growth mode,
the structure of the layers, and the surface reconstruct
were monitored by RHEED.

The AlN epitaxial layers were grown onp-type Si~111!
substrates with resistivity exceeding 5 kV•cm. A modified
Chirac method was used to prepare the substrates.21 The sub-
strates were heat-cleaned in a growth chamber at 920
Removal of the passivating layer from the surface was
companied by the appearance of~737!2type surface recon-
struction of Si~111! at a temperature on the order of 780 °
this reconstruction was replaced by~131!2type volume re-
construction with sharp Kikuchi lines at a temperature of
order of 830 °C. Lowering the substrate temperature resto
the previous RHEED pattern.

The roughness of the surface of the epitaxial layers w
measured with a TMX-2010 topometric atomic-force micr
scope. X-ray diffraction analysis and transmission elect
microscopy~TEM! method were used to estimate the deg
of crystalline perfection of the epitaxial layers. TEM an
high-resolution TEM investigations were performed wi
JEM-1200 and JEM-4000 microscopes.

An aluminum structure with the configuration of a 10
nm-thick interdigital transducer with 20 pairs of fingers a
an 8-mm period was deposited on one of the epitaxial A
films to determine the piezoelectric parameters of AlN. T
delay line was 2986mm long.
e

-

-

r

s.
FIG. 1. Phase diagram of AlN surfac
reconstructions on a Si~111! substrate
as a function of the Al flux given by
the equivalent pressureP and versus
the reciprocal of the substrate tem
peratureTsub. The solid line corre-
sponds to (A33A3)R30° surface re-
construction, the dark-gray region
corresponds to~131! reconstruction,
and the light-gray region and the re
gion above it correspond to~236! re-
construction. The layers grown unde
conditions corresponding to the
dashed line possess triangular crack
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3. EXPERIMENTAL RESULTS AND DISCUSSION

The development of the modern nitride MBE technolo
has led in the last few years to the publication of a la
number of studies devoted primarily to the study of the s
face reconstruction of GaN epitaxial layers using RHEE
The presence of surface reconstruction attests to an at
cally smooth surface of the growing layer and can be a
cisive factor for determining the stoichiometric balance b
tween different modifications of activated nitrogen a
group-III metal atoms under various thermodynamic con
tions on the growth surface. To determine the stoichiome
growth conditions by controlling the surface reconstruct
we heve therefore investigated the superstructures ari
during epitaxial growth of AlN as a function of the Al flu
pressure on the growth surface and as a function of the
strate temperature. The N2 flux (0.7531025 mbar! and the
plasma discharge power~500 W! were held constant in al
experiments in a given series.

AlN film growth was initiated at substrate temperatu
700 °C by depositing a 1/3 monolayer of Al on a~737!
reconstructed Si~111! substrate surface. As a result of th
process, the~737! surface reconstruction was replaced
(A33A3)R30° reconstruction. An extensive analysis of t
~737! surface reconstruction on a Si~111! surface@Si~111!-
~737!# and the effect of the deposition of the 1/3 monolay
of Al on the energetics of a Si~111!-~737! surface are de-
scribed in Ref. 26. After the plasma-activated nitrog
source was switched on, nitriding of the 1/3 monolayer of
was performed. AlN growth commenced immediately af
the RHEED pattern changed from (A33A3)R30° to
~131!2type reconstruction with linear reflections. Next, t
substrate temperature was gradually raised to the final
taxy temperature.

A different method for initiating AlN growth com-
menced with brief~2–3 s! nitriding of the Si~111!-~737!
surface. As a result, the~737! surface reconstruction wa
replaced by~333! reconstruction. More prolonged nitridin
of the surface resulted in vanishing of the superstructure
formation of a layer of polycrystalline silicon. For this re
son, after nitriding of the Si~111!-~737! surface for 2–3 s,
AlN film growth was started by opening the shutter of the
effusion cell. However, the epitaxial processes initiated
this method were not accompanied by growth surface rec
structions, except for a~131! volume-type reconstruction
For this reason, this method for initiating growth was n
used in the experiments designed to construct the phase
gram of AlN surface reconstructions, which we shall exa
ine below.

Figure 1 shows a phase diagram where AlN surface
constructions are followed as a function of the Al flux
required to stabilize the reconstructions and as a functio
the reciprocal of the substrate temperatureTsub with a con-
stant atomic-nitrogen flux. Under the conditions of exce
nitrogen we observed only the three-dimensional RHE
pattern of a wurtzite-type crystal lattice. Films grown und
these conditions possess a compact structure in the form
columns.14 The transition to two-dimensional growth wa
observed with a decrease of the excess nitrogen and
e
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accompanied by the appearance of a (A33A3)R30° super-
structure. In Fig. 1 the solid line corresponds to the tech
logical conditions under which AlN growth occurs in th
(A33A3)R30° surface reconstruction regime. As the
flux was gradually increased, successive linear reflecti
corresponding to~131! and ~236! surface reconstructions
designated in the diagram by dark- and light-gray regio
respectively, appeared. A further increase of the Al flux d
creased the intensity of the RHEED pattern because of
formation of aluminum drops on the surface. The dashed
in the diagram corresponds to boundary conditions a
which formation of aluminum drops on the surface of t
epitaxial layer starts. The existence of transitional lines
tween different reconstruction regions can be explained
taking into consideration the evaporation of aluminum fro
the growth surface. In turn, this fact shows that under

FIG. 2. Surface morphology of single-crystal AlN layers, as determined
atomic-force microscopy: a — topometric image of an atomically smo
epitaxial surface with roughness at the measurement level RMS'0.5 nm;
b — differential image of an AlN film with triangular cracks with the film
grown under excess-Al conditions~the roughness corresponds to a depth
1 nm!.
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indicated thermodynamic conditions the aluminum atta
ment coefficient is different from 1.

This diagram enabled us to calculate the activation
ergy required for Al desorption, 1.3 eV. Nitrogen desorpti
was not observed in the temperature range investigated
us. We assume that the AlN growth rate under excess
conditions is limited by the amount of atomic nitrogen.

The layers grown in the temperature range from 850
900 °C under conditions corresponding to the region betw
the solid and dashed lines in Fig. 1 possess the best cry
line properties. These layers possessed an atomically sm
surface and roughness at the level of atomic-force mic
copy measurements RMS'0.220.5 nm~Fig. 2a!. However,
the layers grown under technological conditions correspo
ing in Fig. 1 to the dashed line possessed cracks in the
rections^2̄110& and ^01̄10& ~Fig. 2b!.

TEM investigations showed that the layers grown in t
two-dimensional growth mode~under the conditions desig
nated by the region between the solid and dashed line
Fig. 1! possess a single-crystal structure free of oriented
mains. The characteristic lattice defects of these layers
filamentary dislocations.27 High-resolution TEM investiga-
tions of the AlN/Si~111! heterojunction show a sharp boun
ary between the epitaxial layer and the substrate~Fig. 3a!.
Relaxation of the crystal lattice of aluminum nitride on
characteristic distance of one monolayer from the hete
junction is observed here, even though there is a 23.4%
match between the lattice constants. The literature cont
data on the correspondence between the unit cells of the
and Si lattices.16,24 Under our experimental conditions, th
results of the Fourier analysis of the high-resolution TE
photomicrographs served as proof that the crystal lattice
these materials match~Fig. 3b!. The large 23.4% mismatc
de /ds21 between lattice constants of the epitaxial layerde

and substrate ds decreases to f 5(nde2mds)/mds

520.013 ~1.3%!, taking into consideration the conditio
m:n54:5. A similar matching of the crystal lattices of th
epitaxial layer and substrate was observed in Ref. 28 for
-
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heteroboundary of the system GaN~001!/GaAs~001!. Based
on the calculations presented here, we assume that the
crease in the strain energy of the epitaxial layer as a resu
the 4:5 correspondence for the planes of the crystal lattic
Si~1̄10! and AlN~2̄110! is responsible for the two-
dimensional growth mode of AlN on Si~111!.

The results of the x-ray diffraction studies are shown
Fig. 4. The lattice parameters of the epitaxial layers w
compact columnar structure~group3! and single-crystal lay-
ers with cracks ~group 1! are c54.97760.001 Å and
c54.97660.001 Å , respectively. These crystalline param
eters are close in value to those of the relaxed AlN laye
which is most likely a consequence of the columnar struct
of these layers or the formation of cracks. The lattice para
eters of AlN layers grown under two-dimensional grow
conditions~group2!, i.e., under technological conditions co

FIG. 4. X-Ray rocking curves for AlN layers grown on Si~111!. The mea-
surements were performed using a detector aperture with a 0.22-mm
The group-1 AlN layers ~curve1! were grown under excess-Al conditions
They possess a single-crystal structure and triangular cracks on the su
The group-2 AlN single-crystal layers~curves2! were grown in a regime
close to a stoichiometric ratio of group-V and -III elements in the vap
phase. The group-3 layers~curves3! possess a compact columnar structu
and were grown under excess-nitrogen conditions.
s
FIG. 3. AlN/Si~111! heterojunction: a — high-resolution TEM image in the Si@112̄# direction; b — Fourier analysis of high-resolution TEM photomicrograph
demonstrating a 4:5 correspondence between the unit cells of AlN and Si in the AlN~2̄110! and Si~1̄10! directions.



in

1245Semiconductors 33 (11), November 1999 Kipshidze et al.
FIG. 5. Characteristics of the surface-acoustic wave of a transducer prepared on the basis of an AlN/Si~111! heterojunction. The wave propagates in AlN
the ~2̄110! direction, corresponding to the~1̄10! direction in the Si substrate~see Fig. 3b!: a — temporal~marker att5653.5 ns!, b — frequency~marker at
f 5285.7 MHz!.
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responding to the region between the solid and dashed
in Fig. 1, arec54.98160.001 Å . We infer that the com-
pression of the unit cell of the crystal lattice along thea axis
as a result of the 4:5 correspondence of the lattices~see Fig.
3b! is the reason for the expansion of the AlN unit cell alo
the c axis.

The group-1 and group-2 single-crystal layers exhibit the
most intense reflection peaks of the x-ray rocking cur
~Fig. 4!. The characteristic widths of the x-ray rockin
curves of group-2 AlN layers~415 nm thick! are 0.06°~v/2u
scanning! and 0.32° forv scanning. These results, as com
pared with those published in the literature,12,14,20attest to a
substantial improvement in the quality of the layers under
epitaxial growth conditions employed by us.

A single-crystal film with thicknessh51040 nm, grown
at temperature 900 °C, corresponding to the phase diag
~Fig. 1!, under conditions stabilizing~131!2type surface re-
construction, was chosen to determine the piezoelectric p
erties of aluminum nitride. The propagation of a Raylei
wave along the AlN surface was investigated. Measurem
of the temporal and frequency characteristics~Figs. 5a and
5b! were performed, and the electromechanical coupl
constant and SAW phase velocity were compared with
theoretically predicted values of these parameters~Figs. 6a
and 6b!. A definite interdigital transducer geometry wit
acoustic wavelengthl516 mm, equal to twice the period o
the fingers, was used to study the piezoelectric charact
tics. This value corresponds to an average frequency of
MHz ~Fig. 5b! and SAW phase velocity 4569 m/s~Fig. 6a!
in the @2̄110# direction in AlN. The value 0.07% obtained fo
the electromechanical coupling constant~Fig. 6b! is in good
agreement with the theoretically predicted value, taking i
consideration the elasticity constantsc115345, c125125,
c135120,c335395, andc445118 GPa and the piezoelectr
moduli e31520.58,e3351.55, ande24520.48 C/m2 ~Refs.
1 and 2!. This agreement attests to the very good piezoe
tric properties of the AlN crystal~thicknessh51040 nm!,
which are suitable for use in SAW devices. The maximu
electromechanical coupling constant 0.19% correspond
the ratioh/l50.2 ~Fig. 6b!. For the same AlN layer thick-
ness this corresponds to wavelengthl55.2mm, phase veloc-
ity v54630 m/s, and frequencyf 5890 MHz.
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The large difference, approximately 40 dB~Fig. 5a!, be-
tween the background and signal attests to weak SAW s
tering. The relatively high level of the parasitic frequenci
that is observed on the frequency characteristic~Fig. 5b!
could be due to the nonuniformity of the film over the thic
ness, giving rise to distortions of the SAW wavefront alo
its propagation path, which is about 3 mm. The frequen
characteristics of this film are not quite as good as th

FIG. 6. Parameters of a surface-acoustic wave versus the ratio of the t
nessh of the AlN layer to the wavelengthl in a transducer prepared on th
basis of an AlN/Si~111! heterojunction. The wave propagates in AlN in th
~2̄110! direction, corresponding to the~1̄10! direction in the Si substrate
a — Phase velocity, b — electromechanical coupling constant. Solid l
— computed curves; squares — measured values.
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obtained recently7,8 in the AlN/Al2O3 system, but they do
show a large improvement of the piezoelectric properties
AlN obtained on Si~111!.10

4. CONCLUSIONS

In summary, we have demonstrated that growth of lay
of the hexagonal polytype of AlN can be initiated on a~737!
reconstructed Si~111! surface by MBE using a source o
plasma-activated nitrogen. The basic types of AlN surfa
reconstruction during growth were determined. In t
excess-nitrogen regime, two-dimensional growth of AlN o
curs under (A33A3)R30° surface reconstruction condition
and in the excess-aluminum regime it occurs under~236!
reconstruction conditions. AlN growth under~131! surface
reconstruction conditions is stoichiometric, since exce
nitrogen conditions can result in three-dimensional grow
while excess-aluminum conditions can result in the form
tion of cracks or aluminum drops on the surface.

Investigations of the AlN/Si~111! heterojunction demon
strated a 4:5 correspondence between the unit cells of
AlN and Si lattices in the AlN~2̄110! and Si~1̄10! directions.
The epitaxial layers possess an atomically smooth sur
and a single-crystal structure free of oriented domains.

Propagation of a Rayleigh-type surface-acoustic w
~SAW! was successfully demonstrated in an AlN film grow
on Si~111! in the two-dimensional growth mode. The epita
ial layer possesses very good piezoelectric properties w
are suitable for device applications. This is indicated, in p
ticular, by the results of the experimental study of the tim
dependent characteristics of SAW, which show weak sca
ing during wave propagation.

In conclusion, we thank the experimental group at Ins
tut für Festkörper- und Werkstofforschung~Dresden! for as-
sisting in the preparation of the interdigital transducer, P.
Brown ~University of Cambridge!, and A. Chuvilin~Institute
of Catalysis, Novosibirsk! for performing the high-resolution
TEM investigations. One of us~G. D. Kipshidze! is grateful
for the partial financial support provided by the Russ
Fund for Fundamental Research~Project No. 99-02-17985!,
the program ‘‘Promising Technologies and Devices
Micro- and Nanoelectronics’’ of the Ministry of Science o
the Russian Federation~Project No. 10!, and the Interdisci-
plinary Scientific and Technical Program ‘‘Physics of Soli
State Nanostructures’’ of the Russian Federation.
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Reversible and irreversible changes in the photoluminescence spectra of porous silicon
held in water

B. R. Dzhumaev
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The change induced in the photoluminescence spectra and photoluminescence excitation spectra
by holding porous silicon in water is investigated. It is found that submerging a sample in
water gives rise simultaneously to reversible and irreversible changes in the intensity and position
of the photoluminescence maximum. It is shown that the irreversible changes are due to the
same processes that occur in air: oxidation and desorption of substances which participate in the
photoluminescence and which give rise to the visible-range band of the excitation spectrum,
from the surface of the porous layer. It is established that the rate of these processes in water is
much higher than in air. It is shown that the reversible changes are due to the vanishing of
the visible-range photoluminescence excitation band in water. It is inferred that this band is
attributable to water clusters that contain components of the etchant. ©1999 American
Institute of Physics.@S1063-7826~99!02011-6#
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Despite many investigations, the mechanism for the
minescence of porous silicon~P-Si! remains unresolved. It is
obvious that the surface can play a large role in the phot
minescence~PL! process because its area is large and it c
tains a variety of substances~components of the etchant, re
action products!. At the same time, determining the role
the surface is a rather difficult problem. To obtain such
formation, aging ofP-Si in air1–5 and in vacuum5–7 and the
changes occurring when samples are held in the etchant
anodization stops8 were investigated. Since it was suggest
in some papers that water plays a large role in PL,6 we in-
vestigated the effect of holding porous silicon samples
water on the photoluminescence spectrum and the pho
minescence excitation spectrum~PES!.

1. RESULTS AND DISCUSSION

The test samples were obtained by anodic etching
p-type Si wafers~resistivityr55210 V• cm! with ~100! or
~111! orientation in an alcohol solution of HF
(HF:H2O:C2H5OH51:1:2! with current density I etch520
mA/cm2 and etch timet52,15, and 30 min. The PL wa
excited by light from a xenon lamp. The light was pass
through an NDR-23 monochromator and detected with
IKS-12 monochromator.

Figure 1 shows the PESW(lexc) of three as-grown
samples obtained with the same current density 20 mA/2

and different etch timest52,15, and 30 min. In what fol-
lows, for simplicity, the samples obtained witht52,15, and
30 min are denoted as samples 1, 2, and 3, respectively
one can see from the figure, the PES are nonelementary
consist of two bands — a wide visible band in the rang
lexc53102500 nm ~band I! and an ultraviolet band in the
1241063-7826/99/33(11)/4/$15.00
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rangelexc52502310 ~band II!. We note that band II was
observed in all experimental samples and the position o
maximum was the same for different samples. At the sa
time, the position of the maximum of band I shifted in th
long-wavelength direction with increasing etch time. Mor
over, in some samples it was absent completely~Fig. 1,
curve1!.

The PL spectraW(lPL) of the as-grown sample 2, whic
were measured using excitation by light with different wav
lengths (lexc), are presented in Fig. 2a. As one can see fr
the figure, the wavelengthlPL

max of the maximum of the PL
band depends on the excitation wavelength. Aslexc shifts in
the short-wavelength direction, the maximum of the PL ba
also shifts in the same direction~from 660 to 600 nm!, at-
testing to the nonelementary nature of the PL band.

FIG. 1. Luminescence excitation spectra of three as-grownP-Si samples
obtained with current densityI etch520 mA/cm2 and etch times 2~1!, 20 ~2!,
and 30 min~3!.
7 © 1999 American Institute of Physics



a
e

1248 Semiconductors 33 (11), November 1999 B. R. Dzhumaev
FIG. 2. a — PL spectra ofP-Si sample 2 with excitation wavelengthslexc5300 ~1!, 350~2!, 400~3!, and 450 nm~4!. b — Luminescence excitation spectr
measured for different wavelengths of the PL bandlPL5555 ~1!, 636 ~2!, and 744 nm~3!. c — Ratio of intensities for different wavelengths of th
luminescence excitation spectrumaexc5W300/W360 ~1! andaexc5W300/W420 ~2! versuslPL .
ec

tio

-
se
th
S
Th
e-

the

of
e
n
se
e of

pli-
the

.

Figure 2b shows the PES of sample 2 in different s
tions of the PL band~different values oflPL): on the short-
wavelength edge (lPL5555 nm!, at the maximum of PL
(lPL

max5636 nm!, and on the short-wavelength edge (lPL

5744 nm!. As one can see from Fig. 2c, the intensity ra
aexc5WII /WI of band II ~300 nm! and band I~360 and 420
nm! (W300/W360 andW300/W420) depends on the PL wave
lengthlPL , for which the PES is measured, and it decrea
with increasinglPL . This means that the long-waveleng
part of the PL band is excited predominantly in the PE
band, and the short wavelength part is excited in band II.
continuous shift of the PL maximum with excitation wav
-

s

I
e

length could be due to the simultaneous overlapping of
PL and PES bands.

It is significant that in samples 1 and 3 no dependence
the positionlPL

max of the maximum of the PL band on th
excitation wavelengthlexc was observed, while the positio
lPL

max of the PL maxima accompanying excitation in the
bands was different. This attests to the elementary natur
the PES bands withlexc52902300 and 4202430 nm and to
the absence of strong overlapping of the bands.

It should be noted that band I can also have a com
cated structure, and that a dependence of the ratio of
intensities of the subbands onlPL can also be observed in it
FIG. 3. Photoluminescence intensityW ~a!, wavelength of PL maximumlPL
max ~b! with excitation by light with wavelengthlexc5300 ~1, 2! and 420 nm~3!,

measured in air~1, 3! and in water~2!, andaexc5W300/W420 ~c! versus the aging timetw of P-Si sample 3 in water.
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This circumstance and the fact that its position is differen
different samples indicate that band I could be nonelem
tary.

The results presented above thus suggest that inP-Si
there exist at least two PL excitation channels and that e
channel has its own PL band.

To trace the behavior of the components of the P
which are excited in bands I and II, we present below the
intensities of two wavelengths excited by light, which corr
spond to these bands (lexc5300 and 420 nm!.

The P-Si samples were aged in water at room tempe
ture. The PL was measured in air~the sample was remove
from the water during the measurement! and directly in wa-
ter. The luminescence excitation spectra were measured
in air.

When the samples were submerged in water, the PL
tensity measure directly in the water decreased and its m
mum shifted in the short-wavelength direction~for example,
from 665–670 to 590–600 nm for sample 3!. After the
samples were removed from the water, as they dried in
the PL intensity increased and its maximum shifted in
long-wavelength direction. However, the intensity andlPL

max

did not return to their initial values~Fig. 3!. After holding in
water, the PES also changed: Besides an overall decrea
intensity, the ratioaexc5W300/W420 ~Fig. 3c! increased,
which is confirmed by curve5 in Fig. 4a, which is the dif-
ference between curves1 and2.

After repeated submersion ofP-Si in water,lPL
max is again

shifted in the short-wavelength direction and the PL intens
decreases. As the samples dried, the wavelength of the m
mum and the intensity of PL were partially restored.

In summary, the change in the PL intensity andlPL
max

occurring when theP-Si sample is submerged in water is d
to the superposition of two effects: reversible and irreve
ible. The irreversible changes can be detected by measu
the PL and PES in air before and after submersion in wa
We note that a reversible decrease in the PL intensity acc
panying submersion in water was observed in all samp
irrespective of the form of the PES spectrum. At the sa
time, a reversible shift in the maximum occurred only
samples which possessed a PES I maximum, in addition
PES II maximum. In the absence of the PES I band~sample
1! no shift was observed.

Irreversible effect. The magnitude and character of th
irreversible changes depend on the submersion timetw of the
P-Si sample in water. As one can see from Fig. 3a~curve1,
sample 3!, when the PL is excited by light withlexc5300
nm ~PES band II!, as tw increases, the intensity of the P
initially decreases and then increases appreciably, and a
decreases~measurement in air!. In the processlPL

max in the
section of decreasing PL intensity shifts in the sho
wavelength direction, and in the increasing sections it sh
in the long-wavelength direction~Fig. 3b, curve1!. When
the PL is excited by light from the PES band I, the behav
of the curveW(tw) is similar to its behavior in the cas
lexc5300 nm, but the dominant effect is a decrease in the
intensity ~Fig. 3a, curve3!. The shift of lPL

max with lexc

5420 nm is also similar to the shift oflPL
max for lexc5300

nm ~Fig. 3b, curve3!. It is significant that the PL decrease
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predominantly in the PES I band and increases in the PE
band, which is manifested as a change inaexc ~Fig. 3c!.

Comparing the results of aging of the samples of poro
silicon in water and in air5 shows that the same process
occur in water as in air~oxidation and removal of certain
substances from the surface of the Si filaments!, but the rate
of these processes in water is much higher. The decreas
the PL intensity, the shift oflPL

max in the short-wavelength
direction, and the decrease in the intensity of the PES I b
are associated with removal of the substances participatin
PL, and the increase in the PL intensity, the shift oflPL

max in
the long-wavelength direction, and the increase in the int
sity of the PES II band are associated with oxidation. T
presence of a section of increasing PL intensity for excitat
by light from the PES I band~Fig. 3, curve3! can be ex-
plained by overlapping of the PES I and II bands. The s
sequent rapid decrease in the PL intensity can be expla

FIG. 4. a — Luminescence excitation spectra measured at different a
times of P-Si sample 3 in water:1 — initial, 2 — tw510 min, 3 — tw

53 h, 4 — tw515 h; 5 — difference between curves1 and 2; 4 — the
intensity scale is magnified by a factor of 10. b — Luminescence excita
spectrum in the coordinatesW1/2–hnexc.
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by complete oxidation of the porous silicon layer, which
observed, for example, for oxidation in oxygen.9 We note
that complete oxidation does not occur when the samples
stored in air at room temperature for 1 or 2 years. This
attributable to the lower rate of this process. The remova
the substances responsible for the PES I band from the
face of the Si filaments occurs because these substance
solve in water and are then removed by diffusion, in agr
ment with the assumption made above that they incl
components of the etchant or reaction products.

The PES I band could be due to light absorption in wa
clusters that contain impurities~which could be etchant com
ponents or reaction products!. This assumption agrees wit
the study of the influence of the evacuation and introduct
of water vapor on the PL intensity.6 In addition, it is known
that clusters of water molecules containing impurities~Li,
Na, K, H, CH3, and others! give PL in the range 350–50
nm,10 which corresponds to the spectral position of the P
I band. It can therefore be inferred that this band is due to
clusters that contain, for example, H, CH3, or F present in the
etchant.

This is indicated by an analysis of the shape of the lo
wavelength edge of the PES, which makes it possible
estimate the spectral behavior of the optical absorp
a(hn), assuming that the magnitude of the PES signa
proportional to absorption in the limit of an optically thi
sample provided that the quantum efficiency does not dep
on the energy of the incident photons. It was found that
low-energy edge of the PES I band can be described by
function (a)1/2;(hn2Ee), whereEe is in the range 1.8–2.2
eV ~Fig. 4b!. This dependence is characteristic of indire
transitions and agrees with the assumption that the absor
object is a cluster.

Reversible effect.One could infer that the reversibl
changes occurring in the PL when theP-Si samples are sub
merged in water are due to the characteristic features of l
transmission in water~absorption and refraction!. This can
explain the change in the PL intensity. In this case, howe
the reversible shift oflPL

max in the short wavelength direction
observed only if band I is present in the PES spectrum,
mains incomprehensible.

In summary, the shift oflPL
max is due to the presence o

the PES I band and occurs in the same direction as for
sorption of the adsorbents with which it is associated.5 We
assume, therefore, that this displacement is attributable to
weakening of the contribution of band I in PES when t
samples are submerged in water. In the irreversible eff
re
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such weakening seems to be due to the removal of impur
that appear in the clusters from the surface of the por
layer~filaments! as a result of diffusion. If there has not bee
enough time for such diffusion to occur, the PES I band
restored by drying, making it possible to explain the part
reversibility of the effect.

On this basis, the vanishing of excitation in the ba
PES I in the reversible effect can be attributed to the app
ance of a continuous layer of water on the surface of
porous layer~filaments!. The idea that the PES I band is du
to light absorption by water clusters containing etchant co
ponents as impurities makes it possible, therefore, to exp
both the irreversible and reversible effects and the fact tha
the latter case the intensity of PES I decreases andlPL

max shifts
more strongly than in the irreversible effect. The decreas
the intensity of the band PES I in the irreverisble effe
should be determined by the rate of removal of impuriti
and in our samples it occurs in ten minutes, while the form
tion of a continuous layer of water results in vanishing of t
clusters immediately after submersion in water.

In conclusion, we note that measurements of the int
sity and position of the PL in water with excitation by ligh
with lexc5300 nm~Fig. 3, curve2! reflect the character o
the irreversible changes. The absence of the first aging
tion signifies that this section in air is due to overlapping
the excitation bands I and II.
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Experimental results on the temperature dependence of the conductivity and the spectrum of the
absorption coefficient of amorphous silicyne — the linear allotropic form of silicon — are
reported. Silicyne is found to be a semiconductor with a;1.6-eV band gap. Near room
temperature conduction occurs by a hopping mechanism, and the room-temperature
conductivity is;1028 V21

•cm21 . The influence of the columnar structure of the initial film on
silicyne formation during annealing ofa-Si:H is studied. ©1999 American Institute of
Physics.@S1063-7826~99!02111-0#
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1. INTRODUCTION

Until recently it was thought that, in contrast to carbo
which exhibits five allotropic forms~diamond, graphite, car
bon, lansdalite, and fullerene!, silicon in its elementary form
cannot form compounds where the silicon atoms havesp2

and ~or! sp hybridization. The new modification of silicon
which we discovered and whose existence was proved
electron diffraction and x-ray spectroscopy methods,1,2 is
called silicyne by analogy with carbyne — the third allotr
pic modification of carbon, which consists of rectilinear ca
bon chains. We obtained silicyne samples in the form of t
films ~from 100 to 500 nm!. Silicyne consists of rectilinea
chains in which each silicon atom is bound with two neig
boring atoms bysp hybrid bonds. A few atoms are in th
sp2 hybrid state and possess three nearest neighbors.
cause of this circumstance, the linear chains of atoms h
kinks approximately every 5–10 atoms. The silicon atoms
these kinks possess one extra bond, which they can us
form a three-dimensional network. Moreover, intermolecu
van der Waals forces can participate in the formation of
bulk material.

In the present paper we report the results of experime
studies of certain properties of the new material.

2. SAMPLE PREPARATION

Thin films of silicyne were obtained after vacuum a
nealing ~at 500 °C! of hydrogenated amorphous silico
a-Si:H films. The anneal time was 30 min. The initial;400-
nm-thick a-Si:H was deposited during decomposition of
lane in an rf glow discharge on a crystalline silicon, fus
quartz, and polychore substrates. The substrate temper
during deposition was 250 °C.

As noted in Ref. 1, the films remain amorphous af
annealing at 500 °C. Silicyne does not form in all cases
particular, the initial films of amorphous silicon must be fr
of foreign impurities.3 The oxygen concentration, for ex
ample, should not exceed 0.2 at.%. The possibility for
existence of a linear allotropic form of silicon and the effe
of foreign impurities on silicyne formation agree well wit
our previous quantum-mechanical calculations.
1251063-7826/99/33(11)/3/$15.00
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3. RESULTS AND DISCUSSION

We studied the surface morphology of amorphous s
con and silicyne films~Fig. 1! by scanning probe microscop
on a TMX-2100 ‘‘Accurex’’ atomic-force microscope in th
contact mode using standard procedures. As one can
from Figs. 1a and 1b, the silicyne films which we obtain
and thea-Si:H films which were used to prepare the silicyn
are structurally nonuniform. The surface contour of t
a-Si:H films, in which no silicyne was observed after anne
ing, is identical to that of the substrate~Fig. 1c!. The struc-
tural nonuniformity of the initiala-Si:H film has been ob-
served previously in certain deposition regimes. The surf
morphology which we observed can be explained, on
basis of Ref. 4, by the columnar structure of the amorph
silicon film. Under standard conditions for preparinga-Si:H,
the columns are oriented perpendicular to the substrate
face, which results in a loose, caulifower-like surface on
film. The sizes of the columns, in which the material al
remains amorphous, depend on many technological par
eters governing the fabrication of thea-Si:H film, the thick-
ness of the film, and the structure of the substrate surface
can vary from hundreds of angstroms to several micro
According to Ref. 4, in addition to the columns mention
above,a-Si:H films can contain microscopic columns;10
Å in diameter, making an angle with respect to the surfa
These columns consist of a material which is highly enrich
with hydrogen. As a result, the hydrogen becomes bo
predominantly in disclinations of amorphous silicon.

Sincea-Si:H films without a columnar structure gene
ally are used to fabricate solar cells, the deposition regim
were found and various methods for suppressing the for
tion of a columnar structure of the films during growth we
developed. This is probably the explanation for why t
properties and structure of amorphous hydrogenated sil
films with structural nonuniformities have been studied
little. However, in our case the presence of a columnar str
ture and other linear defects ina-Si:H films plays a positive
role. With annealing at 500 °C, the structural rearrangeme
in such a material occur in the presence of a high concen
tion of dangling bonds because of the intense evaporatio
1 © 1999 American Institute of Physics
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hydrogen and orienting action of the column walls, whi
stimulate the formation of linear chains of silicon atom
Thus, the presence of linear defects in the initiala-Si:H film,
in our view, promotes the formation of silicyne during a
nealing. The effect of the columnar structure on silicyne f
mation increases as the diameter of the columns decrea

Figure 2 shows the temperature dependences of the
ductivity of the experimental films. It is evident that the co
ductivity of the initial amorphous-silicon films is of an act
vational character in the entire experimental tempera
range and can be described by the expression

s5s0exp~2DE/kT!, ~1!

whereDE5Ec2Ef is the activation energy, andEc andEf

are the energies corresponding to the conduction-band
tom and the position of the Fermi level. Conduction is re
ized by carriers excited from the Fermi level into delocaliz

FIG. 1. Surface morphology of silicyne~a! and a-Si:H ~b, c! films. b —
Initial a-Si:H film used to produce silicyne. c —a-Si:H film whose anneal-
ing at 500 °C does not lead to the formation of silicyne.
.

-
s.
n-

re

ot-
-

states located above the conduction-band bottom. The
vation energy is essentially independent of the conditio
under which the films are prepared:;0.88 eV for a-Si:H
films with columnar structure and;0.84 eV for films with
isotropic structure.

After annealing at 500 °C, the temperature depende
of the conductivity of isotropic samples in our entire expe
mental temperature range satisfies the law~1! with activation
energy;0.45 eV. At the same time, two sections with
different conduction mechanism are observed in the temp
ture dependence of the conductivity of silicyne in the expe
mental range. At high temperatures~.420 K! the conductiv-
ity is of a band character. The activation energy is;0.8 eV.
If the Fermi level is assumed to lie close to the center of
band gap of the amorphous semiconductor, then the b
gap of silicyne isDEg'1.6 eV. Near room temperature con
duction is realized by charge-carrier hopping along localiz
states in the band tails. The temperature dependence o
conductivity in this temperature range can also be descri
by a law of the form~1!, but the corresponding activatio
energy isDE5(E2Ef1W)'0.25 eV, whereE is the en-
ergy near which hops of the charge carriers occur, a
W'0.01 eV is the hopping energy. Thus, when amorpho
silicyne is formed froma-Si:H, defects whose energy lie
0.2–0.25 eV above the Fermi energy are produced.

The band gap obtained from the conductivity data agr
well with the results of optical experiments. As follows fro
Fig. 3, the absorption spectrum for most of the tested am
phous films in the experimental photon-energy range can
described by a power law of the form

a}~\v2Eg!r , ~2!

whereEg5Ec2Ev , \v is the photon energy, and the exp
nentr depends on the conditions under which the amorph
film is fabricated. The Tauc law5

FIG. 2. Temperature dependences of the conductivity ofa-Si:H films with
columnar structure~1!, isotropic structure before~3! and after~4! annealing
at 500 °C and of silicyne~2!.



ld
b

ed

in
fo
o
is

.
g
en
o

te

-
on

us
ing
n.

n the

y a

he
this

e
its
a-
ess
line

a
rge-
n-
a

ng

W.

f

ar,

1253Semiconductors 33 (11), November 1999 A. I. Mashin and A. F. Khokhlov
Aa\v}~\v2Eg! ~3!

is ordinarily used to determine the band gap. This law ho
well if the density of states in the delocalized states can
described by a simple parabolic law. It should be not
however, that the linearity range of the absorption edge
the Tauc coordinates is large only for the initiala-Si:H film
and the film annealed at 350 °C. The band gap determ
from the Tauc law is 1.86 and 1.83 eV, respectively,
these samples. For silicyne the linearity range in Tauc co
dinates is strongly limited. At the same time, linearity
observed in a wider photon energy range if Klazes’ law

a\v}~\v2Eg!3 ~4!

is used for the absorption edge spectrum instead of Eq~3!
~Ref. 6!. For comparison, Fig. 3 shows the absorption ed
of silicyne in both sets of coordinates. The energy dep
dence~4! for the absorption edge means that the density
delocalized states is a linear function of the energy nearEc

andEv in such a material. Klazes’ law givesEg;1.6 eV. As
we can see, the optical band gap of silicyne is approxima
0.20–0.25 eV less than ina-Si:H. Such a value ofEg cannot

FIG. 3. Spectra of the absorption edge ofa-Si:H before~1! and after~2!
annealing at 350 °C in Tauc coordinates and of silicyne in Tauc~3! and
Klazes~4! coordinates.
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be explained by a decrease inEg as a result of the evapora
tion of hydrogen from the amorphous hydrogenated silic
during annealing. According to Ref. 4, annealing ofa-Si:H at
500 °C decreasesEg by no more than 0.1 eV.

4. CONCLUSIONS AND DISCUSSION

In summary, structural nonuniformities of amorpho
hydrogenated silicon strongly influence the process lead
to the formation of silicyne during annealing of the silico
Amorphous silicyne is a semiconductor with a;1.6 eV band
gap. It possesses defects that produce localized states i
band gap which are situated;0.25 eV from the Fermi level.
As a result, near room temperature conduction occurs b
hopping mechanism, and at 300 K we haves;1028 V21

• cm21 . The density of delocalized states near t
conduction-band bottom and the valence-band top in
material is a linear function of the energy.

Unfortunately, silicyne is now available only in th
amorphous state, so that it is still too early to talk about
possible applications. However, if microcrystals of this m
terial can be obtained, then we believe that they will poss
unique properties. It can be expected that in the crystal
state this will be a one-dimensional semiconductor with
soliton conduction mechanism and unequalled high cha
carrier mobility. It is also possible that silicyne crystals co
sisting of linear atomic chains will be able to ‘‘operate’’ as
system of quantum wires, which is important for produci
nanoelectronics devices.

We wish to express our deep appreciation to Drs.
Beyar and H. Wagner from the Research Center at Ju¨lich
~Germany! for providing the samples ofa-Si:H.
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A classification based on the principles identified in this paper is proposed for single-electron
devices. A large number of currently known nanoelectronic devices of the type considered
here can be described on the basis of this classification. This classification can be used to propose
new single-electron devices. ©1999 American Institute of Physics.@S1063-7826~99!02211-5#
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1. INTRODUCTION

Structures based on single-electron tunneling~Coulomb
blockade!1 hold promise for the development of a wide spe
trum of solid-state devices,2–4 including a new generation o
integrated circuits with a superhigh degree of integration
large number of structures of the type examined with vari
configurations intended for various purposes are now kno
and the number of publications in this field continues
grow. It is becoming quite difficult to find one’s bearing
this field, since a complete classification of devices
single-electron electronics is not available. In view of th
circumstance, our objective in this study is to construc
classification of device structures of a single type~single-
electron structures!, whose operation is based predominan
on the effect noted above. The advantage of the classifica
is that currently known structures of the type conside
can be described using this classification, and it can be u
as a basis for proposing new devices for single-elect
electronics.

2. PRINCIPLES OF THE CLASSIFICATION

The proposed classification is based on the follow
principles.

I . The following classesof single-electron electronic
structures can be distinguished on the basis of the chara
istic active regions of the devices.

1! Single-tunneling devices. Such structures contain o
one tunnel junction. An example is the single-electr
diode,5 which contains ap–n junction with a degenerate
charge-carrier gas, or a single-electron box,6 where the tun-
nel junction is connected to the voltage source throug
capacitor.

2! Chains of tunnel junctions. This class incorpora
structures containing two or more tunnel junctions, co
nected in series, in the active region. One of the best stu
devices in this class is the single-electron transistor.7–9 It
contains two tunnel junctions, separating a very small se
conductor ‘‘island’’ from the source and drain regions. Mo
other currently known single-electron devices belong
1251063-7826/99/33(11)/6/$15.00
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this class: ‘‘pump,’’10,11 modulator,11,12 single-electron
memory,13 and others.

3! Matrix of tunnel junctions. Structures of this clas
contain in the active region tunnel junctions, connected
series and parallel, in a plane. An example of such a struc
is a granular microbridge.14

4! Arrays of tunnel junctions. Such structures conta
tunnel junctions, connected in series and parallel, in vari
dimensions.

A definite number of dimensions can be associated
each class noted above, specifically, single-tunneling dev
— zero-dimensional component (0D); chains of tunnel
junctions — one-dimensional array (1D); matrices — two-
dimensional components (2D); and arrays of tunnel junc
tions — three-dimensional array of components (3D).

II . Each class of structures noted above~with the corre-
sponding number of dimensions! can be represented by
definite type offundamental structural scheme.We shall
present the structural schemes of devices belonging to
classes enumerated above.

1! Box ~single-tunneling device!. The structural scheme
of this device corresponds to zero dimensions 0D ~Fig. 1!.
An intermediate electrode between a tunnel junction an
gate capacitor appears as an island.

2! A transistor~a chain of tunnel junctions! contains two
tunnel junctions connected in series and an island betw
them. The current through the structure is controlled
means of a gate. Figure 1 shows one variant of the fun
mental structural schemes of this device. The correspond
number of dimensions of this scheme is 1D. Other variants
of fundamental structural schemes of the single-elect
transistor also exist.15 These schemes differ by the arrang
ment of the island and the gate relative to the source and
and by the configuration of the gate. The island can lie in
plane of the source and sink or above or below this pla
The configuration of the gate can be different. One confi
ration, often used in single-electron structures, is a s
gate.11 The gate can lie in the plane of the island~to the side
of it! and above~below! the island, directly above~below! it
or to the side of it. In a real transistor the number of ga
can be different, and gates with different configurations an
4 © 1999 American Institute of Physics
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different arrangement relative to the island can be used in
same device.

3! The fundamental structural scheme for a ‘‘mul
island’’ chain of tunnel junctions differs from the transist
scheme by the number of islands~Fig. 1!. Just as for a tran-
sistor, the arrangement of the islands relative to the sou
and sink and the configuration, number, and arrangemen
gates can be different.15

4! Microbridge ~matrix of tunnel junctions! — the fun-
damental structural scheme of this device, shown in Fig
corresponds to 2D dimensions. The scheme contains a tw
dimensional array of islands. The current through the str
ture is controlled by a gate located above the islands~the
gate is not shown in the diagram!.

III . We shall single out conditionally~since single-
electron structures usually consist of various materials! the
following typesof single-electron structures according to t
materials used for the island~islands!.

1! Metal. These incorporate film structures in whic
the metal islands are separated by tunnel barriers in the f
of insulating layers16–18 or structures based on granul
films,14,19 or structures based on metal colloidal particle20

and so on. In such structures a three-dimensional electron
is confined in islands.

2! Semiconductor. An example of such structur
are, for example, devices based on the heterostruct
GaAs/AlGaAs,21–24 GaAs with a d-doped layer,10,13

AlGaAs/InGaAs/GaAs,24 and others. In these structures
two-dimensional electron gas~DEG! is confined in small
puddles~islands! by various methods: by applying a bias
the gates,21,22 by electron-beam lithography and etching
the structure,23 by ion-beam implantation of Ga,24 and so on.
Such structures also include silicon single-electron structu
based on a MOS field-effect transistor,8,25 structures obtained
by depositing nanosize silicon crystals,26 structures prepared
on a silicon-on-insulator substrate,9,27 structures based o
d-doped SiGe,28 and others.

3! Dielectric. In this case the dielectric islands must
separated by layers with a lower permeability than the isl
material. No such structures have been facbricated as y

4! Organic. An example of such a structure is a transis
based on a film consisting of a mixture of stearic acid a
carbonate clusters.29 The latter appear as islands.

FIG. 1. Fundamental structural diagrams of some single-electron struct
he

ce
of

1,
-
c-

m

as

s
es

es

d
.
r
d

5! Composite. In this case the islands consist of a co
posite material or various materials. These include structu
which do not match with any of the previously identifie
single-electron structures.

IV . Different modifications of single-electron structure
can be singled out according to the technological fabricat
methods, materials forming the different regions of devic
control electrodes, and other principles. We shall pres
some of them.

For example, metal single-electron structures can be
tinguished according to the technological fabrication proce
At present, the following methods are used to obta
such structures: 1! electron-beam lithography~EBL! and
sputtering,16,17 2! linear self-alignment,30 3! oxidation using
a scanning tunneling microscope~STM!,18 4! SECO ~step
edge cut-off!;31 5! anodization of junctions fabricated by th
EBL method and sputtering,32 and others.

Semiconductor structures have the following modific
tions:

Silicon structures based on III–V semiconductors a
distinguished according to the materials forming the act
region ~for example, GaAs structures and others!. In turn,
among silicon structures the following are distinguished
cording to the method used to form the active regions:!
structures obtained in the inversion layer of a silicon MO
double-gate, field-effect transistor;8,33 2! structures formed
on a silicon-on-insulator substrate using EBO and reac
ionic etching;9,27,34,353! structures based on nanosize silic
crystals which are obtained by treatment in an rf plasma
which are used as islands,26 and others.

Various technological methods for producing silicon a
single-electron structures based on GaAs are available. T
differ mainly by the method used to confine the DEG in t
structures, whose small ‘‘puddles’’ are used as islands.
present, the following methods of confinement~or formation
of single-electron structures based on GaAs! are known: 1!
confinement of a two-dimensional electron gas in a Ga
AlGaAs heterostructure using split Schottky gates;11,21 2!
EBL and reactive ionic etching of a GaAs/AlGaAs heter
structure for formation of the source, sink, channel, and g
regions;23 3! EBL and etching of mesa structures in GaA
AlGaAs and formation of Schottky gates;36,374! confinement
of a DEG in ad-doped GaAs by a lateral gate~the contours
of the structure are traced by EBL and etching!;13,38 5! ion-
beam implantation of Ga in selectively doped GaAs/AlGa
and AlGaAs/InGaAs/GaAs heterostructures,24,39 and so on.

In summary, currently known single-electron devi
structures can be associated to a definite class, type,
modification. They are characterized by a definite type
fundamental structural scheme~Fig. 1!. We shall illustrate
this point for specific nanoelectronic devices.

3. SINGLE-ELECTRON DEVICES

A. Metal structures

We shall examine a number of metal single-electr
structures. The best studied device of this type at prese
the single-electron transistor. As noted above, it belongs
the class of chains of tunnel junctions and corresponds toD

es.
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~Fig. 1!. Metal single-electron transistors~one type of single-
electron transistor! can be distinguished by the fabricatio
method and certain other indicators, which will be describ
below.

For example, single-electron transistor structures ba
on Al/AlOx /Al– ^tunnel junction&, fabricated by EBL and
sputtering, have been proposed by Zimmerli et al.16 In addi-
tion, the gate configuration in these devices is different: o
possesses an interdigital capacitor–gate configuration
the other contains parallel gate and island planes. Th
structures operate at temperatures near 0.1 K. Ano
well-known method for fabricating transistors based
Al/ALO x /Al tunnel junctions is the method of linea
self-alignment.30 The basic idea of this method is as follow
Tunnel junctions are formed along the edges of a base e
trode~island!, which confines one dimension of the junctio
by its thickness. Forming a very narrow strip of the ba
electrode by sputtering and explosive lithography, the sec
dimension of the tunnel junctions is also low. The source a
sink are formed by secondary deposition of a metal lay
The device operates at temperatures up to 1 K.

Metal single-electron transistors based on other mate
are known. Figure 2 shows a transistor based on Ti/TiOx /Ti
tunnel junctions. It was obtained by oxidation using
STM.18 After a metal film ~Ti! is deposited, the surface o
the film is oxidized by anodizing, using the STM tip as t
cathode. Such a transistor can operate at room tempera
The structure in Fig. 3 is a transistor structure based
Cr/Cr2O3 /Cr tunnel junctions, which is prepared by the st
edge cutoff method.31 The basic idea of the method is that
conducting film of thicknessd1 is deposited on a prepre
pared insulating step of thicknessd2. For d1,d2 the elec-
trodes have no contacts on the step edges, and current
through the structure by tunneling. The device operate
temperatures near 15 K. All transistor structures descri
above can also be classified as modifications of film str
tures.

Besides transistors, multi-island chains belong to
class of chain tunnel junctions. A modification of such stru
tures are devices based on granular films. An example
structure based on a Au/Al2O3 granular film,19 obtained by
combined deposition of Au and Al2O3 on an Au substrate

FIG. 2. Transistor fabricated by oxidation using a scanning tunneling
croscope.
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The STM tip is positioned above this film. The electric cha
acteristics of this structure have been measured, and
agree well with the theoretically computed characteristics
a chain of tunnel junctions. Single-electron tunneling in t
structure depends largely on the Au content in the film a
the position of the STM tip. The structure operates at te
peratures up to 77 K. Another example of a device belong
to the class of granular structures is a microbridge based
granular NbN film~Fig. 4!. The dimensions of the film are
chosen to be less than the effective size of a charged sol
As a result, the properties of the electronic conductivity
the structure are quasi-zero-dimensional. The device is
ricated by an ‘‘edge-dependent method’’~edge-defined
process!.14 The current through the structure is controlled
means of a gate located above the islands. The microbr
operates at temperatures near 4.2 K. In contrast to previo
presented structures, this device belongs to the class of
trix tunnel junctions. Its fundamental structural layout is tw
dimensional (2D) ~Fig. 1!.

Another modification of metal single-electron structur
are devices based on chains of colloidal gold particles w
molecular bonds.20 These Au particles are the islands and t
organic molecules are the binders — tunnel barriers. The
particles are deposited using an aminosilane adhesive
substrate with preprepared metal~Au! source, sink, and gate
electrodes. Appropriate treatment forms organic molecu
which bind the deposited colloidal particles and the sou
and sink electrodes. Electron transport in such a struc

i-
FIG. 3. Transistor fabricated by the step edge-cutoff method.

FIG. 4. Microbridge based on a granular NbN film.
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occurs by tunneling of electrons through a chain of colloi
particles. Therefore this device is a multi-island chain a
can be described by a 1D fundamental structural schem
~Fig. 1!. The device operates at temperatures near 4.2
although the current-voltage characteristic remains nonlin
at 77 K.

An interesting method for fabricating metal singl
electron structures has been proposed by Park et al.40 An Ag
film was deposited on a substrate with an Sb layer on
surface. Because there is no wetting of this film, small dr
of Ag ~islands! were formed on the substrate surface. Us
an STM, whose tip was positioned above one such isla
a ^STM tip& — island — substrate structure was obtaine
This structure is a double tunnel junction~a particular case o
a multi-island chain!. Tne I-V characteristic of the structur
is sensitive to the horizontal position of the STM tip. Sing
electron tunneling in the structure has been observed at r
temperature.

B. Semiconductor structures

Let us now examine a number of modifications of sem
conductor structures according to their fabrication metho

The silicon single-electron transistors~members of the
class of chains of tunnel junctions! are now studied exten
sively. We shall therefore describe various modifications
this structure. Figure 5 shows a silicon single-electron tr
sistor formed in the inversion layer of a MOS field-effe
transistor with a double gate.8 The bottom and top gates wer
obtained by the EBL method and dry chemical etching. T
bottom gate~positively biased! forms an inversion channe
and the top gate~negatively biased! forms potential barriers
The device operates at temperatures near 4.2 K.

Another modification is a quantum-dot transistor~Fig.
6!.9 This device is fabricated on the basis of a silicon-o
insulator structure using EBL and reactive ionic etching.
channel with an island is formed in the top silicon layer

FIG. 5. Single-electron transistor formed in the inversion layer of a M
double-gate field-effect transistor.
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the substrate. In contrast to the preceding device, this t
sistor has only one polysilicon gate, which is located abo
the channel. In the tunneling regime, current oscillations
observed in the structure as a function of the gate voltag
a result of two effects: quantum confinement and sing
electron tunneling. In addition, quantum-dot transistors w
n- andp-type channels have been fabricated. Then-channel
transistor operates at temperatures up to 100 K and
p-channel transistor operatures up to 81 K.41 The realization
of such structures opens up new possibilities for produc
and using complementary pairs of quantum-dot transist
Based on the fabrication method this modification includ
other devices, for example, single-electron memory.27,42 The
structure of this device is similar to that of the quantum-d
transistor ~Fig. 6!, so that it also belongs to the class
chains of tunnel junctions. It differs from the transistor b
the fact that the island is a quantum-dot floating polysilic
gate. An electron stored on the floating gate screens
channel from the potential on the control gate and shifts
threshold voltage. Different methods are available for obta
ing a floating gate: deposition and the second stage
EBL and reactive ionic etching,27 and the self-alignmen
method.42 This device can operate at room temperature. A
other example of this modification is a multi-island cha
based on a quantum wire with a double lateral gate.34 Tunnel
junctions are formed by formation of depleted regions in
quantum wire by applying voltages to the lateral gates. T
device operates at temperatures near 2 K, although non
earity on the I-V characteristic is observed up to 46 K.

Structures based on nanosize silicon crystals used a
lands can be considered as a modification of silicon dev
based on the fabrication method.26 Nanosize crystals were
obtained by treatment in a microwave plasma and are co
with an oxide layer. Next, they were deposited on a struct
with preprepared electrodes. The structure is a quasi-o
dimensional chain of tunnel junctions since current flo
along the path with the lowest resistance. Single-elect

FIG. 6. Quantum-dot transistor with a polysilicon gate.
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tunneling is observed in the structure at room temperatu
Single-electron semiconductor structures based on G

are also being rapidly developed. In such structures the D
is confined in islands by different methods. A number
modifications of such structures can be singled out by
method used for such confinement. We shall examine th
for specific devices.

Figure 7 shows a device which is a double tunnel ju
tion based on a GaAs/AlGaAs heterostructure.21 In this de-
vice the DEG is confined in islands by applying a voltage
the metal split Schottky junctions which are located on
surface of the structure. A DEG is formed at the interface
the GaAs and AlGaAs layers, and its density is controlled
the voltage applied to the conducting substrate. When ne
tive voltages are applied to the split gates, the DEG bene
them becomes depleted. As a result, a channel with s
segments~islands! between the depleted sections~barriers! is
formed in the DEG.43,44 The device operates at temperatur
near 0.5 K.

Another modification is a GaAs/AlGaAs-heterostru
ture-based transistor in which the gates, source, sink, isl
and channel regions are obtained by EBL and reactive io
etching of channels in the initial wafer.23 As a result of this
technological process, the DEG is confined in these regi
In contrast to the device presented in Fig. 7, the gates in s
a structure lie in the same plane as the source, sink,
island regions~planar gates!. The device operates at temper
tures near 22 mK.

An example of such structures is a GaAs/AlGaAs-ba
transistor which is fabricated by the EBL method and liqu
chemical etching of a mesa structure and formation
Schottky gates.36 The DEG is formed at the interface of th
GaAs and AlGaAs layers. Planar Schottky barriers
formed by the electrochemical method on the side walls
the channel, obtained by etching, with the DEG. The volta
applied to these gates confines the DEG in the islands. If
electric field in the structure with a split gate~Fig. 7! is
applied perpendicular to the DEG, then the horizontal el
tric field produced by the voltage on a planar Schottky g
acts on the electrons in a direction parallel to the DEG, g
ing rise to strong confinement of the DEG. The device op
ates at temperatures up to 20 K.

There exist a number of single-electron structures wit

FIG. 7. GaAs/AlGaAs-based structure with a split Schottky gate.
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DEG in d-doped GaAs wafer.13,38 In such structures the
DEG lies above thed-doped layer. The contours of the stru
tures ~source, sink, gates, and channel! are traced by EBL
and etching of a mesa structure in a GaAs wafer with
d-doped layer. As a result of applying a voltage to the late
gates, and also because of the presence of impurities an
roughness of the boundary, in the structure the channel w
the DEG is divided into a number of islands. Such structu
belong to the class of chains of tunnel junctions and can
used to produce single-electron memory. Structures wit
DEG in a d-doped GaAs structure operate at temperatu
near 4.2 K.

C. Organic structures

An example of an organic structure is a transistor ba
on a film consisting of a mixture of stearic acid and carbo
ate clusters, which are the islands.29 A device has been fab
ricated as follows. A mixed film of stearic acid with inclu
sions of carbonate clusters was deposited on an atomic
smooth surface of graphite with a preformed control el
trode. The electrode consisting of thin bilayered strips~Au
layer on Al2O3) was formed by electronic nanolithograph
The characteristics of such a structure were investigated
ing an STM, whose tip was positioned above the cluste
Single-electron tunneling is observed in the device at ro
temperature.

4. CONCLUSIONS

Several single-electron devices have been omitted in
paper because of their great diversity45,46 and because o
space limitations. Some of them operate on the basis of
only single-electron tunneling but also other transp
mechanisms47–49 ~mixed-type device structures!, including
quantum interference,50 for example, quantum interferom
eters based on split Aharonov–Bohm rings with a quant
dot in one arm.51,52 Structures that can be classified as fun
tionally integrated components or very simple integrated
cuits have recently appeared,53,54 but they cannot be classi
fied according to the principles presented in this paper.

In summary, a classification of device nanoelectron
structures of a single type, which are based on the princip
identified in this paper, has been proposed. A large num
of existing nanoelectronic devices of the type conside
here can be described on the basis of this classification. N
single-electron devices can also be proposed on the bas
this classification.

This work was supported in part by the scientific a
technical programs of the Republic of Belorus: ‘‘Informa
ics,’’ ‘‘Low-Dimensional Systems,’’ and ‘‘Nanoelectron
ics.’’
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Temperature dependence of the gain of lasers based on quantum-dot arrays with an
inhomogeneously broadened density of states
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A model making it possible to describe analytically the temperature dependence of the optical
gain and threshold current density in lasers based on quantum-dot arrays characterized
by inhomogeneous broadening of the density of states is proposed. At high temperatures the
dependence obtained is universal, i.e., it is determined exclusively by the broadening of the density
of states, not by its specific form. ©1999 American Institute of Physics.
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A quantum dot~QD! is a center of zero-dimensiona
localization of charge carriers. In the ideal case, all QDs
an array can be characterized by a single, identical, size-
level. Thus the total density of states~TDS! of such an array,
ignoring the homogeneous broadening, is ad function. Used
as the active region of an injection laser, such an array ma
it possible, theoretically,1 to lower substantially the threshol
current density. For ad-like TDS the relation between th
currentJ and the gainG is given by the simple expression2

G5GsatS J2J0

J0
D , ~1!

whereGsat is the saturated~maximum possible! gain, J0 is
the transmission current, given by

J05
eN

2t
, ~2!

t is the radiative~spontaneous! recombination time,e is the
electron charge, andN5sNQD is the total density of exci-
tonic states, which is related to the densityNQD of the QD
array and the degree of degeneracys of the level equal to 2
for spin degeneracy.

The current–gain characteristic and hence the thres
current density in such a laser do not depend on tempera

One of the most promising methods for producing r
QD arrays for use in lasers is to make use of spontane
self-organization at the initial stages of deposition of strain
films.3 In particular, lasers with threshold current densit
less than 100 A/cm2 have been produced on the basis of se
organized In~Ga!As QDs in a ~Al !GaAs host,4 and
continuous-wave lasing has been obtained with an in
power level greater than 3 W.5

The fundamental difference that distinguishes the ar
of self-organized QDs from the ideal case is the inhomo
neous broadening of the TDS due to dot-size variance.
TDS, therefore, cannot be described by ad function, which
means that Eqs.~1! and~2! are no longer applicable and th
the current–gain relation now, in general, depends on t
perature. Ordinarily, it is assumed that the main reason
the temperature dependence of the threshold current de
1261063-7826/99/33(11)/5/$15.00
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in lasers based on self-organized QDs is the thermal filling
higher-lying states with carriers, including states of the w
ting layer and host.4 However, the higher energy levels of th
QD array itself, which are due to smaller dots, can a
served as a ‘‘reservoir’’ for transfer of carriers from Q
states that participate in lasing. Indeed, a temperature de
dence of the threshold characteristics can be observed e
when the ground state of a QD is very strongly localiz
with respect to the host@QD lasers emitting at 1.3mm ~Ref.
6!#.

In view of this circumstance, the question of an adequ
description of the temperature dependence of the gain c
acteristics in lasers with an inhomogeneously broadened d
sity of states becomes legitimate. This task is complicated
the fact that the exact TDS for a QD array is unknown. In t
present paper we develope such a model of lasing from
principles. The results which we obtained can be used
relate in analytic form the gain and the current and plot th
as a function of temperature. In addition, as will be show
below, at sufficiently high temperatures this dependence
universal, i.e., it does not depend on the specific form of
TDS of the QD array.

We assume that the carrier distribution over states wit
the TDS of arbitrary formP(E) is described by the Ferm
function

f ~E,F !5
1

11expS E2F

kBT D , ~3!

whereF is the quasi-equilibrium Fermi level. As a simplifi
cation, we shall examine a TDS which is symmetric wi
respect to the center of the band gap and we shall assumt
to be independent of the QD size. For correlated~excitonic!
electron and hole trapping in QDs,7 the radiative-
recombination~spontaneous! current and the optical gain ca
be expressed, respectively, as

J~F !5
e

tE P~E! f ~E,F !dE, ~4a!

G~F !5const•max@~2 f ~E,F !21!P~E!#. ~4b!
0 © 1999 American Institute of Physics
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It is obvious that since the number of states that c
participate in radiative recombination is limited by the fin
density of the QD array, there exists a most likely value
the current in the spontaneous regime, equal to 2J0 @since
*P(E)dE5N] and a greatest~saturated! value of the gain
Gsat5const•P(E0), whereE0 is the energy correspondin
to the largest value of the TDS.

It is convenient to switch to dimensionless energyE
→«5 E2E0 /s ; F→w5 F2E0 /s, where s is the half-
width of the TDS!, temperature (T→t5 kBT/s), density of
states @P(E)→r(«)5 sP(«)/N#, current @J(E)→ j (w)
5 J(w)/J0#, and gain@G(F)→g(w)5 G(w)/gsat#. We can
then write Eq.~4! in the form

j ~w,t !52E f ~«,w,t !r~«!d«, ~5a!

g~w,t !5max@~2 f ~«,w,t !21!r~«!/r0#, ~5b!

wherer05r(0) corresponds to the value of the TDS at t
maximum point.

These equations describe parametrically the current
pendence of the gaing( j ) for a TDS functionr(«) at a
reduced temperaturet.

Before seeking the temperature dependence ofg( j ), we
shall examine the limits corresponding to zero and infin
temperatures. In the first case, where the Fermi function
step function,

j ~w!52E
2`

w

r~«!d«, ~6a!

g~w!5r~w!/r0 . ~6b!

It is obvious that in this caseg( j ) is directly determined
by the specific form of the functionr(e), i.e., it depends on
the form of the density of states. In particular, it can
shown that for the TDS shown in Fig. 1 and described
Gaussian, Lorentzian, or parabolic functions~the values of
r0 correspond to the TDS normalization conditio
*r(«)d«51)

r~«!5~1/Ap!exp~2«2!, ~7a!

r~«!5
1/p

11«2
, ~7b!

r~«!53/4~12«2!, ~7c!

the relation between the current and the gain has the for

j ~g!gaussian52F* ~2A2 ln~1/g!! ~8a!

whereF* (x)5
1

A2p
*2`

x exp(2«2/2)d« is the normal distri-

bution function,

g~ j ! lorenzian5sin2~p j /2!, ~8b!

j ~g!parabolic512~11g/2!A12g. ~8c!

Plots of the corresponding functions are shown in F
1b. We see that, as expected, these dependences differ
stantially from the various TDS. A general property is t
n

f

e-

e
a

y

.
ub-

actual absence of a transmission current, i.e., for an a
trarily low current there exists a definite group of QDs f
which the gain is positive.

In the limit of infinite temperature the Fermi function
the same within the TDS@ f («,w.t→`)[ f #, and the maxi-
mum gain is reached at the maximum of the density of sta
Therefore, j 52 f , g52 f 21, and the relation between th
‘‘reduced’’ gain and current has the form

g5 j 21, ~9!

which is similar to the expression~1! in dimensionless val-
ues.

Thus, the current dependence of the gain in a laser ba
on a QD array is different for the two limiting temperature
In addition, at infinite temperature it is the same for a
functionr(«) describing the TDS and differs strongly in th
limit of zero temperature. Therefore, it is pointless to se
the functiong( j ) in the limit of low temperatures, since thi
relation is not universal~it depends on the form of the TDS
which, in general, is unknown!. In addition, at low tempera-
tures carrier transfer between different QDs, which est

FIG. 1. a — Gaussian, Lorentzian, or parabolic density of states of a
array~the dashed lines show the parabolic approximation!; b — gain versus
the pump current with zero and infinite temperatures for TDS shown ina.
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lishes a global equilibrium within an ensemble of QDs,
suppressed, which results in nonequilibrium filling of the Q
states by carriers that is not described by Fermi statistic

We shall therefore consider a high but finite temperatu
It can be assumed that the functiong( j ) is the same for all
TDS, and that it takes on the form of~9! in the limit
T→`. The requirementkBT@s (t@1) is too stringent and
indefinite. How high the temperature must be will be cla
fied in the analysis below.

We note that the exact form of the TDS of a QD array
unknown, and since it is determined mainly by the QD-s
variance, in general, it depends on the deposition conditio
To examine the characteristics of QD lasers, the funct
r(«) is usually approximated by functions of the form~7a!
or ~7b!.8 In contrast, we shall examine as the basic TDS
parabolic function~7c!. Virtually any functionr(«) @includ-
ing a function of the form~7a! and ~7b!# can be approxi-
mately represented in the form~7c! by expanding it in a
Taylor series near the maximum~see Fig. 1a!. On the other
hand, this greatly simplifies the mathematical transform
tions. The validity of such a substitution will be discuss
below.

To obtain results in an analytic form we shall employ t
piecewise-linear approximation of the Fermi function

f ~«,w,t !'1, «,w22t;

1/22~«2w!/4t, w22t,«,w12t;

0, «.w12t. ~10!

Assuming the temperature to be sufficiently hi
(t.1/2) and using Eq.~5!, we can then write the expression
for the current and gain in the form

j ~w,t !'~3/2!E
21

1

~12«2!S 1/22
«2w

4t Dd«511w/2t,

~11a!

g~w,t !'maxF ~12«2!S w2«

2t D G'F ~12«2!

3S w2«

2t D G
«'(21/2)w

'
1

2t S w1
1

4w D . ~11b!

Using the relation~11a! betweenj and w, we obtain the
definitive expression for the current dependence of the g
at high temperatures,

g~ j ,t !'~ j 21!1
1

16t2~ j 21!
. ~12!

As one can see, the expression~12! transforms into the
expression~9! as t approaches infinity. Plots of this depe
dence at various temperatures are shown in Fig. 2a. The
est current for which the expression~12! is approximately
valid corresponds to 111/2t, since in deriving it we as-
sumed thatw'2t( j 21) is large. Physically this means th
the expression~12! describes well the temperature-depend
relation between the gain and the current, when the Fe
level is sufficiently high. The maximum gain in this case
attained in the region of the TDS close to the maximu
.
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e
s.
n

e

-

in

w-

t
i

,

where virtually any TDS can be approximated by a conv
parabola. In particular, it can be shown that for a Lorentz
TDS the functiong( j ) at high temperatures also satisfies E
~12! if the terms on the order of 1/tn with powers greater than
n52 are disregarded.~In general, asg→1, the higher-lying
excited states of both the QD and the states of the wet
layer and host play an increasingly larger role. A fairly com
prehensive study of their influence is given in Ref. 2!.

On the other hand, for low gains (g→0) the function
g( j ) is determined primarily by the contribution of th
‘‘tail’’ of the TDS, which is not described by a paraboli
approximation and, in general, is different for different TD
But the relation between the gain and the current in t
regime has virtually no effect on the device characteris
since nonzero internal losses exist even in laser diodes
four cleaved faces.

In summary, the best correspondence between the fu
tion ~12! and the real functiong( j ) is obtained forg'1. Let

FIG. 2. a — Gain plotted as a function of the current for various tempe
tures in the approximation described by Eq.~12! ~dashed lines! and in an
approximation using a temperature-dependent differential gain and trans
sion current~14! ~solid lines!. b — Temperature dependence of the curren
corresponding to gaing51/2, obtained in the high- and low-temperatu
~for a parabolic TDS! approximations. The arrow shows the critical tem
perature.
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us expand the function~12! in a Taylor series in powers o
j 2 j 1 , so thatg( j 1)51:

j 1'22
1

16t2
, ~13a!

g~ j !'11~ j 2 j 1!
dg

d j U
j 5 j 1

'S 12
1

16t2D F j 2S 22
1

16t2D G11. ~13b!

It is more convenient to explain this result in terms o
temperature-dependent transmission currentj tr and differen-
tial gain a:

g~ j ,t !5a~ t !~ j 2 j tr~ t !!, ~14a!

a~ t !'12
1

16t2
, ~14b!

j tr~ t !'12
1

8t2
. ~14c!

The current dependences of the gain described by Eqs.~14!
are also shown in Fig. 2a for several temperatures. As
temperature is raised, the transmission current increases
result of the ‘‘broadening’’ of the Fermi function; i.e., a
increasingly larger number of higher-lying states~due to
smaller QDs! becomes populated. At infinite temperature t
transmission is 1; i.e. half of the states of a QD ensem
must be populated to achieve inversion, consistent with
expression~2!.

The increase in the differential gain seems paradoxi
but it is easily explained since the total number of QD sta
is limited ~we do not consider the higher-lying states!, and
hence the maximum current that can flow in the spontane
recombination regime through the QD array is also limite
At high temperatures a large number of states is alre
populated~and hence the current is relatively high! to reach
even a small gain. For further increase in gain the current
increase only negligibly since the number of unfilled state
small.

To estimate the lower temperature limit of applicabili
of the ‘‘high-temperature’’ approach presented above,
shall examine the current dependence of the gain at low t
peratures for a parabolic TDS.@Again we note that as
t→0, this functiong( j ) will depend on the specific form o
the TDS.# It is easy to show that the relationship between
current and the position of the Fermi level, described by
~6a!, remains valid if the terms with powers greater thant are
disregarded and the expression for the gain@Eq. ~5b!# be-
comes

g~w,t !'
1

r0
S r~w!22t

dr

d« U
«5w

D . ~15!

In other words, the maximum gain is reached at an ene
that is shifted by an amount on the order of 2t from the
maximum of the TDS.
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For a parabolic TDS the temperature-dependent rela
between the gain and the current is established in the fo

j ~g!parabolic512F11g/223tS 1

A12g
2A12gD GA12g.

~16!

It is evident that the relation~16! possesses the limit~8c!
as t→0. For simplification, we assumed that 12g is large
compared witht2, so that we did not consider high gain
~close to 1!.

Let us consider the temperature dependence of the
rent corresponding to one-half gain,g( j 1/2)51/2. It is shown
in Fig. 2b; it was calculated in both the high-temperatu
approximation@expression~14a!# and the low-temperature
approximation@expression~16!#. The valueg51/2 was cho-
sen so as to make the most accurate comparison since
expression~14! works poorly in the limitg→0 and the ex-
pression~16! works poorly in the limitg→1. It is evident
from Fig. 2b that both dependences intersect at a cer
critical temperaturetcr'1. It is obvious that this temperatur

FIG. 3. Threshold current density versus the temperature~a! and versus the
broadening of the density of states~b! for various values of the lossesa.
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Tcr's/kB is the lower temperature limit up to which th
expression~14! approximately describes the relation betwe
the gain and the current.

In conclusion, we note that the typical values of t
broadening of the density of states of arrays of self-organi
QDs, which were determined according to the widths of
photo- and electroluminescence lines, lie in the ran
2s'40260 meV. Therefore,Tcr is near room temperature
and the expression~14! is used to determine the temperatu
dependence of the threshold current density in the range
is important for practical applications. The threshold curr
density j th ~scaled toJ0) as a function of temperature i
shown in Fig. 3a for various values of the threshold gain~in
units of Gsat). It is evident that the existence of inhomog
neous broadening of the density of states of the QD a
gives rise to an appreciable temperature dependence o
threshold in a QD laser.

If the temperature is fixed, then the expression~14! also
makes it possible to estimate the effect of the broadenin
the TDS on the threshold characteristics:

j th5
s/s0

a~s!
a1 j tr~s!. ~17!

Here the total threshold lossesa are expressed as fractions
the saturated gain which characterizes a QD array w
broadenings05kBT. The fact that the saturated gainGsat

itself is inversely proportional tos is taken into account
Figure 3b shows the threshold current density versuss for
various lossesa. It is evident that the threshold current de
sity can be greatly decreased by decreasings, i.e., by form-
ing more uniform QD arrays. We note that the limit is th
value of s, which is determined only by the homogeneo
broadening associated with the finite exciton lifetime at
QD level.

In summary, we have studied the temperature dep
dence of the optical gain in lasers based on arrays of qu
tum dots with an inhomogeneously broadened density
d
e
e

at
t

y
the

of

h

e

n-
n-
f

states, such as lasers with self-organized QDs. We sho
that at low temperatures the relation between the gain
the current is determined by the form of the function descr
ing the density of states, while at high temperatures this
pendence is universal in the sense that it is determined
by the broadening and not by the specific form of the den
of states. This made it possible to describe analytically
temperature-dependent relation between the gain and the
rent ~the threshold current density and threshold losses! at
high temperatures and to estimate the limits of applicabi
of this model.
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