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As is widely known, the creation of emitters based
silicon ~in the crystalline or amorphous state! doped with
erbium ions has attracted the attention of many resea
groups throughout the world. The attention is attributable
the possibility of producing efficient emitters that operate
a wavelength of 1.5mm, where fibers transmitting optica
signals exhibit their peak transparency, as well as the
that such an emitting element can be smoothly integra
into silicon optoelectronic devices.

The creation of such a laser is clearly the ‘‘dream’’
integrated optics. The realization of this dream depends o
deep understanding of the physical processes involved in
citing electronic levels of the erbium ion that are located
the valence band of the semiconductor and on knowledg
the details of the energy level diagram of erbium, whi
often forms large centers with its local environment in t
matrix. Unfortunately, for a number of reasons, the elect
paramagnetic resonance signal of Si–Er systems is po
displayed or not observed at all. Therefore, the most ef
tive experimental method is measurement of the lumin
cence excited by a current in ap2n junction or photolumi-
nescence.

Representatives of groups from Italy, the Netherlan
and Russia~Moscow and St. Petersburg!, who are involved
5951063-7826/99/33(6)/1/$15.00
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in the technology of fabricating Si–Er devices and are dev
oping physical methods for investigating these objects, h
gathered in the A. F. Ioffe Physicotechnical Institute and
St. Petersburg State Technical University to participate
this seminar.

The research teams in the Physicotechnical Instit
~which is closer to me! have obtained the following notewor
thy results.

— A new mechanism for exciting erbium ions in
reverse-biasedp2n junction as a result of the recom
bination of electrons from the upper conduction su
band with valence-band holes has been discovere

— The mechanism of electroluminescence in amorph
silicon has been thoroughly studied.

— Electroluminescent structures based on crystall
silicon, which exhibit diverse luminescence chara
teristics, have been obtained on substrates with v
ous crystallographic orientations.

I wish this small seminar success and our guests plea
impressions of St. Petersburg.

Translated by P. Shelnitz
© 1999 American Institute of Physics
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A careful analysis of the features of the spectroscopic properties of Er-doped and undoped
epitaxial silicon films grown by liquid-phase epitaxy at 950 °C in silicon-saturated indium melts
shows that threading dislocations work as effective gettering sites for erbium and oxygen.
The last impurity is incorporated in the epitaxial film by back diffusion from the Czochralski
substrate during the growth. The photoluminescence emitted by these films appears to be
related to the dislocation and is enforced by the presence of erbium-oxygen complexes. ©1999
American Institute of Physics.@S1063-7826~99!00206-9#
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INTRODUCTION

We have already shown in previous papers1,2 that Er:Si
epilayers grown by liquid-phase epitaxy~LPE! in indium
melts present, in the alternative to the intrinsic Er31 photo-
luminescence~PL! band at 0.8 eV, two intense PL bands
0.807 and 0.873 eV~at 10 K!, of which the first falls within
few meV in the same energy range of the Er band
quenches out at higher temperatures.

In addition to the band edge luminescence, the ban
0.8 eV was also observed in the Er-free samples. Since
band at 0.8 eV in Er-doped samples does not exhibit the
structure associated with the Er31 multiplet and since both
bands fall in the energy range of theD1 andD2 bands of the
dislocations, these PL effects are attributed to dislocati
generated by strain-release effects at the interface betw
the epilayer, which incorporates Er and In as dopants
concentration level on the order of 1017cm23 for Er and
1016cm23 for In, and the substrate. Dislocations were,
fact, clearly identified by selective etching, but no clear
dication about a possible role of the erbium dopant at
dislocation luminescence was found.

Our aim in this paper is to add further insights into the
effects, which might help in the future development
silicon-based optoelectronics.

EXPERIMENTAL DETAILS

The LPE Si:Er epilayers were grown from 99.99% pu
indium melts which are saturated in silicon and which co
tain variable amounts of Er deposited on the Czochra
~CZ! or float-zone~FZ! silicon substrates. The growth tem
perature was held at 950 °C. Other details about the gro
conditions were reported in Ref. 2. The indium concentrat
in the epilayer was found to be reasonably close to the s
ration at the growth temperature, while that of Er rang
between 1017 and 1018cm23. The average thickness of th
layers was close to 4mm, as measured by spreading res
tance measurements.
5961063-7826/99/33(6)/2/$15.00
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EXAFS measurements, addressed at the study of the
cal structure of the Er13 ion in the silicon matrix, were car-
ried out at the European Synchrotron Radiation Facility
Grenoble~France! using the Italian GILDA beam line. De
tails about the measurement conditions were reported
Ref. 3.

Photoluminescence measurements were performed in
2 to 300-K range using the multiline emission of an Ar io
laser as the exciting sources, as was described in Ref. 1

Deep level transient spectroscopy~DLTS! and optical
DLTS measurements were carried out with a SULA Te
Inc. system in the 80 to 350-K temperature range.4

EXPERIMENTAL RESULTS

Local structure of erbium in LPE-grown epilayers

The results of EXAFS measurements showed that
local structure of Er ions in a dislocation-free LPE-grow
Si:Er epilayer is that of the erbium silicide, regardless of t
nature of the substrate, which could be either FZ or CZ s
con. In the case of epilayers grown onto CZ silicon su
strates, the presence of threading dislocations in the epil
causes instead a strong change in the local coordinatio
Er, which gives the typical features of Er in a matrix
erbium oxide. The same Er coordination could be obser
in Er-O coimplanted samples. As in the case of LPE samp
grown on CZ substrates, oxygen back diffuses from the s
strates, which acts as an oxygen source. It can be conclu
that only in the presence of dislocations does the forma
of Er-O clusters occur during the growth process, where d
locations act as heterogeneous nucleation centers of th
bium oxide.

Photoluminescence of dislocations in Er-free and Er-doped
LPE materials

A comparison of the PL spectra of a reference LP
grown Er-free sample and of a Er-doped sample is show
© 1999 American Institute of Physics
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Fig. 1. It is evident that the PL intensity at the same excit
power ~1.7 W/cm2! is larger by a factor of 5 in the case o
Er-doped silicon, and that in the case of the reference sam
only the D1 band is observed. We have then examined
temperature dependence of the intensity of theD1 band in
Er-doped, dislocated material.

The results showed that theD1-PL quenches out at th
temperatures close to 250 K, in good agreement with
Kveder results on plastically deformed silicon.5

DLTS results

Deep level transient spectroscopy and optical DL
measurements were performed on the same samples st
in EXAFS and PL experiments. The main results of the
experiments are reported in Table I, where we have a
presented the results for a reference Er-free sample, also
a dislocation-related PL.

All majority and minority traps were shown to b
present at concentrations ranging between 1013 and
1015cm23 ~Ref. 6!.

The traps labeledHX andH4 are dislocation related, an
thus labeledD. Since no dislocation-related trap was o
served in DLTS measurements by Kveder in single-cry
silicon deformed at 1100 °C under clean conditions, th
traps are present in our samples at a concentration at
two orders of magnitude larger than those present
Kveder’s5 samples. Of these traps, theH4 trap, which is
present only in Er-doped dislocated samples, appare
works as a nonradiative recombination center. From the ta

FIG. 1. PL spectra of a reference LPE-grown Er-free sample~dotted line!
and of an Er-doped sample atT510 K, P51.7 W/cm2.

TABLE I. Summary of the results for the majority~H! and minority~E! trap
centers.

Level Energy, eV
Reference

sample
Er-doped
sample Remarks

H0 Ev10.18 A
HX Ev10.45 A A D
H4 Ev10.65 A A D
E1 Ec20.18 A
E2 Ec20.20 A Er
g
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one can further recognize the presence of theE2 level at
E5Ec20.20 eV in the luminescent Er-doped sample.

It closely corresponds to a level atEc20.18 eV, as-
signed in the literature to an Er-O center7 since it is present
only in Er-O coimplanted samples. Finally, a shallow level
Ec20.18 eV is present only in the reference sample.

DISCUSSION AND CONCLUSIONS

One of the most striking effects of dislocations in LP
grown epilayers is the drastic change in the local structure
Er, which resembles that of erbium in a cluster of oxyg
atoms, while the structure of erbium in erbium silicide
materials without dislocations contains comparable amou
of oxygen.

We could then argue that both oxygen and erbium
gettered at dislocations, which play the role of centers
sponsible for theD1 luminescence band, in agreement w
Kveder.

This effect could be unspecific, as for most of the imp
rities which are called upon to enhance the photolumin
cence. We believe, however, that it is peculiar to erbium

In fact, the permanence of the dislocation-related PL
Er concentrations much larger than those at which transi
metals kill the PL is certainly associated with the enhan
ment of Er solubility associated with the presence of oxyg
and/or Er-O centers. Work is in progress to obtain more
tails on the Er-O centers in dislocated and dislocation-f
samples from recent results of EXAFS experiments, wh
could further support our conclusion.

This paper was presented at the annual INTAS-RF
Meeting, held in St. Petersburg on 24–29 October 1998
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The intensity of the photoluminescence of erbium in silicon is analyzed by a model which takes
into account the formation of free excitons, the binding of excitons to erbium ions, the
excitation of inner-shell 4f electrons of erbium ions and their subsequent decay by light emission.
Predictions of this model for the dependence of luminescence intensity on laser excitation
power are compared with experimental observations. The results for float-zone and Czochralski-
grown silicon, in which erbium is introduced by implantation with or without oxygen co-
implantation, are remarkably similar. To obtain agreement between model analysis and
experimental data it is necessary to include in the model terms describing energy
dissipation by an Auger process of both the erbium-bound excitons and the erbium ions in
excited state with free electrons in the conduction band. A good quantitative agreement is
achieved. ©1999 American Institute of Physics.@S1063-7826~99!00306-3#
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1. INTRODUCTION

The luminescence of rare-earth-doped semiconducto
presently under intense study. In the more fundamentally
ented research, the complex physical processes active in
ergy transfer from excitation in the entrance channel to li
emission in the output channel are investigated. Stimula
by the prospects of practical application of this light sour
erbium in silicon, which emits at a wavelength of 1.54mm,
is a prominent system. In a currently accepted model ene
fed into the system leads to light emission by erbium ions
a multistep process. Radiation incident on the silicon, w
photon energy larger than its bandgap, creates free elec
and holes. Free carriers combine into excitons which can
trapped at the erbium ions. The energy of erbium-bound
citons is transferred to erbium ions and results in excitat
of 4 f core electrons from the4I 15/2 ground state into the
4I 13/2 excited state. The characteristic luminescence is p
duced upon decay of excited erbium ions. In the pres
report this chain of processes is analyzed in a mathema
model with the aim of giving a quantitative description.

2. PHOTOLUMINESCENCE MODEL

2a. Energy transfer without Auger processes

The physical model mentioned above, which we exa
ine in this paper, is illustrated in Fig. 1. In a recent paper
Bresler and co-workers the model without the Auger p
cesses has been put on a mathematical basis.1 A set of rate
equations was formulated for free electrons with concen
tion n, free excitons with concentrationnx , erbium-bound
excitons with concentrationnxb , and erbium ions in the ex
5981063-7826/99/33(6)/5/$15.00
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cited state, with concentrationnEr* . The steady state is de
scribed by the balance equations~1!–~4!, which we will dis-
cuss.

The chain of processes leading to photoluminesce
has as the first step the generation of free electrons and h
to equal concentrations, with rateG by the incident light.
Free carriers can combine in a second-order process with
gxn

2 into free excitons. Trapping of the excitons at erbiu
sites is proportional to the concentrations of the free excit
and the available free erbium sites. The latter concentra
is given as the total concentration of erbiumnEr multiplied
by the fraction of free sites@(nEr2nxb)/nEr#. The energy is
transferred to erbium 4f core electrons with a transfer tim
t* but again only to the erbium ions still available in the
ground state, i.e., to the fraction@(nEr2nEr* )/nEr#. At high
excitation power level these fractions between square bra
ets tend to zero and lead to saturation of the luminesce
output. This manifestation of saturation is related to exha
tion of available erbium centers. Finally, luminescence
produced by the decay with time constanttd of erbium ions
nEr* in the excited state. The photon emission rate equa
nEr* /td is the quantity measured in the experiment.

Reverse processes, as indicated in Fig. 1 by arrows
point to the left, are thermally activated. They include t
dissociation of excitons into free electrons and holesf nx

requiring energy gain ofEx , the release of excitons from
erbium trapping sitesc f nxb , and a back transfer process
which an erbium-bound exciton is recreated from an exci
erbium ion. Although these reverse processes hamper
energy transfer toward light emission, they do not remo
energy from the chain. The coefficients of forward and
verse processes are related by considerations of detailed
ancing.
© 1999 American Institute of Physics
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FIG. 1. Two-stream model for the photoex
citation of erbium luminescence showin
generation and loss of free electronsn, free
excitons nx , erbium-bound excitonsnxb ,
and erbium ions in the excited statenEr* . No-
tation: h15(nEr2nxb)/nEr , h25(nEr2nEr* )
/nEr .
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Energy is permanently lost by processes which rem
energy irreversibly from the chain. Such processes, as i
cated in Fig. 1 by vertical arrows downwards, are recom
nation of electrons and holes via other centers, with the
gn2, and recombination of free excitons directly or via alte
native centers,nx /tx . The Auger processes represented
Fig. 1 remove energy irreversibly from the luminescen
path.

The balance equations based on these processes ar

G1 f nx5gn21gxn
2, ~1!

gxn
21c fxbnxbNx5cnxnEr@~nEr2nxb!/nEr#

1 f nx1nx /tx , ~2!

cnxnEr@~nEr2nxb!/nEr#1nEr* f 1 /t*

5nxb@~nEr2nEr* !/nEr#/t* 1c fxbnxbNx , ~3!

and

nxb@~nEr2nEr* !/nEr#/t* 5nEr* /td1nEr* f 1 /t* . ~4!

The generation terms are given on the left-hand sides
these equations; loss terms appear in each case on the
hand side. An exact solution for the equations, in the form
a quadratic equation fornEr* , is given by Bresleret al.1 The
result takes a more simplified form by the restriction to lo
temperatures, e.g., liquid-helium temperature, when all
verse processes, which require thermal activation, are
pressed. Under these conditions, whenf 5 f xb5 f 150, we
obtain

a0~nEr* /nEr!
22~b01b2G!~nEr* /nEr!1c2G50, ~5!

where

a0511cnErtx@11~t* /td!#, ~5a!
e
i-
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b0511cnErtx , ~5b!

b25gxtxctd@11~t* /td!#/g, ~5c!

and

c25gxtxctd /g. ~5d!

In general form, the equation predicts saturation ofnEr* at
the levelnEr* /nEr5c2 /b2 for high excitation power levelG.
For low power a linear relationshipnEr* /nEr5(c2 /b0)G is
predicted. In comparing experimental data with these mo
equations one must be aware that neither generation po
nor output luminescence is known very well in absolu
numbers. For example, the volume in the sample where
citation takes place is not well defined. For this reason i
useful to eliminate these uncertain factors by resorting
relative units. As regards luminescence intensity, the obvi
unit for normalization is the saturation valuec2 /b2 . A di-
mensionless normalized intensity is therefore introduced
I[(nEr* /nEr)/(c2 /b2). For the excitation power the unit i
obtained as the value at which the extrapolated linear
crease at low power crosses the saturation level. This oc
at G15b0 /b2 . The normalized powerP[G/G1 is again a
dimensionless quantity. In terms of normalized units Eq.~5!
is modified to

I 22a~11P!I 1aP50, ~6!

where

a[b0b2 /a0c2 . ~6a!

It turns out that the dependence of intensityI on generation
powerP is governed by one parametera, through which the
specific aspects of the luminescence process as a whole
represented. However, from Eq.~6! it is easily concluded
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FIG. 2. Normalized luminescence outputI plotted as a function of normalized laser power inputP; a! for a model without Auger processes, b! for a model
including strong Auger decay processes. Experimental data for three samples of typeFz-Si:Er, Cz-Si:Er, andCz-Si:Er,O are given for unit powerP51.
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that for low powerI 5P, and for high powerI 51, irrespec-
tive of the value of the parametera. In normalized form the
parametersa2 , b0 , b2 , and c2 or in basic, more physica
form g, gx , c, tx , t* , andtd have no effect on the powe
dependence in the low and high power regions. Only at
termediate power, i.e., atP'1, the results will depend ona.
Only in the transition region from linear increase to satu
tion the observed luminescence provides insight into the
minescence process. The most typical value to study the
minescence mechanism is therefore at powerP51. At this
level the luminescence intensity is given by

I 5a2~a22a!1/2. ~7!

From the equalitya5b0b2 /a0c2 and the parameters a
given by Eqs.~5a!–~5d! one concludes that 1<a<`. For
such values ofa solutions from Eq.~7! always exist. For
a51 we obtain I (P51)51 and for a5` we have I (P
51)50.5. The range of possible luminescence intensitie
unit powerP51 is restricted between 0.5 and 1, consist
with Eq. ~6!. The limiting curves for an extended powe
range are drawn in Fig. 2a.

Experimental data are also shown in Fig. 2a. They re
from measurements at liquid-helium temperature on th
samples with different specifications. The sampleFz-Si:Er is
float-zoned silicon implanted with erbium. Sample labe
Cz-Si:Er is Czochralski silicon which is similarly implanted
The third sample, labeledCz-Si:Er,O was codoped with
oxygen by implantation. In all cases the luminescence int
sity was measured as a function of excitation power. Exp
mental data are plotted for normalized powerP51 at the
observed valuesI'0.22. Obviously, this is outside the rang
of the results as can be described by the model.

2b. Energy transfer with Auger processes

One has to conclude that the presented model ca
give a quantitative description of the luminescence proc
In order to improve the model energy losses through Au
processes may be considered, as has been explored befo
-
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Palm et al.2 Erbium-bound excitons can dissipate their e
ergy in an Auger process with the involvement of free ele
trons. Similarly, erbium ions in the excited state can decay
an Auger process also with conduction band electrons. Th
processes are also shown in Fig. 1. In the balance equa
they are implemented by including on the loss side the Au
ratescAxnnxb andcAErnnEr* . The extended balance equatio
for bound excitons and excited erbium ions become

cnxnEr@~nEr2nxb!/nEr#1nEr* f 1 /t*

5nxb@~nEr2nEr* !/nEr#/t* 1c fxbnxbNx1cAxnnxb , ~8!

and

nxb@~nEr2nEr* !/nEr#/t* 5nEr* /td1nEr* f 1 /t* 1cAErnnEr* . ~9!

In order to solve the new set of equations~1!, ~2!, ~8!, and~9!
it is helpful to introduce appropriate simplifications. Consi
ering the numerical values, we conclude that the loss of f
electrons and holes is dominated by their recombination
traps with the rategn2. The loss via exciton formationgxn

2

is comparatively much lower, i.e.,gx!g. Under such con-
ditions the energy transfer model can be cascaded into
parts. In stream I the balance of electrons is considered s
rately by Eq.~1!. The loss of electrons through exciton fo
mation is ignored in this mainstream. At low temperatu
this leads to

G5gn2, ~10!

n5~G/g!1/2. ~11!

The electron concentration obtained from this solution
used to describe the Auger processes. Typical numbers
G51022cm23 s21, g510210cm3 s21, andn51016cm23.

In energy stream II the balance of free excitons, bou
excitons, and excited erbium ions is considered separa
Solution of the equations leads to a cubic equation
nEr* /nEr , which, accepting an approximation, can be fact
ized to yield a quadratic equation
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~a01a1G1/21a2G!~nEr* /nEr!
22~b01b1G1/2

1b2G1b3G3/2!~nEr* /nEr!1c2G50, ~12!

where

a0511cnErtx@11~t* /td!#, ~12a!

a15@~11cnErtx!cAErtd12cnErtx

3~t* /td!cAErtd#/g1/2, ~12b!

a25cnErtx~t* /td!~cAErtd!2/g, ~12c!

b0511cnErtx , ~12d!

b15~11cnErtx!~cAErtd1cAxt* !/g1/2, ~12e!

b25$~11cnErtx!cAErtdcAxt* 1gxtxctd

3@11~t* /td!#%/g, ~12f!

b35gxtxctdCAErtd~t* /td!/g3/2, ~12g!

and

c25gxtxctd /g. ~12h!

At a low power level the model equations reflect the line
increasenEr* /nEr5(c2 /b0)G, just as before. At high power
however, the consistent solutionnEr* /nEr5(c2 /b3)/G1/2 pre-
dicts decreasing luminescence intensity with increasing e
tation source. Such behavior is to be expected since in
case two independent saturation mechanisms are active
first one drives the concentration of erbium-bound excito
nxb , toward the concentration of available erbium ions bu
limited to stay below or become equal to this concentrati
The second saturation mechanism is the combined actio
the two Auger processes. At high power, and hence h
concentrations of free electrons, the Auger mechani
which removes excited erbium ions nonradiatively, is ve
effective. This results in a reduction ofnEr* , which becomes
proportional to 1/n or 1/G1/2. Such a decrease has not be
observed in our experiments; it has also not been reporte
the literature. Inspection of the equations shows that
should expect the decrease to set in at excitation va
wherecAErtd(t* /td)(G/g)1/2.1. Considering the numerica
values~cAEr'10212cm3

•s21, t* '1026 s!, this corresponds
to high values ofG near and above 1026cm23

•s21, which are
not reached in actual experiments. This can be attribute
the small value of (t* /td) sincet* is in the range of micro-
seconds andtd is on the order of several milliseconds. Intr
ducing the approximationt* /td'0, Eqs. ~12! reduce in
many respects to Eqs.~6!. In particular, the termb3G3/2 in
Eq. ~12! is lost and the equation predicts saturation atc2 /b2 .

For low and for high power levels the solution of E
~12! is

nEr* /nEr5c2G/~b01b1G1/21b2G!. ~13!

This result is also valid for intermediate power if the Aug
processes are strong. Following solution~13!, one has satu-
ration atc2 /b2 , linear increase at low power with (c2 /b0)G,
and G15b0 /b2 . Casting Eq.~13! in terms of normalized
units, as before, the result will read
r
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15P/~11bP1/21P!, ~14!

where

b5b1 /~b0b2!1/2, ~14a!

or

b5~cAErtd1cAxt* !/

3@cAErtdcAxt* 1gxtxctd /~11cnErtx!#
1/2. ~14b!

Under the assumed condition of strong Auger effect it
duces to

b5~cAErtd1cAxt* !/~cAErtdCAxt* !1/2, ~14c!

or

b5~cAErtd /cAxt* !1/21~cAxt* /cAErtd!1/2. ~14d!

As usual, the power dependence of the luminescence
linear increase at low power withI 5P and saturates at high
power atI 51. Features of the luminescence process are
vealed at intermediate power, e.g., atP51, where I 51/
(21b). In general, the parameterb will be positive follow-
ing Eq. ~14b!; for the case of strong Auger effectb>2, as
follows from Eqs.~14c! and ~14d!. Figure 2b illustrates the
curves obtained from Eq.~14! for b50 andb52. Compared
to the previous case, without the Auger effect, the transit
region between linear behavior and saturation is broader,
cause of the appearance of theP1/2 term as a result of the
Auger effect.

Considering again the experiment, the measured data
the luminescence power dependence for sampleCz-Si:Er,O
are plotted in Fig. 3. The solid curve is the best fit using E
~14! with the parameterb52.25. Similar fits were also mad
for the samplesFz-Si:Er andCz-Si:Er; the parameter value
are thenb52.63 and 2.73, respectively.3 The data points for
the three samples forP51 andI 51/(21b) are also plotted
in Fig. 2b. The results for the three samples are similar w

FIG. 3. Photoluminescence intensity, in normalized unitsI, as a function of
applied laser excitation power, both in unitsG of laser power and in nor-
malized unitsP for the sampleCz-Si:Er,O. Experimental data points an
theoretical curve according to Eq.~14! with the parameterb52.25.
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b52.560.25. With Eq. ~14d! the result is converted to
(cAErtd /cAxt* )61'(461). This compares favorably with
the data published in the literature, e.g.,cAEr

510212cm3
•s21, td51023 s, cAx510210cm3

•s21, and t*
5431026 s ~Ref. 2!. From our analysis we conclude th
cAErtd /cAxt* is very similar for three kinds of test material
This can be attributed to an accidental combination of
rameters, but one is tempted to believe that all process
rameters, i.e.,cAEr , td , cAx , andt* , have similar values. In
this case the possible difference in structure of the lumin
-
a-

s-

cent centers in the three materials has very little influence
the efficiency of the photoluminescence process.

This work was supported in part by the INTAS-RFB
~Grant 95-0531!.

1M. S. Bresler, O. B. Gusev, B. P. Zakharchenya, and I. N. Yassiev
Phys. Solid State38, 813 ~1996!.

2J. Palm, F. Gan, B. Zheng, J. Michel, and L. C. Kimerling, Phys. Rev
54, 17603~1996!.

3D. T. X. Thaoet al. ~to be published!.

Published in English in the original Russian journal. Reproduced here
stylistic changes by the Translation Editor.



SEMICONDUCTORS VOLUME 33, NUMBER 6 JUNE 1999
Impurity centers in silicon doped with rare-earth impurities of dysprosium, holmium,
erbium, and ytterbium
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A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

J. Michel and L. C. Kimerling

Materials Processing Center, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
~Submitted December 22, 1998; accepted for publication December 23, 1998!
Fiz. Tekh. Poluprovodn.33, 649–651~June 1999!

The results of an investigation of the donor centers in Czochralski-grown silicon ion-implanted
with rare-earth impurities of Dy, Ho, Er, and Yb are presented. The formation of three
groups of dominant donors with ionization energies less than 0.2 eV in silicon after annealing at
700 and 900 °C is discussed. The shallow donors at'Ec240 meV are interpreted as
thermal donors containing oxygen and intrinsic defects. The two other groups of donor states are
identified as centers containing rare-earth ions. ©1999 American Institute of Physics.
@S1063-7826~99!00406-8#
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Impurities of rare-earth metals in silicon are unquestio
ably of interest from the physical standpoint as suitable
jects for studying the behavior of lanthanide ions in group-
semiconductors with pronounced covalent bonding. T
most thoroughly studied among them is the erbium impu
with a characteristic photoluminescence band at a wa
length near 1.54mm, which allows us to regard such a sem
conductor material as promising for use in optoelectronic

Silicon is most often doped with erbium by ion impla
tation followed by thermal annealing at temperatures ab
700 °C. However, until recently the information on the loc
centers in Si:Er appearing during such a doping proced
was confined mainly to data from deep-level transient sp
troscopy~DLTS! ~see, for example, Refs. 1–3!. The limited
information, in turn, hampered the detailed examination
the excitation and relaxation processes of erbium-rela
centers, as well as precluded correct estimation of their e
ciency. The existing gap in the investigation of shallow
donor states in erbium-doped silicon was successfully fi
only very recently as a result of systematic Hall measu
ments, which provided information on the concentration a
ionization energy of such donor centers.4,5 The introduction
of other dopants from the lanthanide series~Dy and Ho!
made it possible to preliminarily identify impurity cente
with ionization energies less than 0.2 eV.4 In the present
work ytterbium was added to this impurity series, permitti
more reliable disclosure of the dominant tendencies in
variation of the properties of the respective donor cen
along the series Dy→Ho→Er→Yb.

The original samples with a thickness of 1 mm were
from various ingots of Czochralski-grownp-type silicon~CZ
Si!. The oxygen concentration ranged from 231017 to
131018 cm23. The concentration of shallow acceptors~bo-
ron! in the samples varied from 831013 to 231015 cm23;
the degree of compensation was less than 0.3. The
thanides were introduced by implanting ions with energ
6031063-7826/99/33(6)/3/$15.00
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from 1 to 1.3 MeV. The postimplantation annealing of t
samples was carried out successively in two stages~each
lasting 30 min! at T5700 and 900 °C in a chlorine
containing atmosphere. The radiation damage in the sur
layer of the samples after implantation healed mainly in
first stage of annealing. A dopedn-type layer with a thick-
ness of about 0.5mm formed in this stage on thep-type
silicon substrate. Measurements of the electron concentra
in this layer were performed by the Hall method in the te
perature range from 20 to 300 K using the van der Pa
configuration. The higher annealing temperatu
(T5900 °C! was selected because, according to the lite
ture data for erbium-doped silicon, just this temperature
most suitable for the formation of erbium-related cent
with a characteristic photoluminescence band at a wa
length close to 1.54mm ~see, for example, Ref. 6!. The n
versusT plots were analyzed using the corresponding el
troneutrality equations, which permitted determination of t
concentration and ionization energy of local centers a
depth of less than 0.2 eV from the conduction-band ed
The experimental data and a detailed analysis of then(T)
curves will be presented in a separate paper. In this com
nication we present only the main results for silicon dop
with rare-earth impurities at a maximum dose of implant
ions D5131013 cm22.

Among the donors with small ionization energies a
pearing in the dopedn-layer after annealing atT5700 °C,
three groups of dominant centers can be identified~see
Fig. 1!.

The first group consists of shallow centers, whose do
states range from 20 to 40 meV. Their total concentrat
depends both on oxygen concentration and on irradia
dose. According to their properties, these centers are sim
to thermal donors, i.e., small electrically active oxygen p
cipitates which appear in silicon with an oxygen concent
tion of about 131018 cm23 during thermal treatment a
© 1999 American Institute of Physics
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T5600°–700 °C~see, for example, Ref. 7!. However, there
is one significant difference between the annealing of
planted layers and the ordinary thermal treatment of silic
although Czochralski-grown silicon is involved in bo
cases. The precipitation of oxygen in the former case ta
place in the presence of a large concentration of intrin
defects, which play the role of nucleation centers for
precipitates and appear in their composition. In our opini
this situation accounts for the significantly higher rate
formation of thermal donors, as well as their higher stabi
compared to the analogous oxygen-containing thermal
nors appearing during the ordinary thermal treatment of s
con ~see also Ref. 8 in this regard!. No explicit dependence
on the type of rare-earth impurity was discovered for
shallow donors. In the case of CZ Si:Yb there is a feat
which calls for further study.

The second group of donor centers has ionization e
gies from 60 to 80 meV, depending on the type of rare-ea
impurity. The portions of then(T) curves corresponding to
the ionization of these centers are described well by
ionization energy for a given type of impurity; therefore, w
assume that they are centers with a single donor state.

The third group of donor centers have ionization en
gies greater than 100 meV. Although the ionization energ
of the corresponding levels are determined to a lower ac
racy in this case than in the case of the shallower levels, t
still display the same law of ‘‘level deepening’’ that is ob
served for centers with ionization energies in the range fr
60 to 80 meV along the series Dy,Ho→Er→Yb. Thus, it can
be concluded that the donor centers under consideration
include impurity atoms in their composition.

When the annealing temperature is raised toT5900 °C,

FIG. 1. Distribution of donor centers with respect to their ionization ene
for CZ Si ion-implanted with Dy, Ho, Er, and Yb impurities after anneali
at T5700 °C. The implantation doses wereD(Dy,Ho,Yb)5131013 cm22

andD(Er)5131013 cm22 with additional implantation of oxygen at a dos
D(O)5131014 cm22 ~the energy of the oxygen ions was 0.17 MeV!. The
dotted lines join the experimental points for clarity.
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the positions of the levels in the first two groups of don
centers do not undergo appreciable changes for any of
rare-earth impurities, and only their concentrations decre
significantly~compare Figs. 1 and 2!. However, the situation
is different for the deep centers with an ionization ener
greater than 0.1 eV. In the case of Dy and Ho impurities,
positions of the corresponding donor levels remain ess
tially unchanged, although their concentrations decre
somewhat. Conversely, for an erbium impurity in silicon, t
disappearance of the donor states atEc2(11765) meV
along with the appearance of other donor states
Ec2(14565) meV in a roughly equal concentration in re
sponse to the rise in temperature is notable, i.e., we ma
dealing with transformation of the centers. The interpretat
of the data for the ytterbium impurity presents definite dif
culties because the analysis of the experimentaln(T) curves
at T.200 K is not as reliable for centers with an ionizatio
energy greater than 150 meV as for the rare-earth impur
considered above, and, in principle, a similar transformat
of donor centers may also take place when the annea
temperature is raised fromT5700 to 900 °C.

Thus, three groups of dominant donor centers have b
discovered in the present work in Czochralski-grown silic
ion-implanted with rare-earth impurities of Dy, Ho, Er, an
Yb. The shallow donor states with ionization energies fro
20 to 40 meV have been interpreted as thermal donors c
taining oxygen atoms and intrinsic defects. The two oth
groups of donor centers with ionization energies from 60
80 meV and above 100 meV have been identified as cen
containing impurity atoms of rare-earth elements. It has b
shown that raising the temperature of the postimplanta
anneal fromT5700 to 900 °C leads to significant transfo
mation of the deep centers in erbium-doped silicon with

y

FIG. 2. Distribution of donor centers with respect to their ionization ene
for CZ Si ion-implanted with Dy, Ho, Er, and Yb impurities after annealin
at T5900 °C. The implantation doses wereD(Dy,Ho,Yb)5131013 cm22

andD(Er)5131013 cm22 with additional implantation of oxygen at a dos
D(O)5131014 cm22 ~the energy of the oxygen ions was 0.17 MeV!. The
dotted lines join the experimental points for clarity.
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resultant formation of donor states at'Ec2145 meV. The
latter are assumed to play an important role in the excita
and relaxation of erbium-related centers~see, for example
Refs. 9–12!. The result of the present work can be useful
discussing concrete mechanisms and in estimating their
ciency. In particular, in several studies9,11 the quenching of
the luminescence of erbium ions in silicon atT>100 K is
assumed to be caused by thermal ionization of the cen
mentioned above, which prevents the appearance of bo
excitons on them. However, it follows from our experimen
data that this quenching mechanism cannot be the ac
mechanism, since under real conditions the extent of ion
tion of the donor states discussed is totally insignificant up
room temperature due to the presence of a large conce
tion of shallower donors.

This work was performed with financial support fro
the INTAS–RFBR~Grant 95-0531! and the CRDF~Grant
235!.
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Redistribution of erbium during the crystallization of buried amorphous silicon layers
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The redistribution of Er during its implantation in silicon at doses close to the amorphization
threshold and its subsequent solid-phase epitaxial~SPE! crystallization is investigated.
The formation of a buried amorphous (a) layer is discovered at Er doses equal to 531013 and
131014 cm22 using Rutherford backscattering. The segregation of Er in this case takes
place inwardly from the two directions corresponding to the upper and lower boundaries of the
buriedalayer and leads to the formation of a concentration peak at the meeting place of
the two crystallization fronts. A method for calculating the coordinate dependence of the
segregation coefficientk from the distribution profiles of the erbium impurity before
and after annealing is proposed. Thek(x) curve exhibits a drop, whose width increases with
decreasing Er implantation dose. Its appearance is attributed to the nonequilibrium nature of the
segregation process at the beginning of SPE crystallization. ©1999 American Institute of
Physics.@S1063-7826~99!00506-2#
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The concentration profiles of silicon layers implant
with ions of the rare-earth element erbium at doses exce
ing the amorphization threshold exhibit considerable va
tion during annealing at 600–850 °C, at which the diffusi
coefficients of Er in both the amorphous and single-crys
phases are negligible.1–4 These changes are due to segre
tion of the impurity at the moving boundary between t
amorphous~a! layer and the single-crystal~c! substrate dur-
ing solid-phase epitaxial~SPE! crystallization. The characte
of the redistribution of Er depends on the implantation co
ditions: target temperature, implantation energy and do
and additional implantation of an oxygen impurity.3,4 The
concentration profiles of Er after SPE crystallization of t
skin layer of a-silicon are described by the quantitativ
model in Ref. 5, whose parameters are the width of the tr
sition layer and the segregation coefficient, which depe
on the coordinate. Under definite implantation conditions
amorphous layer can be buried and separated from the
face by an intermediate layer of single-crystal silicon. Su
conditions are realized, for example, in the technology u
to create SIMOX structures for microelectronics6 during the
implantation of oxygen ions at fairly high energies (E
.200 keV! and doses (D'131018 cm22). The formation
of a buried a-layer has also been observed following t
implantation of Er ions (E50.5 MeV,D5131015 cm22) in
(100) Si with a target temperature equal to 200 °C~Ref. 3!.
The redistribution of Er during subsequent rapid thermal
nealing in this case differed significantly from the case
implantation at 20 °C with ana-layer reaching the surface.

The purpose of the present work was to investigate
features of the segregation of Er during the SPE crystall
tion of buried silicon layers amorphized by ion implantatio

The implantation of Er ions was carried out at roo
temperature with energies of 1.0, 1.2, and 2 MeV and do
close to the amorphization threshold in the range 131013
6061063-7826/99/33(6)/4/$15.00
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2131014 cm22 on the High Voltage Engineering Europ
K2MV facility in a substrate of single-crystal Czochralsk
grown p-type (100) silicon with a resistivity of 1V•cm.
Some samples were also implanted with oxygen ions t
depth corresponding to the range of Er ions at a dose
times greater than the Er dose. After implantation, anne
were carried out at 620 °C for 1 h in a chlorine-containing
atmosphere. The concentration profiles of Er across
thickness were determined by secondary-ion mass spect
etry on a Cameca IMS 4f system. The appearance of
a-layer, its thickness, and its position were determined
recording the Rutherford backscattering of 230-keV proto

At low Er implantation doses up toD5331013 cm22

the backscattering spectra of the channeled ions do not
tain a signal of an amorphous phase. At Er doses in the ra
5310132131014 cm22 the appearance of an amorpho
phase with preservation of the surface layer in the sing
crystal state is observed~Fig. 1, curves2 and 3!. At doses
above 431014 cm22 the single-crystal layer near the surfa
vanishes, and thea-layer becomes continuous.

At low implantation doses in the rangeD5(123)
31013 cm22 the distribution profiles of Er after the annea
scarcely differ from the original profiles. An appreciable d
ference appears at a dose of 531013 cm22, which corre-
sponds to the expected critical dose for the amorphizatio
silicon by Er ions with a mass of 168~Ref. 7!. At doses equal
to 531013 and 131014 cm22 the segregation of Er begin
from two sides, which are positioned asymmetrically relat
to the distribution maximum of the impurity atx5Rp ,
whereRp is the mean projected range (Rp50.4 mm when
E51.2 MeV! ~Fig. 2, curve2!. It is directed into the interior
of the burieda-layer and leads to the formation of a conce
tration peak at the meeting place of the two crystallizat
fronts. In the case of combined implantation with oxyge
the redistribution of Er is appreciably weaker, and the po
© 1999 American Institute of Physics
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FIG. 1. Rutherford backscattering energy spectra: random~1!, channeled along thê100& axis after the implantation of Er ions atD5131014 cm22 ~2! and
D5531013 cm22 ~3!, and channeled along the^100& axis for as-grown single-crystal silicon~4!.
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tion of the segregation concentration peak shifts toward
maximum of the Er and O concentrations~Fig. 2, curve3!.
According to the data in Ref. 4, when the Er dose is
creased to 431014 cm22, the erbium impurity is displaced

FIG. 2. Concentration profiles of Er in Si~100! after the implantation of Er1

ions (E51.2 MeV, D5131014 cm22) ~1, 2! and O1 ions (E50.17 MeV,
D5131015 cm22) ~3! before~1! and after~2, 3! annealing.
e

-

only toward the surface, providing evidence that thea-layer
reaches the surface.

At implantation doses equal to 531013 and 131014

cm22 the segregation peak of Er is located at a distance
;0.7Rp . This is attributed to the location of the midplane
the burieda-layer at a distance of;(0.7520.8)Rp from the
surface, in accordance with the distribution of the loss ma
mum and, accordingly, the radiation defects for heavy ion8

The additional implantation of oxygen ions leads to displa
ment of the segregation peak toward the concentration m
mum of Er and O to a distance of (0.820.85)Rp . This result
is attributable to the decrease in the crystallization rate
a-Si under the influence of the electrically inactive oxyg
impurity.9,10 We note that in Ref. 2 the position of the se
regation peak essentially coincided with the midplane of
burieda-layer and with the maximum of the original distr
bution of Er (Rp50.16mm for E50.5 MeV!, probably due
to the specific features of the distribution of the radiati
defects in the heated target.

Thus, when structures with a burieda-layer are an-
nealed, SPE crystallization takes place not only on the lo
a/c boundary with the single-crystal substrate with advan
ment toward the surface, but also on the uppera/c boundary
with the surface unamorphized single-crystal layer with a
vancement into the interior of the substrate. For this reas
the quantitative model of the segregation of Er that we
veloped for a surface amorphous layer5 must be supple-
mented by a second crystallization front moving into t
interior of the substrate. In this case a change from z
crystallization to a directional process occurs when the up
~1! and lower~2! crystallization fronts approach one anoth
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to within a distanceb5L11L2, whereL1 and L2 are the
widths of the corresponding transition layers. The inve
problem of finding the segregation coefficientk(x) from the
concentration profiles of Er in the implanted layer before a
after segregation was solved for constant values ofL1 and
L2.

For zone crystallization, as long asb>L11L2, the seg-
regation coefficient can be found by integrating Eq.~1! of the
model in Ref. 5

dCa

dy
5

C0~y!2kCa~y!

L
, ~1!

wherey is the current thickness of the zone-crystallized la
measured from the initiala/c boundary,C0(y) is the initial
distribution of the impurity in the amorphous layer befo
annealing, andCa(y) is the current concentration of the im
purity in the transitiona-layer of widthL (L1 or L2). After
integrating~1! with consideration of the equality

C~y!5kCa~y!, ~2!

whereC(y) is the concentration of the impurity in the re
crystallized layer after annealing, and the conditionk51 for
C(y)5C0(y), we obtain

k~y!5
LC~y!

Q0~y1L !2Q~y!
, ~3!

whereQ0(y1L) andQ(y) are the quantities of the impurit
in layers of thicknessy1L and y, respectively, before and
after crystallization.

When b<L11L2, the segregation coefficient for direc
tional crystallization can be found from Eq.~3! of the model
in Ref. 5:

dCa~z!

dz
5~12k!

Ca~z!

L2z
, ~4!

wherez is the current thickness of the directionally crysta
lized layer measured fromxp2L1 or xp1L2, wherexp is the
meeting point of fronts 1 and 2. Taking into account t
equality C(z)5kCa(z) and representing the derivative in
finite-difference form, we obtain

k~z!5
L2z2Dz

~L2z!

k~z2Dz!

C~z2Dz!

C~z!
2Dz

, ~5!

whereDz is the increment alongz.
The segregation coefficients were calculated as a fu

tion of depth using formulas~3! and ~5! for the Er profiles
shown in Fig. 2. The values of the widths of the transiti
regions were taken from Ref. 4:L15L2'50 nm for the im-
plantation of only Er ions (E51 MeV! andL15L2'16 nm
for the combined implantation of Er and O ions. As can
seen from Fig. 3, at the beginning of the crystallization p
cess there is a drop in the value of the segregation coeffic
from 1 to (2.525)31022, which subsequently gives way t
an increase ink, and the latter is especially fast in the vicini
of the erbium concentration peaks. The higher concentra
of oxygen in the lower part of the burieda-layer weakens the
decrease in the segregation coefficient in the initial stag
e

d

r

c-

e
-
nt

n

of

SPE crystallization and its increase in the later stage of S
crystallization. This finding can be associated with the f
mation of Er–O complexes and a decrease in the crystall
tion rate in the presence of a high concentration of the e
trically inactive oxygen impurity.

One special feature of the Er concentration profile
bilateral SPE crystallization at a relatively small implantati
dose is the relatively large distance between the maxim
and the minimum at the break on the concentration pro
near the original lowera/c boundary~Fig. 2, curve2!. This
distance increases with decreasing Er dose from 0.05mm for
D5231015 cm22, according to the data in Ref. 4, to 0.1
mm for D55310132131014 cm22, according to the data
from the present study. In this region the segregation coe
cient decreases from 1 to the value ofk0 on the coordinate
dependence ofk(x) found in Ref. 5 and is not described b
that dependence. Such behavior ofk(x) can be attributed to
the nonequilibrium character of segregation at the beginn
of the SPE crystallization process, when the formation o
transition layer with an increased diffusion coefficient tak
place. This process is slower for thea-layers with low defect
densities formed at small Er implantation doses near
amorphization threshold (D*Da) than for thea-layers with
higher defect densities formed at large doses (D@Da).

Thus, we have investigated the redistribution of Er d
ing the SPE crystallization of buried amorphous layers. S
regation with convergent motion of the crystallization fron
leads to displacement of the Er distribution profiles with
the burieda-layer with the formation of a segregation co
centration peak near the midplane. Combined implanta
with oxygen ions lowers the erbium concentration at the s
regation peak and displaces it toward the maximum of
distribution of Er and O. A method for calculating the d
pendence of the segregation coefficient on depth is propo
The drop on thek(x) curve at the beginning of SPE crysta
lization is attributed to the nonequilibrium character of se
regation in that period.

We thank E. O. Parshin for performing the ion impla
tation. This work was performed with partial support fro
the ISTC ~Grant 168! and the INTAS–RFBR~Grant 95-
0531!.

FIG. 3. Dependence of the segregation coefficient of Er on depth for pro
2 ~curve1! and 3~curve2! in Fig. 2.
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Influence of intrinsic point defects on the formation of structural defects and optically
active centers during the annealing of erbium- and dysprosium-implanted silicon
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The photoluminescence spectra and behavior of the structural defects in layers obtained by
implanting 1.0–1.8-MeV Er and Dy ions at a dose of 131013 cm22 are investigated after
annealing at 1000–1200 °C for 0.5–1 h in argon or a chlorine-containing atmosphere. The
structural defects are studied using transmission electron microscopy and selective chemical
etching. The dominant features in the luminescence spectra of the Si:Er and Si:Dy layers
following annealing in the chlorine-containing atmosphere are lines associated with the formation
of edge dislocations, while the dominant features following the annealing of Si:Er and
Si:Dy layers in argon are the erbium-related lines. A comparative analysis of the luminescence
spectra of the Si:Er and Si:Dy layers shows that the highest intensity of dislocation-
related luminescence is achieved in the erbium-implanted structures. A significant influence of
intrinsic point defects on the structural and optical properties of erbium- and dysprosium-
implanted silicon is revealed. ©1999 American Institute of Physics.@S1063-7826~99!00606-7#
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1. INTRODUCTION

One promising way to create silicon light-emitting d
vices is to dope this widely used semiconductor with ra
earth elements, among which erbium is of greatest intere1

The electronic transitions between the levels of the 4f shell
in Er31 are responsible for the appearance of a narr
temperature-independent line in the luminescence spec
with a wavelength of;1.54 mm, which corresponds to th
dispersion minimum and the loss minimum in systems
fiber-optic communications lines. At the same time, there
definite interest in investigations of the optical properties
structures based on silicon doped with other rare-earth
ments, particularly dysprosium, which can also be source
infrared radiation.

Ion implantation is widely used to fabricate silicon sem
conductor devices. Ion implantation results in the format
of radiation defects, whose removal requires a hig
temperature anneal. Moreover, the defects which determ
the structural, optical, and electrical properties of silicon la
ers doped with rare-earth~RE! elements form specifically in
this step. Some preliminary results regarding the defe
formation processes accompanying the implantation of
elements in silicon were presented in Refs. 2–5. The purp
of the present work was to investigate the influence of
postimplantation annealing conditions on the structural
optical properties of erbium- and dysprosium-doped silic
layers.
6101063-7826/99/33(6)/3/$15.00
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2. EXPERIMENTAL CONDITIONS

The substrates used were boron-doped wafers
Czochralski-grownp-type ^100& silicon with a thickness of
300 mm, a diameter of 100 mm, and a resistivity of 2
V•cm. Erbium and dysprosium ions were implanted
121.8 MeV and a dose of 131013 cm22 on the High Volt-
age Engineering Europe K2MV facility. The implante
samples were annealed at 1000–1200 °C for 0.5–1 h. In
der to reveal the influence of intrinsic point defects on t
formation of structural defects, anneals were performed
argon and a chlorine-containing atmosphere.6 The latter was
a stream of oxygen containing 1 mol % carbon tetrachlori

The photoluminescence~PL! measurements were pe
formed at 77 K. The photoluminescence was excited by
visible radiation from a halogen lamp with a power of;50
mW, which can be mechanically interrupted at a frequen
of 36 Hz. The radiation from the sample was collected b
lens and, after passage through a monochromator, was
sured by an InGaAs photodetector operating at room te
perature. The photocurrent was amplified by a selective
plifier. The resolution of the monochromator was 7 nm. T
structural defects were investigated by transmission elec
microscopy and selective chemical etching.

3. RESULTS AND DISCUSSION

Figure 1 shows the PL spectrum of implanted Si:Er la
ers (E51.0 MeV andD5131013 cm22), which were an-
nealed under various conditions. After annealing in argon
© 1999 American Institute of Physics
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1100 °C for 0.5 h, the luminescence spectrum displays a
with a maximum at 1.538mm ~curve1!. After annealing in
the chlorine-containing atmosphere under the sa
temperature-time conditions, there are two dominant line
the luminescence spectrum:D1 ~1.525mm! and D2 ~1.417
mm! ~curve2!. The presence of a fine structure in the line
curve1 is evidence that the luminescence peak of the S
samples annealed in argon is caused by intracenter tra
tions of electrons in the 4f shell of the Er31 ions.1 The lack
of a fine structure in theD1 andD2 lines suggests that th
PL peaks in the Si:Er samples annealed in the chlor
containing atmosphere are attributable to the presence o
fects in the implanted Si:Er layers. The hypotheses just
vanced were confirmed by measuring the tempera
dependence of the position of the maxima of the lumin
cence lines. It was found that the position of the maximum
the Er line does not depend on measurement temperatur
is typical of intracenter transitions in rare-earth ions. At t
same time, the blue shift of the maximum of theD1 line with
increasing temperature closely correlates with the analog
behavior of the lines in the dislocation-related luminesce
spectrum observed in Refs. 7 and 8. Such a dependenc
theD lines can be associated with the recombination of p
of charge carriers on centers belonging to the dislocati
formed.

The relationship between the structural and optical pr
erties was elucidated by studying the structural defects in
same samples on which the PL measurements were
formed. After annealing in argon, the Si:Er and Si:Dy laye
did not display etching pits in the selective etching expe
ment or variation of the diffractive contrast upon electr
microscopy. Conversely, annealing in the chlorin
containing atmosphere led to the appearance of several t
of defects. Tiny etching pits of the dislocation type and n
row strips demarcated by etching pits, which are usually
signed to stacking defects, were revealed as a result of s
tive chemical etching. Transmission electron microsco
revealed the presence of three types of defects: Frank lo
~stacking defects!, perfect prismatic dislocation loops, an
pure edge dislocations.2 The Frank loops are dislocatio
loops of the interstitial type, which lie in$111% planes and
have a Burgers vectorb5a/3^111&. The perfect prismatic

FIG. 1. Photoluminescence spectra~measured at 77 K! of Si:Er layers an-
nealed atT51100 °C for 0.5 h in argon~1! and the chlorine-containing
atmosphere~2!.
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dislocation loops, which are located mainly in$110% planes,
are also interstitial loops with a Burgers vect
b5a/2^110&. The pure edge dislocations form as a result
the interaction of large, perfect loops during annealing.
vestigations of transverse sections of the implanted lay
showed that the structural defects are present in layers w
thickness of;1 mm. The Frank loops of small and modera
size are distributed fairly evenly across the entire thickn
of the implanted layers. The small prismatic loops are
cated mainly in the upper half of the implanted layer. Me
surements of the contrast from the defects demonstrated
absence of erbium precipitates.

The significant difference between the defect structu
of the implanted Si:Er and Si:Dy layers annealed in the in
~argon! and oxidizing~chlorine-containing! media can be ex-
plained in the following manner. It is known that high
temperature annealing leads to the supersaturation of sil
with intrinsic point defects and that different defects dom
nate, depending on the annealing atmosphere.6 Annealing in
an oxidizing atmosphere leads to supersaturation with int
sic interstitials, and annealing in an inert medium leads
supersaturation with vacancies. The picture in implanted l
ers is complicated by the fact that the interaction of the
diation defects with the intrinsic point defects must be tak
into account. In the case of annealing in the chlorin
containing atmosphere the resultant supersaturation of
con with interstitials is sufficient for the formation of dislo
cation loops of the interstitial type. The absence of defe
following annealing in argon is attributed to annihilation
the excess interstitials created by implantation and the va
cies appearing during annealing.

The sizes and density of the structural defects vary w
the duration and temperature of the anneal in the chlor
containing atmosphere are varied. Variations of the inten
of the D lines in the PL spectrum are also observed. Var
tion of the annealing conditions allows us to trace the re

FIG. 2. Dependence of the density of structural defects~FL — Frank loops,
PfL — prismatic dislocation loops,D — edge dislocations! and the intensity
of the dislocation photoluminescence~PL! on the annealing temperature o
Si:Er layers in the chlorine-containing atmosphere.
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tionship between the structural and optical properties
Si:Er. We presented plots of the dependence of the densi
the various types of defects and the PL intensity on the
nealing time atT51100 °C in Ref. 2. In this paper w
present results which characterize the variation of the den
of the various defects and the PL intensity of theD lines in
response to variation of the annealing temperature~Fig. 2!.
Anneals of the Si layers implanted with Er atE51.8 MeV
were carried out in the temperature range 1000–1100
over the course of 1 h. No dislocations were discovered
the samples annealed at 1000 °C. Since essentially the e
implanted layer passes into the oxide over the course of
during an anneal in the chlorine-containing atmosphere
1200 °C, the annealing atT51200 °C was carried out for 0.5
h. The data presented in Fig. 2 attest to the existence
correlation between the intensity of theD1 PL line and the
density of edge dislocations. This confirms the conclusion
Ref. 2 that edge dislocations are responsible for the app
ance of dislocation-related luminescence.

The PL spectra of Si layers implanted with Dy
E51.0 MeV are shown in Fig. 3. The anneals were carr
out in the chlorine-containing atmosphere at 1100 °C
0.5– 1 h. As is seen from the figure, the dominant feature
the luminescence spectra is theD1 line. After annealing in
argon, no PL lines were observed at 1.421.6 mm. The in-
vestigation of the structural defects in the Si:Dy layers
nealed in the chlorine-containing atmosphere revealed

FIG. 3. Photoluminescence spectra~measured at 77 K! of Si:Dy layers
annealed atT51100 °C in the chlorine-containing atmosphere for 0.5 h~1!
and 1 h~2!.
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presence of Frank loops and edge dislocations. Detailed
vestigations showed that the density of these defects in
Si:Dy layers is 1.2–1.6 times less than the density of
same defects in Si:Er layers formed under identical con
tions. The intensity of the defect-related PL was also grea
in the Si:Er layers than in the Si:Dy layers. More prolong
annealing of Si:Dy is accompanied by an increase in
density of edge dislocations and a decrease in the densi
Frank loops.5 The correlation discovered between the inte
sity of the D1 line in the PL spectrum and the density
edge dislocations provides evidence that dislocations are
sponsible for the appearance of these PL lines in Si:Dy,
as in Si:Er.

It has been established that the annealing of implan
Si:Er and Si:Dy layers at 1050–1200 °C in a chlorin
containing atmosphere leads to the appearance of iden
structural defects. Their formation is associated with the
persaturation of silicon with intrinsic interstitials, and th
appearance of theD lines in the PL spectra is caused by pu
edge dislocations. No structural defects were detected a
annealing in argon, and only the Er line is present in
spectra of the Si:Er layers.

We thank E. O. Parshin for performing the implantatio
This work was performed with partial support from th

INTAS–RFBR ~Grant 95-0531!.
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The influence of the orientation of silicon on the structural and luminescence properties of
avalanche light-emitting diodes fabricated by the coimplantation of erbium and oxygen followed
by solid-phase epitaxial~SPE! crystallization of the amorphized layer is considered. The
luminescence properties are a consequence of the formation of various structural defects during
the SPE crystallization: V-shaped dislocations and erbium precipitates form in~100!
Si:Er:O layers, and larger structural defects, i.e, twins, are observed in~111! Si:Er:O layers along
with an increase in the dislocation density by more than four orders of magnitude in
comparison with the~100! orientation. The luminescence properties of avalanche and tunnel light-
emitting diodes are also compared. In contrast to tunnel diodes, in avalanche diodes erbium
ions are excited in the entire space-charge layer, and the effective excitation cross section of the
Er31 ions and their lifetime in the excited state are 3–4 times larger. ©1999 American
Institute of Physics.@S1063-7826~99!00706-1#
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The functioning of Si:Er:O light-emitting diodes is base
on radiative transitions from the first excited state~4I 13/2) to
the ground state~4I 15/2) in the inner 4f shell of the Er31

ions. These transitions produce a narrow luminescence
at a wavelength of;1.54 mm, whose position in the spec
trum is essentially temperature-independent. The techno
for fabricating Si:Er:O light-emitting diodes includes the fo
mation of an electrically and optically active silicon lay
doped with erbium and oxygen. The electroluminesce
~EL! of Er31 ions is observed at room temperature wh
either a forward-bias1–5 or reverse-bias3–12voltage is applied
to Si:Er:O diodes. The maximum EL intensity at room te
perature is usually achieved in a breakdown regime for
p2n junction, i.e., when a reverse-bias voltage
supplied.3–12 In this case the EL of erbium ions is observ
in the cases of both tunnel3–6 and avalanche7–12 breakdown.
Our goal in this study was to investigate the influence of
orientation of the silicon substrate on the properties of a
lanche Si:Er:O light-emitting diodes and comparing t
properties of avalanche and tunnel light-emitting diodes.

EXPERIMENTAL CONDITIONS

Wafers ofn-type Si with a resistivity of 20V•cm and
the ~100! orientation and with a resistivity of 5V•cm and
the ~111! orientation were implanted with erbium ions
energies of 2.0 and 1.6 MeV and doses of 131014 cm22, as
well as oxygen ~0.28 and 0.22 MeV, 131015 cm22).
6131063-7826/99/33(6)/3/$15.00
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Annealing at 620 °C/1 h1900 °C/0.5 h led to recrystalliza
tion of the amorphous layer formed as a result of implan
tion and the creation of erbium-containing, electrically a
optically active centers. The implantation of boron~40 keV
and 531015 cm22) and a postimplantation annea
(900 °C/0.5 h! resulted in the formation ofp2n junctions.
The light-emitting diodes with a mesa-like outline for th
structure had a working area for thep2n junction equal to
S55.5 mm2. The EL spectra, the rise time and decay time
the erbium EL intensity observed when rectangular curr
pulses are supplied to the diode, and the temperature de
dence of the Er31 EL intensity were investigated. The tech
nology and procedure for measuring the luminescence c
acteristics of the avalanche Si:Er:O light-emitting diod
were previously described in detail in our earli
publications.7–12 The structural defects were investigated
transmission electron microscopy. An analysis of the stud
on Si:Er:O light-emitting structures operating in a tunn
breakdown regime3–6 reveals that the fundamental deviatio
from the technology for avalanche diodes described abov
the higher implantation doses for tunnel diodes~no less than
1015 cm22 for Er and 1016 cm22 for O, respectively!. This
led to a higher concentration of donor centers in the optica
active Si layer. It may also be noted that investigations
tunnel diodes were performed only for Si~100!. The charac-
teristics of the tunnel diodes were taken from publications
other researchers.
© 1999 American Institute of Physics
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EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the EL spectrum of an avalanche Si:E
light-emitting diode with Si~111! measured at room tempera
ture and a reverse-bias current densityj 56.3 A/cm2 in the
wavelength rangel;1.121.65 mm. Apart from the sharp
peak with a maximum atl51.538mm, which is caused by
transitions of electrons from the4I 13/2 excited state to the
4I 15/2 ground state of the erbium ions, the EL spectrum d
plays emission which is nearly independent ofl in the trans-
parency region of silicon and is usually associated with tr
sitions of hot electrons within the conduction band.13,14 A
series of studies carried out in the last 10 years15–18 showed
that the emission is caused mainly by direct transitions
electrons between the upper and lower subbands of th
conduction band:D2→D1. No fundamental differences wer
observed in the spectra for the avalanche diodes with Si~111!
and Si~100!, as well as for the tunnel diodes described in t
literature.

Figure 2 presents plots of the temperature dependenc
the EL intensity of light-emitting diodes atl51.538mm for
two substrate orientations. The~100! samples exhibit the
usual dependence, on which an increase in the luminesc
measurement temperature is accompanied by a decrea
the EL intensity~so-called thermal luminescence quenchin!.
In the case of the~111! substrate orientation, an increase
the EL intensity~‘‘brightening’’ ! is observed. As a result, th
EL intensity is higher at room temperature than at liqu
nitrogen temperature. We first observed this phenomeno
Ref. 8. More detailed investigations of this anomalous te
perature dependence of erbium EL showed that this phen
enon is due to the appearance of a high concentration of
traps in the lower half of the silicon band gap in the spa
charge layer of thep2n junction.9

Our investigations of the defects in Si:Er:O ligh
emitting layers for the~111! and ~100! orientations of Si
gave the following results. In Si:Er:O samples with the~100!
orientation we discovered V-shaped~hairpin! dislocations
with a density'106 cm22 and erbium precipitates of plate

FIG. 1. EL spectrum of an avalanche Si:Er:O diode recorded at room
perature with a reverse-bias current densityj 56.3 A/cm2.
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like shape~with a diameter of;20 nm and a thickness o
;1 nm!. In Si:Er:O structures with the~111! orientation we
observed dislocations with a density.1010 cm22 and twins
of irregular shape with effective dimensions equal to 10–3
nm. Thus, in the~111! Si:Er:O diodes there are larger stru
tural defects~twins!, and the dislocation density is four or
ders of magnitude higher than in the diodes with the~100!
orientation. These structural defects are probably respons
for the appearance of the anomalous temperature depend
of the erbium EL.

We also note that despite the considerably higher de
density, the avalanche light-emitting diodes with the~111!
orientation significantly surpass the diodes with the~100!
orientation, primarily with respect to the uniformity of th
distribution of the emission over the area of thep2n
junction.12 Consequently, the luminescence parameters of
avalanche~111! Si:Er:O light-emitting diodes are highly re
producible, while a considerable spread of luminescence
rameters is observed for the~100! orientation even within a
single production batch of diodes.

The important characteristics of light-emitting structur
are the effective luminescence excitation cross sections)
and the lifetime (t) of the excited states of the light-emittin
centers. These parameters can be determined from the de
dence of the rise time of the EL intensity on the amplitude
the rectangular pulses of reverse-bias current applied to
p2n junction. A method for calculatings andt in Si:Er:O
light-emitting diodes under the assumption of an imp
mechanism for exciting erbium EL was described in Refs
and 6. The use of this method as applied to tunnel Si:E
diodes in a breakdown regime at room temperature gave
valuess56310217 cm2 andt5100mm.5,6 The values ofs
and t determined in a similar manner for our avalanc
Si:Er:O diodes with the~111! orientation were 2.3310216

cm and 280–390ms, respectively.10,11 We note that the val-
ues ofs andt are 3–4 times greater in the avalanche diod
than in the tunnel analogs. The values of the productst
obtained for the avalanche Si:Er:O diodes are roughly

-FIG. 2. Temperature dependence of the EL intensity of avalanche Si:E
diodes atl51.538 mm for the ~111! ~1! and ~100! ~2! orientations of Si
( j 54.5 A/cm2).
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order of magnitude greater than the values ofst in the tun-
nel diodes. As a result, saturation of the erbium EL intens
is achieved at current densities an order of magnitude sm
in the avalanche diodes than in the tunnel analogs.9–12

The investigation of the decay kinetics of erbium E
following removal of the reverse-bias current in bo
tunnel5,19 and avalanche12 Si:Er:O light-emitting diodes has
demonstrated the existence of a decay time constant sm
than 10ms, which is determined by the speed of the reco
ing instrumentation. Such short EL decay times have b
explained using the following model.5,20After removal of the
reverse current, the Er31 ions excited in the space-charg
layer of thep2n junction are in a quasineutral region with
high concentration of free charge carriers and are rap
de-excited as a result of Auger recombination involvi
these carriers. Estimates show that the EL decay time c
stant can equal 10–100 ns in this case.21

Investigations of the EL decay kinetics in various r
gimes led Coffaet al.19 to the conclusion that only erbium
ions located on the edge of the space-charge layer are ex
in tunnel Si:Er:O light-emitting diodes. The EL decay kine
ics in the avalanche Si:Er:O diodes that we investigated
clude not only a fast component witht,10 ms ~Fig. 3!, but
also a slow component witht>300ms ~the time constant of
the response of the recording instrument was;5 ms!. This
shows that in the avalanche diodes erbium ions are exc
throughout the space-charge layer, including the region
rectly adjacent to the plane of thep2n junction.

CONCLUSIONS

Thus, the results presented here demonstrate that
only the concentration of the electrically and optically acti

FIG. 3. Dependence of the EL intensity atl;1.54 mm on the time (t)
elapsed after switching an avalanche Si:Er:O diode from a reverse-bia
gime with j 56.3 A/cm2 to a regime withj 50.
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centers that were introduced, but also the orientation of
silicon have a considerable influence on the EL characte
tics of avalanche Si:Er:O light-emitting diodes.

This work was performed with partial support from th
INTAS–RFBR ~Grant 95-0531!.
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Mechanisms of excitation of the f 2f emission in silicon codoped with erbium
and oxygen
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The Er2O3 cluster in silicon is discussed as a possible source of the Er-related emission in Si:Er,
O. We propose a mechanism that gives a simple explanation of the high efficiency of Er
atom excitation in Er-O clusters. The cases of photoluminescence and electroluminescence are
considered. In the case of photoluminescence the high efficiency of Er excitation is
attributed to the electron state localized at the Er-O cluster. The excitation off-shell electrons in
Er atoms occurs via the Auger recombination of the exciton bound at the Er-O cluster. We
calculate the rate of this Auger process and discuss the dependence of the photoluminescence
intensity on the carrier concentration. In the case of electroluminescence under reverse
bias the impact excitation cross section is enhanced due to resonant scattering of the hot electrons
at the quasi-discrete levels formed by the Er-O cluster quantum-well potential. The calculated
impact excitation cross section is close to the experimental value. ©1999 American
Institute of Physics.@S1063-7826~99!00806-6#
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The problem of energy transfer from photo- and elect
generated carriers tof-electrons of a rare-earth center is
primary consideration in physics of rare-earth-doped se
conductors. It is a complicated problem, especially in
case of complex centers involving rare-earth ions and o
impurity atoms. In spite of numerous papers on t
subject,1,2 the nature of the excitation mechanisms of ra
earth centers in semiconductors has not yet been clarifie
this paper we propose a simple model which describes
excitation of the Er-related emission in Er2O3 clusters in sili-
con in terms of the photo- and electrogeneration of carri
The high efficiency of excitation is connected with the pre
ence of the discrete and quasi-discrete electron states l
ized at Er2O3 clusters in silicon. In the case of photolumine
cence and electroluminescence under forward bias
excitation of Er ions occurs via the Auger recombination
excitons localized at Er-O complexes. In the case of e
troluminescence under reverse bias the electron captur
hot carriers in the conduction band of silicon into the qua
bound states of the Er2O3 clusters leads to a large value
the impact excitation cross section.

COMPLEXES Er–O IN Si

Silicon codoped with erbium and oxygen is the mo
studied material due to the high intensity of the Er-rela
emission. Many studies1,2 have shown that the optically ac
tive center in erbium-doped silicon is a complex formed a
result of interaction between erbium and oxygen atom
Adler et al.3 used the EXAFS method to identify the opt
cally active complex in CZ-silicon. The EXAFS analysis i
dicates that more than 80% of the Er atoms are coordin
with the oxygen atoms. The first shell around the Er at
resembles the six-oxygen coordination in Er2O3 ~Ref. 4!. The
6161063-7826/99/33(6)/6/$15.00
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value 2.25 Å of the Er-O bond length is, however, sligh
smaller than the mean value 2.27 Å of the bond length in
oxide.

Terrasi et al.5 have obtained by EXAFS data analys
almost the same result for silicon coimplanted by Er and
after annealing of the sample at 900 °C. In this case the
ordination number of oxygen atoms is equal to 5, and
value in the range 2.26–2.27 Å of the Er-O bond length
close to the mean value 2.27 Å in Er2O3.

Masterov et al.,6,7 using 169Er~169Tm! emission Mo¨ss-
bauer spectroscopy~EMS!, established a correlation betwee
the Er–O clusters and thef 2 f photoluminescence intensit
in amorphous (a-Si:H) and crystalline (c-Si) silicon. The
Mössbauer spectra of the silicon samples, codoped with
bium and oxygen, have been compared with the spectrum
Er2O3.

The Mössbauer spectrum is a superimposition of t
quadrupole doublet~spectrum I! and singlet~spectrum II!.
Spectrum I belongs to the erbium centers with low symm
try, whereas spectrum II belongs to the centers with cubic
almost cubic surrounding. As regards the correlation
tween the relative intensity of spectrum I and the intensity
Er-related emission, the corresponding erbium centers sh
be responsible for the Er-doped Si photoluminescence at
wavelength of 1.54mm. It is believed that spectrum I corre
sponds to the complex consisting of the Er31 ion with the
six-oxygen environment. Spectrum II might be attributed
the erbium ion surrounded by silicon atoms only in ErS2

configuration.
Electron spin resonance~ESR! has been used by Care

et al.8 to examine the structure of the Er-O complex
formed in silicon codoped with Er and O. In order to obser
ESR sharp lines for Er concentration of 1019Er/cm3, it is
necessary to have O concentration in excess
© 1999 American Institute of Physics
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FIG. 1. Schematic diagram of the quantum well Er2O3 in silicon: 1—Photogeneration of the electron-hole pair;2—capture of the electron at the level withi
the quantum well;3—capture of the hole, forming of the exciton;4—Auger process;5—Er31 ion excitation;6—f 2 f emission.
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331019O/cm3. At oxygen concentrations below or equal
this value, only broad resonance lines are observed. Acc
ing to Ref. 8, in samples of silicon containing Er and O in t
ratio 1:10 sharp ESR lines were observed. The princ
g-values and the paramagnetic center concentration
shown to be extremely sensitive to post-regrowth proces
The angular dependence of the several lines measured o
sample codoped with 1020O/cm3 and annealed at 900 °C fo
30 s, allowed the authors of Ref. 8 to attribute the spe
observed to Er31 at the sites of monoclinic (C1h) and trigo-
nal symmetries. The principalg-values for the monoclinic
center areg150.80, g255.45, andg3512.60 and for the
trigonal centerg'50.69 andgi53.24. The authors sugge
that the monoclinic center consists of an Er31 ion surrounded
by six oxygen ions in a configuration characteristic of t
monoclinic center in Er2O3. In fact, cubic erbium oxide oc
curs in two forms, each with one Er atom surrounded by
O atoms: the monoclinicC2 center and the trigonalC3i

center.3 However, the ESR studies of Er31 in Y2O3, whose
crystal structure is similar to Er2O3, have shown that the
monoclinic and trigonal centers haveg-values gx51.645,
gy54.892, gz512.314, and gi512.176, g'53.318,
respectively.9 It should be noted that erbium oxide is an a
tiferromagnetic material with the Nee´l temperature equal to
3.4 K ~Ref. 3!. In Er2O3 clusters in silicon the Er–O–Er
exchange bonded pairs of Er31 ions must therefore exist
These pairs are responsible for considerable distinctions
tween g-values of Er31 ions in silicon and those in Y2O3,
where erbium atoms are distributed in the crystal lattice r
domly. It should be noted that in the unit cell of erbiu
oxide twenty-four rare-earth ions are at the sites with twof
rotational symmetry (C2) and eight ions are at the sites wi
threefold rotary inversion symmetry (C3i).
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QUANTUM DOT MODEL FOR Er 2O3 CLUSTER IN SILICON

In our model we consider the Er2O3 cluster in silicon as
a quantum dot~nanoplatelet in Ref. 10! with size close to the
lattice parameter in silicon,a(Er2O3)'1.05 nm.11 It is nec-
essary to add to this size the correction lengthd, which rep-
resents an adaptation or transition length needed to cha
the cation coordination number fromNc56 in Er2O3 to
Nc54 in silicon. According to Ref. 10, this length is abo
0.12 nm. Hence, the characteristic diameter of the Er2O3

quantum dot is about 1.2 nm. As a first approximation,
assume that this quantum dot represents a spherical qua
well with the radiusR'0.6 nm in the energy scheme o
Si:Er, O. The depth of the well may be obtained from t
band gaps of erbium oxide and siliconEg(Er2O3)55.4 eV,
Eg(Si)51.17 eV ~at T50 K!, and the energy parameters
oxygen and silicon atoms. The top of the valence band
formed by 2p states of oxygen in Er2O3 and by 3p states in
silicon. That is why we should estimate the energies op
states (Ep) in free O and Si atoms. Using the method
determination of atomic parameters which was propo
previously,12 we obtainedEp(O)5213.6 eV andEp(Si)
528.15 eV. Thus the valence band edge in the Er-O co
plex En(Er2O3) lies about 5 eV below that in the bulk silico
En(Si). The complex constitutes a weakly transparent 5-e
high-barrier for holes, while for electrons it acts as a qua
tum well U50.9 eV in depth with a discrete electron lev
with binding energy 0.15 eV observed experimentally
DLTS measurements.13 The f-levels lie close to the bottom
of the quantum well according to the band structure of ra
earth metal oxides. Figure 1 shows the energy scheme
scribed above.

The electron level localized in the quantum well~QW!
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plays the role of an electron trap. The trapped electron
tracts, through the Coulomb interaction, the hole in the
lence band of silicon, forming an ‘‘indirect’’~in space! ex-
citon. The Auger recombination of the electron and the h
will then take place, leading to the excitation of thef-shell
electrons of the Er31 ion in the Er2O3 cluster.

Let us now estimate the energyEe of an electron bound
to the Er–O complex using the proposed model. The elec
effective mass should be different inside and outside
QW. Inside the QW we set the effective mass equal to
free electron massm0 and in the bulk semiconductor we us
the average massmc in the conduction band of silicon. Ther
is a single, spherically symmetric electronic state with
energy determined by the transcendental equation

tan~kR!52
kmc

¸
, ~1!

where k5A2m0(U2Ee)/\ is the electron wave vector in
the QW region, anḑ 5A2mc(2Ee)/\ is the wave function
decay in the bulk; the electron energyEe is measured from
the conduction band edge in siliconEc . The result of the
solution of Eq. ~1!, the energy of the electron level as
function of the quantum dot radius, is shown in Fig.
Clearly, the proposed model is very crude. The aim of t
simulation is to demonstrate that the electron localized in
Er-O complex with the characteristic radiusR'0.6 nm has
energy which corresponds to the position of the real elec
level, Ee520.15 eV.

The localized electron attracts via Coulomb field t
hole in the valence band of silicon. We use the system
differential equations14 to describe the hole motion in th
bulk semiconductor with the degenerate valence band in
presence of the electric field of the localized electron. W
assume that these equations describe also the hole in
Er–O complex. Since the Er–O complex represents a we
permeable barrier for holes, the parameters of the vale
band in the quantum well region are not essential for the h
binding energy. We therefore use the same heavy hole m
value mhh in the quantum well and in the bulk. For ligh
holes we take into account the nonparabolicity in the Ka
model15 of the energy spectrum, caused by mixing of t

FIG. 2. The energy of the Er–O cluster localized electron level plotted
function of the Er–O complex radiusR.
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valence states and the states of the bottom of the quan
well, which lies close to the hole energies. The details
these calculations were published elsewhere12 and we do not
present them here. The boundary conditions were obta
by integration of the differential equations for the hole rad
wave functions through the quantum-well border. The n
merical calculations give the following results for the ho
binding energies of the upper hole states localized by
Er–O cluster:Eh2En(Si)50.021 eV for the even state with
angular momentumJ53/2 and Eh2En(Si)50.011 eV for
the odd state with angular momentumJ51/2. Because of the
selection rules, the last state plays the main role in the Au
excitation of the Er ion in the Er–O cluster. This state has
light hole nature, and the characteristic size of the hole o
is a few times larger than the Er–O complex radius.

AUGER EXCITATION

In the case of photoluminescence and electrolumin
cence under forward bias, when there are not enough
carriers in silicon, the excitation of Erf-shell electrons pro-
ceeds via the Auger recombination of the exciton localized
the Er–O cluster. As indicated above, the energy that bi
the exciton to the Er–O complex,EEx5Ee2Eh50.96 eV, is
larger than the transition energy,D f f 850.8 eV, between the
first excited state4I 13/2 and the ground state4I 15/2 of Er31

ion. Thus the energy excessDE5EEx2D f f 8'0.2 eV should
be transferred to a ‘‘third body.’’ Usually~see, for example,
Ref. 16! this difference is attributed to electron-phonon i
teraction, but the rate of this process is too small to desc
the actual energy transfer from the carriers in silicon to
Er ions. We shall therefore consider another Auger excitat
process, in which the energy excessDE is transferred to the
free carriers~electrons or holes! in the host semiconductor.

Figure 3 shows the Feynman diagram of this proce
Note that the electron energy in the intermediate state
close to the discrete level energyEe . It differs from Ee by

a

FIG. 3. The Feynman diagrams of the Auger recombination processes w
DE is transferred to the free carrier. The lettersf and f 8 represent thef-shell
states of Er,e andh denote the electron and hole states bound to the Er
complex, andk andk8 are the initial and final states of the free carrier
silicon.
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the energyDE only. Since the valueDE'0.16 eV is much
smaller than the electron quantum-well energy\2/m0R2

'1 eV, the main contribution to the Auger recombinati
amplitude is given by the term in which the intermedia
state is the electron level bound to the Er–O complex. T
given Auger recombination therefore has a resonance c
acter. It proceeds mostly via the discrete electron levelEe .
In the resonance approximation we can write the Auger
combination amplitude as

M5
MAMEx

DE
, ~2!

where

MA5E Ce* ~r !Ce~r !
e2

ur2r 8u
Ck8

* ~r 8!Ck~r 8!drdr 8 ~3!

is the Auger amplitude which corresponds to the upper p
of the Feynman diagram~Fig. 3!, Ce is the wave function of
the discrete electron level, andCk andCk8 are the free car-
rier wave functions of the initial and final states with wa
vectorsk andk8, respectively. This part of the Auger ampl
tude describes the energy transfer of the excess energy t
free carriers. The amplitudeMEx , which corresponds to the
lower part of the Feynman diagram~Fig. 3!

MEx5E V~r !Ch* ~r !Ce~r !dr ,

V~r !5E e2

ur2r 8u
C f 8

* ~r 8!C f~r 8!dr 8, ~4!

describes the Auger recombination of the electron and h
bound to the Er-O complex and excitation of the
f-electron from the ground levelf to the exited levelf 8 ~Ref.
16!; Ch and Ce are the wave functions of the hole an
electron bound to the Er-O complex;C f 8 and C f are the
wave functions of the Erf-electrons. Since the characterist
value of thef-shell radius,r 8'r f'0.08 nm, is much smalle
than the radius of the electron and hole motion, we can
the multipolar expansion forV(r ):

V~r !5
edf f 8

r 2 P1~cosu!1
eQf f 8

r 3 P2~cosu!, ~5!

whereP1 are the Legendre polynomials, anddf f 8 and Qf f 8
are the dipole and quadrupole Er matrix elements. The z
term of the expansion}1/r does not contribute to Eq.~5!
because of the orthogonality of the Er wave functionsC f 8
andC f . Since thef 2 f 8 optical transition is forbidden, the
dipole matrix element is smalldf f 8 /erf'1023, while
Qf f 8 /erf

2'1 ~Ref. 16!. Thus the quadrupole transitions tu
out to be more effective in the Auger excitatio
processes,12,16 and we will consider below only the secon
term in Eq.~5!.

We use the effective-mass approximation to calcul
the Auger amplitudes~3! and ~4!. We thus write the wave
functions of the electron and hole states as a compositio
distinct components which correspond to the different ene
bandsCe,h5( iC i

(e,h)ui , whereui are the Bloch functions
of the i-band, andC i

(e,h) are the envelope wave function
e
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which were obtained by solving the corresponding eig
value problem for the electron and hole states localized
Er–O complex, and which were described in the previo
section. The silicon conduction band is closest to the elec
level and might have the largest wave function compon
for the electron state. As was shown in Ref. 3, however,
overlapping integral of the valence and conduction ba
Bloch functions gives zero contribution toMEx . Thus the
main contribution to the amplitudeMEx provides the over-
lapping of the valence components of the electron (Cn

(e)) and
hole (Cn

(h)) functions, namely, the light hole componen
These components can be easily written if we again use
assumption concerning the mixing of the conduction and
lence band states in the Er–O complex according to the K
model. The details of such calculations have been descr
in our previous study.12 Here we present the final result:

MEx5631022Qf f 8 /erf
2 meV. ~6!

Note that in our estimations we setQf f 8 /erf
2'1. The main

contribution to the Auger matrix elementMEx ~6! is given by
the area of the bulk semiconductor close to the Er–O co
plex.

The estimation for the amplitudeMA can be obtained by
taking into account that the characteristic value of the bou
electron coordinates isr'R, while the radius vector for free
carriers in silicon isr 8'|51/k8.R, and also thatCe

'R23/2 andCk'1. We have the following estimation:

MA5
e2

|
|3. ~7!

According to the Fermi golden rule, the probability o
the Auger processes forn-type Si is given by

W5
2p

\ E uM u2f e~k!dS \2k82

2mc
2

\2k2

2mc
2DED dk

~2p!3

dk8

~2p!3 ,

~8!

where f e(k) is the free electron distribution function. Afte
integration overk8 and k and substituting Eq.~2!, ~6!, and
~7! for the Auger amplitude, we obtain

W'
uMExu2e4mc

p\3DE2 ~ne|
3!. ~9!

Here|5\/A2mcDE is the wavelength of the outgoing elec
tron, andnc is the electron concentration. Thus the rate
this Auger process is concentration dependent. Expres
~9! is proportional to the number of electrons in the react
area (ne|

3). According to Eq.~9!, the Auger pumping time
is tEx51/W'1012ne

21.
In the p-type semiconductor the energy excess is tra

ferred to the free hole. In this case we obtained the res
described by Eq.~9! with the replacement ofne by nh and
mc by mhh . The factor (n|3) is the same for heavy and ligh
holes. The energy excess is therefore transferred mostl
the heavy holes. Thus, in both cases the efficiency of Au
pumping is determined by the concentrationn of the major
carriers. If n>1018, the time of the Auger recombinatio
turns out to be small enough (tA<1026 s) to excite the ma-
jor part of the Er ions in the Er–O complex.
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The photoluminescence intensity is determined by
two pairs of forward and reverse processes: Auger excita
of the Er ion in the Er–O cluster and Er deexcitation; form
tion and dissociation of the exciton localized at the Er–
complex.19 The time scale of the first two processes is mu
larger than that of the last two. This circumstance allows
to separate their influence on the photoluminescence in
sity I PL . The photoluminescence intensityI PL in the steady
state far from saturation can be written as follows:13

I PL5
1

t rad
NEr* 5

t

t radtEx
NEx , ~10!

whereNEr* is the concentration of excited Er ions,t rad is the
radiative lifetime of the excitation,tEx51/W is the time of
Auger excitation of Er ion described by Eq.~9!, t is the
deexcitation time, andNEx is the concentration of exciton
localized at the Er–O clusters. TheNEx is determined by the
processes of formation and dissociation of bound exciton13

NEx5
NEr-O

11senence
Ee /kT/spnpGtc

, ~11!

whereNEr–O is the concentration of Er–O clusters,se,h are
the cross sections of the electron and hole capture by
Er–O cluster,ne,h are the electron and hole thermal veloc
ties,nc is the effective density of states in the bottom of t
conduction band,G is the optical generation rate of electro
hole pairs, andtc is the carrier lifetime. The dissociation o
the bound exciton is connected with the thermal activation
the captured electron back to the conduction band of silic
Thus the number of bound excitonsNEx has a strong tem
perature dependence~11!, which leads to the trivial tempera
ture quenching of photoluminescence.

The deexcitation of the Er ions was comprehensiv
studied recently by Prioloet al.18 It was shown that the main
contribution to the deexcitation of the Er ions at temperatu
above 15 K is given by the Auger processes with the part
pation of free carriers. Thus the deexcitation time has
same strong carrier concentration dependence,t54.4
310213/n ~Ref. 18!, as the excitation timetEx @see Eq.~9!#.
Therefore, the resulting photoluminescence intensityI PL ~10!
should have much weaker dependence on the concentr
of the free carriers than the times of Auger processes. N
that Eq.~10! is obviously valid in the case of electrolumine
cence under forward bias when the excitation of Er ion a
occurs via the recombination of the bound exciton descri
here.

IMPACT EXCITATION

In the case of electroluminescence under reverse b
the impact excitation of the Er ions takes place when th
are enough hot electrons in silicon with energies above
eV. The impact excitation occurs through the quadrupole
teraction between the silicon hot electrons andf-shell elec-
trons of Er ~Refs. 12 and 16!. The matrix element of this
interaction is
e
n

-

h
s
n-

he

f
n.

y

s
i-
e

ion
te

o
d

s,
e
.8
-

M f Lm, f L8m8~E!5A4p

5
Qf f 8

2m82m

3E e

r 3 CL8m8
* ~r !CLm~r !Y2m912m~n!dr .

~12!

Here e is the electron charge,Qf f 8
2m82m are the quadrupole

matrix elements between the ground state4I 13/2 and the first
excited state4I 15/2 of the Er f-shell, CLm(r ) and CL8m8(r )
are the wave functions of the incident and outgoing silic
electrons,E,L,m and E8,L8,m8 are the energy, angular mo
mentum, and its projection of the incident and outgoing el
trons, respectively. The energy of the outgoing electronE8
after excitation of Er is smaller thanE by the excitation
energyD f f 850.8 eV: E85E2D f f 8 . The wave functions of
the silicon electrons were obtained as the solution of
Schrödinger equation with the electron effective mass a
the cluster potential described above.

The impact excitation cross section for the given ene
of the incident electron can be calculated by using the ma
elements~12! summed over all possible angular momenta
the initial and final electron states:

s~E!5
p

4AE3E8
(

LmL8m8 f f 8
uM f Lm, f 8L8m8~E!u2. ~13!

Herem is the average effective mass in the silicon cond
tion band. Figure 4 shows the energy dependence of the
pact excitation cross section. The strong maximum on
s(E) dependence atE5E11D f f 8'1.6 eV is due to the
resonant excitation of Er by the silicon electrons with ang
lar momentumL51 accompanied by the electron captu
into the Er–O cluster resonant state with energyE1

50.8 eV and angular momentumL51 ~Ref. 19!. The partial
cross sections1→1 of this process is represented by a dash
line. It is clearly seen that this process dominates in the
excitation below the energy 1.7 eV. The maxima ins(E)
dependence at higher energies are connected with the
nant states with higher angular momentaL.1. For compari-
son we plot the excitation cross sections0 for isolated Er

FIG. 4. The impact excitation cross sections(E) of Er as a function of the
incident electron energy~solid line!, the partial cross section for angula
momenta of the incident and outgoing electron of unitys1→1 ~dashed line!,
and the excitation cross sections0 of an isolated Er atom~dotted line!.
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atoms~dotted line!. In the resonant region the impact cro
sections(E) of Er in the cluster exceeds the cross sect
s0 of an isolated Er atom by two orders of magnitude.

Note that in the electroluminescence experiments on
doped Si diodes only a small fraction of the hot electro
falls into the resonance region. One should therefore ave
s(E) over the energy distribution of the hot electrons
order to obtain the experimentally observed cross sectios.
Assuming the energy distribution function to be Maxwelli
with the electron temperatureTe , we obtain the following
expression for the excitation cross section:

s5
1

Te
2 E

D f f 8

`

s~E!e2E/TeEdE. ~14!

In Fig. 5 we plot the average impact excitation cross sec
s as a function of the electron temperatureTe . The actual
value of the electron temperature in the experiments20,21 is
estimated to be 0.65 eV. The corresponding value of
excitation cross section~14! is s53.5 Å2, which is close to
the experimental values'4 Å2 ~Refs. 20 and 21!.

CONCLUSIONS

A model for excitation of the Er-related emission in si
con codoped with erbium and oxygen is proposed. T
model provides a deeper insight into the energy transfer
cesses in photoluminescence and electroluminescence
proceed from the carriers of the semiconductor host tow
the Er31 ions in Er–O clusters. In both cases the discrete
quasi-discrete electron levels localized at the Er–O clu
play the main role.

In the case of photoluminescence and electrolumin
cence under forward bias, when there are not enough
carriers in silicon, the excitation of Erf-shell electrons occurs
via the Auger recombination of the exciton bound at t
Er–O cluster. In this paper we proposed a concrete sch
of this process in which the excess energy is transferre
the free carriers. The excitation rate and the rate of the
verse process of energy backtransfer are proportional to

FIG. 5. The average impact excitation cross sections plotted as a function
of the electron temperatureTe .
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concentration of the free carriers in silicon. This results in
rather weak dependence of the luminescence intensity on
carrier concentration.

In the case of electroluminescence under reverse bias
suggested mechanism for the Er impact excitation in Si:Er
explains the role of O in the enhancement of the Er-dop
silicon diode electroluminescence. The proposed mechan
is based on the presence of the resonance levels with non
angular momentum formed by the quantum-well potentia
the Er–O cluster. The resonance scattering of the hot e
trons on these quasi-discrete levels enhance the impact
tation cross section.

Of course, the model used by us is rather crude a
simple but it reproduces the main features of the excitat
processes quite well and explains the high efficiency of
luminescence in Si:Er, O.

This work was supported by INTAS-RFBR~Grant
N 95031!.
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Mechanism of erbium electroluminescence in hydrogenated amorphous silicon
M. S. Bresler, O. B. Gusev, P. E. Pak, E. I. Terukov, K. D. Tséndin, and I. N. Yassievich

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted November 17, 1998; accepted for publication December 15, 1998!
Fiz. Tekh. Poluprovodn.33, 671–673~June 1999!

The mechanism of the electroluminescence of erbium under a reverse bias in structures based on
hydrogenated amorphous silicon is studied. Erbium ions are excited through an Auger
process, in which conduction electrons are trapped by neutral dangling bonds (D0 centers! located
near the erbium ions. A stationary current through the structure is sustained by a reverse
process involving the thermally stimulated tunneling emission of electrons by negatively charged
dangling-bond defects (D2 centers! into the conduction band of the amorphous matrix.
© 1999 American Institute of Physics.@S1063-7826~99!00906-0#
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1. INTRODUCTION

Efficient photo- and electroluminescence from erbiu
ions in erbium-doped hydrogenated amorphous silic
(a-Si:H^Er&) have recently been observed.1–4 The interest in
this semiconductor matrix was sparked both by the v
simple and inexpensive method for doping it with erbiu
@magnetron sputtering of metallic erbium in an atmosph
of silane (SiH4) or magnetically assisted silane decompo
tion ~MASD!# and the comparably weak thermal quenchi
of erbium luminescence in it, which render this mater
promising for the fabrication of 1.54-mm light-emitting di-
odes operating at room temperature.

It was theorized in Refs. 4 and 5 that the excitation
erbium ions ina-Si:H^Er& takes place through an Auger pro
cess, in which an electron from the conduction band
trapped by a neutral dangling-bond defect~a D0 center!, con-
verting it into a negatively charged defect~a D2 center!. The
transition energy is transferred by a Coulomb interaction t
4 f electron of the erbium ion and excites it from the grou
state~4I 15/2) to the first excited state~4I 13/2).

In a stationary regime there must be a reverse proc
which returns the defects from theD2 state to theD0 state.
The present study revealed that the multiphonon tunne
ionization ofD2 centers by an applied electric field serves
such a process in the case of electroluminescence. This
ization specifies an increase in the electron concentratio
the conduction band and a dependence of the erbium e
troluminescence on electric field.

2. EXPERIMENTAL RESULTS

Electroluminescent structures based on erbium-do
hydrogenated amorphous silicon were fabricated by the m
netron sputtering of erbium in a silane atmosphere~MASD!,
in which the sputtering takes place in a discharge in a m
ture of argon and silane (SiH4). Films with a thickness of 1
mm were deposited on ann-type silicon substrate with a
donor concentration equal to 531017 cm23. The erbium
concentration in the structures investigated reached a
1020 cm23. The electroluminescence was measured in
temperature range 772300 K. The emission of erbium wa
6221063-7826/99/33(6)/2/$15.00
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observed with transillumination through the crystalline s
con substrate. The measurements were performed in
regime.

Erbium luminescence in the form of a narrow line
1.54mm was observed only when a reverse bias was app
to the structure. The dependence of the erbium luminesce
intensityI EL and the electric current through the structure
the electric field intensityE at high fieldsE.1.53105 V/cm
tends asymptotically to an lnIEL}E2 law . The temperature
dependence of the erbium luminescence intensity for vari
values of the current passing through the structure is sh
in Fig. 1.

3. DISCUSSION OF THE RESULTS

The implantation of erbium ions in the amorphous m
trix is accompanied by the formation of a large number
defects in the form of dangling bonds with a concentration
the order of 1018 cm23. Therefore, we can presume th
dangling-bond defects (D centers! are found near erbium
ions. It can also be expected that the implantation of erbi
in amorphous silicon with a large concentration of oxyg
causes the formation of donorlike erbium-oxygen complex
like those formed in crystalline silicon. In this case there
an approximately equal number ofD centers in the neutra
(D0) and negatively charged (D2) states.

Under a reverse bias, excess electrons appear in the
duction band as a result of the thermally stimulated tunne
ionization ofD2 centers in the electric field. Their concen
tration rises exponentially with applied electric field accor
ing to the relationn5n0 exp(E2/Ec

2), whereEc is the charac-
teristic electric field. As they move in the amorphous lay
these electrons are trapped byD0 centers and can excit
erbium or defect-related luminescence. The correspond
diagram of the transitions is shown in Fig. 2.

The e1D0→D2 transition can be radiative or nonrad
ative. If D centers are located near erbium ions, another
combination channel is opened: an Auger process, whic
accompanied by excitation of an erbium ion due to a C
lomb interaction between an electron trapped by aD0 center
and a 4f electron of the erbium ion, is possible. Such
© 1999 American Institute of Physics
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defect-related Auger excitation~DRAE! process is especially
efficient due to its almost resonant character. The excess
ergy of the transition is imparted to local phonons. A detai
theoretical treatment of the DRAE process was presente
Ref. 6. The erbium luminescence intensity is described
the relation

I L5cAnND0~t/tR!5cAn0 exp~E2/Ec
2!ND0~t/tR!,

where cA is the contribution of the DRAE process to th
capture coefficient,t andtR are the total and radiative life
times of erbium ions in the excited state, andn andND0 are
the concentrations of electrons in the conduction band an
D0 centers, respectively. The magnitude of the character
field determined from an experimental plot of lnIEL}E2,

FIG. 1. Temperature dependence of the erbium electroluminescence i
sity for various values of the currentI, mA: 1 — 5, 2 — 10, 3 — 15, 4 —
20.

FIG. 2. Energy band diagram and electron transitions under a reverse
n-
d
in
y

on
ic

Ec51.63105 V/cm, is consistent with the results of an in
vestigation of the multiphonon tunneling ionization of de
centers in crystalline silicon.7

The temperature dependence of the electroluminesce
~EL! intensity was measured with a constant current pass
through the structure. It can easily be shown that the
served temperature-induced increase in the EL intensit
caused by the exponential growth of the concentration oD
centers in the neutral state (ND0) with increasing tempera
ture.

4. CONCLUSIONS

In summary, we have observed strong electrolumin
cence of erbium ions at room temperature in a semicondu
structure based on amorphous silicon. The characteristic
the structure seem promising for the further developmen
light-emitting diodes which emit at a wavelength of 1.54mm
and can be integrated into silicon electronics. The mec
nism for passage of an electric current through the struc
has been revealed: it is controlled by the multiphonon t
neling ionization ofD2 centers in the applied electric fiel
and a reverse process involving the trapping of free electr
by D0 centers. Defect-related Auger excitation~DRAE! pro-
vides a strong channel for trapping electrons from the c
duction band and is responsible for the excitation of erbi
ions which are found close to dangling-bond defects. T
entire body of our experimental data is consistent with
proposed mechanisms.

This work was supported by the Russian Fund for Fu
damental Research~Grants No. 96-02-16931a and No. 9
02-18246!, the Ministry of Science of the Russian Federati
~Grant 97-1036!, the INCO-COPERNICUS program~Grant
977048-SIER!, and a NATO Grant~HTECH.LG 972032!.
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Effect of annealing on the optical and structural properties of GaN:Er
N. A. Sobolev,* ) V. V. Lundin, V. I. Sakharov, I. T. Serenkov, and A. S. Usikov
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The effect of annealing on the optical and structural properties of gallium nitride layers grown
by metalorganic chemical vapor deposition and implanted with 0.8 to 2.0-MeV erbium
ions at doses of (124)31014 cm22 is investigated. Additional implantation of 0.11 to 0.28-
MeV oxygen ions at doses of (124)31015 cm22 is performed on some samples.
Measurements of the Rutherford backscattering of protons show that amorphization of the
gallium nitride layers does not occur at the erbium implantation doses investigated. The formation
of erbium-related luminescence centers which emit at 1.54mm ends before the defect
structure of the implanted layers is restored during a postimplantation anneal in the temperature
range 70021300 °C. © 1999 American Institute of Physics.@S1063-7826~99!01006-6#
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The interest in the study of the luminescence of erbi
ions in semiconductors is due to the prospects of employ
them in optoelectronics. To obtain a better understanding
the defect-formation processes and the luminescence of E31

ions, various semiconductors, from silicon to gallium nitrid
have been investigated. According to the results, the ther
quenching of the photoluminescence~PL! intensity of er-
bium ions decreases significantly as the gap width of
semiconductor increases. For example, in Si:Er the PL in
sity of the erbium ions decreases by several orders of m
nitude as the measurement temperature is raised from liq
nitrogen temperature to room temperature,1 whereas in
GaN:Er a severalfold decrease in the intensity is observ2

The behavior of structural defects in GaN:Er has been s
ied to a clearly insufficient extent. The purpose of the pres
work was to investigate the influence of the postimplantat
annealing conditions on the optical and structural proper
of erbium-doped gallium nitride layers.

EXPERIMENTAL CONDITIONS

Undopedn-type GaN films with a charge-carrier densi
n;1018 cm23 and a thickness of 1.2mm were grown on
~0001! sapphire substrates by metalorganic chemical va
deposition~MOCVD!. The growth procedure was describe
in detail in Ref. 2. Erbium ions withE50.822.0 MeV and
doses D5(124)31014 cm22 and oxygen ions withE
50.1120.28 MeV andD5(124)31015 cm22 were im-
planted at room temperature. The energies of the oxy
ions were selected so that their projected ranges would c
cide with the corresponding values for erbium ions. The i
planted samples were annealed in a furnace for rapid the
annealing atT0570021300 °C during a timet51521800 s
in a stream of nitrogen. The time needed to heat the sam
to the assigned temperature was much shorter than the d
tion of the anneal.
6241063-7826/99/33(6)/3/$15.00
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The PL was excited by the emission of a halogen lam
The radiated power focused by a lens system onto the sam
was ;50 mW. The PL signal was measured by an InGa
photodetector operating at room temperature. The rad
flux from the halogen lamp was modulated by an interrup
at a frequency of 18 Hz. The detector photocurrent pul
were converted into a variable voltage, which was record
using a selective voltmeter. The resolution of the system w
;3 nm. The crystal structure of the implanted layers w
investigated by measuring the Rutherford backscatte
~RBS! of 230-keV protons scattered at a 120° angle.

RESULTS AND DISCUSSION

Figure 1 shows the PL spectra, measured at 300 and
K, of a GaN sample implanted with erbium ions having se
eral energiesE52, 1.6, 1.2, and 0.8 MeV at partial doses
131014 cm22 and annealed at 1300 °C for 360 s. The c
culated values of the projected range of the ions are 0.5,
0.3, and 0.2mm, respectively. The most intense emissi
peak with a maximum atl51.538mm is caused by transi
tions of electrons from the first excited state~4I 13/2) to the
ground state~4I 15/2) of the Er31 ions. The broad emission
band atl;121.4 mm with a maximum atl51.17 mm is
associated with the PL of defects in GaN, since it is obser
both after the implantation of erbium ion and after the im
plantation of neodymium3 or chromium.4 The series of small
peaks nearl;1 mm is probably caused by transitions o
electrons from the second excited state~4I 11/2) of the Er31

ion to the ground state~4I 15/2).
2 We note that we did not

detect significant differences between the PL spectra
GaN:Er and GaN:Er:O. For the samples whose spectra
shown in Fig. 1 the PL intensity atl51.538mm increased
by a factor of 2.2 when the measurement temperature
© 1999 American Institute of Physics
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lowered from 300 to 80 K. The intensity of the PL signal
the maximum of the defect band increased more than t
fold upon cooling from 300 to 80 K.

The PL intensity of Er31 at l51.538 mm rises mono-
tonically as the temperature of the isochronal anneal~with a
duration of 15 s! is increased in the range 70021300 °C,
reaching a tenfold increase for the 1300 °C anneal in co
parison to the 700 °C anneal. The strongest increase is
served at T0.900 °C. The emission from defects rise
sharply atT0.1100 °C and increases with increasing a
nealing time. The intensity of the erbium-related PL
GaN:Er atT051300 °C scarcely increases when the anne
ing time is increased from 15 to 400 s. However, the int
sity of the defect-related band rises.

Figure 2 presents the RBS spectra of protons
GaN:Er:O. Spectra1, 2, and3 were measured with channe
ing along thê 0001& axis of the single crystals investigate
and spectrum4 was measured in the unoriented~‘‘random’’ !
regime. Curve1 is the channel spectrum for the as-grow
layer before implantation and essentially corresponds to
signal for an ideal GaN single crystal. For this sample
relative proton scattering yieldxmin ~the ratio between the
counts in the channeling and random regimes for chan
beyond the surface peak: channels 286–315! equals;0.015,
which is close to the theoretical values for a perfect sin
crystal. The RBS spectrum obtained in the channeling
gime after the implantation of erbium and oxygen ions
represented by curve3. It can be seen that the implantatio
of oxygen has essentially no influence on the RBS spectr
Curve2 is the spectrum for the same sample after annea
at 900 °C for 30 min.

The distributions of intrinsic point defects~gallium and
nitrogen atoms displaced into interstitial positions! across the
thickness of the sample were calculated from curves2 and3
in Fig. 2 within the model described in Refs. 5 and 6. T
relative defect concentrations at the maxima of the distri

FIG. 1. Photoluminescence spectra of a GaN:Er sample after anneali
1300 °C for 360 s. The spectra were measured at 80~1! and 300 K~2!. For
convenience, curve1 has been displaced upward by 1 arb. unit.
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tions are equal to 0.17 after implantation and to 0.08 a
annealing. It is noteworthy that in the case of the implan
tion of erbium ions with the same energies in silicon, co
plete amorphization of the surface layer occurs already a
Er implantation dose of 131014 cm22 ~Ref. 7!. In other
words, at the same dose and energy of the erbium ions
extent of damage in the crystal lattice is considerably sma
in gallium nitride layers than in silicon.

The ratio between the value ofxmin for a sample of
GaN:Er:O after annealing and the value for the as-gro
single crystal is;3.5. At the same time, in silicon subjecte
to the same implantation and annealing conditions the va
of xmin essentially coincides with the value for the as-grow
sample before implantation, i.e., the defect structure of s
con is completely restored during the postimplantation
neal.

Thus, it has been established that the formation of o
cally active erbium-related centers during postimplantat
annealing is considerably faster than the restoration of
defect structure of erbium-implanted gallium nitride sampl
The accumulation of radiation defects during implantati
and their removal during annealing is significantly slower
GaN:Er layers than in Si:Er.

We wish to thank E. O. Parshin for the implantation.
This work was carried out with financial support fro

the INTAS-RFBR~Grant 95-0531!.
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Optical activity of Yb in GaAs and low-dimensional GaAs/GaAlAs structures
A. A. Gippius, V. M. Konnov, V. A. Dravin, N. N. Lo ko, I. P. Kazakov,
and V. V. Ushakov

P. N. Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia
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Fiz. Tekh. Poluprovodn.33, 677–679~June 1999!

It is shown that the optical activation of Yb in GaAs and low-dimensional GaAs/GaAlAs
structures can be achieved by forming three-component~Yb1S/Se/Te1O! luminescence centers
based on the Yb31 ion. A correlation between the characteristics of these centers and the
parameters of the chalcogen coactivators is discovered. Oxygen is shown to play a decisive role
in transferring the energy of electron-hole pairs to the luminescence centers. ©1999
American Institute of Physics.@S1063-7826~99!01106-0#
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The investigations of rare-earth~RE! elements as impu
rities in semiconductors are motivated by the prospects
creating optoelectronic devices which combine the emiss
characteristics of intracenter optical transitions within thef
shell ~narrow, thermally stable lines! with the compactness
of semiconductor devices. The intensity of thef 2 f lumines-
cence in semiconductors doped with RE elements is de
mined, in particular, by the probability of optical transition
within the 4f shell of the RE centers and the efficiency of t
transfer of energy from electron-hole pairs to the lumin
cence centers. Both of these factors depend on the stru
of the luminescence centers, i.e., on the position of the
impurity in the crystal lattice and its possible associat
with other impurities and/or defects.

This paper summarizes the results of the investigati
of luminescence centers based on the Yb31 ion in GaAs and
low-dimensional GaAs/GaAlAs structures carried out in t
P. N. Lebedev Physics Institute of the Russian Academy
Sciences during the last three years. The results of the
ceding studies of other investigators can be reduced to
fact that Yb can be optically active in binary and terna
III–V compounds only if it is located at lattice points.1 On
the basis of such ideas the very low luminescence inten
associated with Yb31 ions in GaAs was attributed to th
small fraction~as follows from Rutherford scattering data! of
substitutional Yb ions. We have been able to show that
can be optically active in GaAs when it is associated w
other impurities.

A Yb impurity was introduced into GaAs and GaA
GaAlAs structures either by ion implantation or during t
molecular-beam epitaxial~MBE! process. The implantation
was carried out at ion energies and doses which ensu
‘‘flat’’ distribution profile of the Yb impurity and the coac
tivators ~O, S, Se, and Te! to a depth of 150 nm with a
concentration in the range 101721019 cm23. To eliminate
the radiation damage created by the implantation process
samples were annelated at temperatures up to 800 °C
compromise growth regime for doping during the MBE pr
cess, which permits the introduction of Yb in concentratio
up to 1018 cm23 without adversely affecting the quality o
the crystalline matrix, was determined.
6271063-7826/99/33(6)/3/$15.00
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In the initial stage of this study we performed systema
investigations of the conditions for the formation of lumine
cence centers based on Yb31 ions in GaAs single crystals
with various concentrations of background impurities, whi
were monitored by secondary-ion mass spectrome
~SIMS!. When Yb was implanted in a material with a com
paratively low (,1017 cm23) content of background impu
rities, it was found that ytterbium-related luminescence c
ters do not appear, in agreement with the literature d
available. The additional implantation of oxygen led to t
appearance of luminescence lines in the spectral range
responding to2F5/22

2F7/2 transitions of the Yb31 ion. In the
case of a material with a high (;1018 cm23) concentration
of background impurities~Se, O, Si, C, etc.! luminescence
associated withf 2 f transitions of Yb31 was observed afte
the implantation of Yb ions alone, and its intensity differe
by more than an order of magnitude for different~identically
implanted! samples in this group. The additional implant
tion of oxygen sharply increased the luminescence inten
and diminished its spread for different samples. It follow
from these data that oxygen plays a decisive role in the ‘‘
tical activation’’ of Yb in GaAs.

The data for different samples and different implantati
and annealing conditions enabled us to identify several st
ing groups of lines (X1 /X2 , Y1 /Y2) assigned to different
centers in the spectral range 98021020 nm, i.e.,
1.26421.215 eV~where up to 100 lines were observed in t
spectra of some samples! ~Fig. 1a!. The considerably less
intense lines at 103021100 nm, which are shifted towar
lower energies by 70 meV and are assigned to optical tr
sitions involving phonons, were correlated with lines of t
X1 /X2 andY1 /Y2 systems.

The appearance of different combinations of lines in
luminescence spectra of different, but identically~Yb1O!
implanted and annealed samples points to the possible
mation of Yb31-based luminescence centers contain
background impurities~Se, O, Si, C, etc.!, which can be
detected by SIMS in some of the samples investigated.
combined implantation of Yb, oxygen, and one of the ch
cogens~S, Se, or Te! in samples with a small content o
background impurities led to the appearance of luminesce
© 1999 American Institute of Physics
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628 Semiconductors 33 (6), June 1999 Gippius et al.
lines which are specific for each of the chalcogens~Figs.
1b–1d!. Thus, the optical activation of Yb in GaAs can b
achieved by forming Yb31-based three-component~Yb1S/
Se/Te1O! luminescent complexes, which probably form a
result of fairly complicated reactions between their comp
nents during the annealing.2,3

The characteristics of three-component complexes o
single type correlate with the properties of the chalcog
atoms appearing in them. For example, the annealing t
perature at which the Yb1S/Se/Te1O complexes form in-
creases~580/620/650 °C! with the mass of the chalcogen. A
can be seen from Table I, the energy of the optical transi
increases with the size of the chalcogen atom appearin
the composition of the center, and the phonon energy
creases as its mass increases.

The role of the chalcogens in the optical activation of Y
is probably confined to the formation of a definite char
state of the RE ion (Yb31) and the creation of low-symmetr
crystal fields, which depend on the parameters of the coa
vator and remove the parity prohibition onf 2 f transitions.
As for oxygen~which appears in the composition of all th
luminescence centers investigated without exception!, it is
not clear whether it influences their energy spectrum at al
has not been ruled out that it participates somehow in tra

FIG. 1. Luminescence spectra associated with the2F5/22
2F7/2 transitions of

Yb31 ions in GaAs for various combinations of implanted impurities~the
concentration of each was 1019 cm23): a — Yb1O, b — Yb1Te1O, c —
Yb1Se1O, d — Yb1S1O. Annealing temperature, °C: a, b — 700; c, d —
660.
-

a
n
-

n
in
e-

ti-

It
s-

ferring excitation energy of the system of electron-hole pa
to the luminescence centers.

The intensity of the luminescence associated with thr
component centers in GaAs is comparable to the intensit
GaP:Yb and even in InP:Yb~where the high luminescenc
intensity is associated with the substitutional position of
isolated Yb atoms!. This provides some basis to postula
that the position of the rare-earth atoms in the lattice is

FIG. 2. Luminescence spectra of GaAs doped with Yb during the M
process~a! and additionally doped with oxygen by implantation~b–e!. The
Yb concentration was 1018 cm23. Oxygen concentration: b — 1018, c —
331018, d — 631018, e — 1019 cm23. The annealing temperature wa
700 °C.

TABLE I. Energy characteristics of Yb31 luminescence centers.

Center E0, eV d5Ef2E0, meV Eph , eV \vph , meV

X1 1.2321 38.4 1.1615 70.6
X2 1.2329 37.6 1.1634 69.5
Y1 /Y2 1.2518 18.7 1.1849 66.7
S1 1.2254 45.1 1.1347 90.7
Se1 1.2321 38.4 1.1615 70.6
Te1 1.2415 29.0 1.1848 56.7

Note: HereEf51.2705 eV is the energy of the2F5/22
2F7/2 transition of a

free Yb31 ion, E0 is the energy of the zero-phonon transition,Eph is the
energy of the transition with the participation of a phonon, and\vph5E0

2Eph is the phonon energy.
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the only ~and, possibly, not even the main! factor determin-
ing their optical activity in cases where they appear in
composition of luminescent complexes.

The formation of luminescence centers in Yb-dop
GaAs layers during molecular-beam epitaxy takes place,
whole, just as it does in the bulk material: luminescen
associated withf 2 f transitions of Yb31 is observed only
after the implantation of oxygen and annealing.4 The spec-
trum exhibits numerous lines, which are associated with c
ters containing Yb, O, and background impurities, partic
larly Se ~Fig. 2!.

Luminescence centers associated with Yb31 were cre-
ated in quantum-well structures based on GaAs/GaAlAs
ther by doping during the MBE process or by ion implan
tion ~with the additional implantation of oxygen an
annealing in both cases!. In the structures consisting of
sequence of quantum wells of various thicknesses, spe
lines of intrinsic luminescence from different wells served
probes for monitoring the spatial distribution of the radiati
defects, and implantation and annealing regimes, which
sure that the structures have an acceptable quality after
plantation, were determined.5 According to the preliminary
e

a
e

n-
-

i-
-

fic
s

n-
-

data, the luminescence intensity~per unit of concentration!
of the Yb31-based centers in the quantum wells is more th
an order of magnitude greater than that in the bulk mater
apparently because of the spatial confinement of
electron-hole pairs.6

This work was carried out with financial support fro
the RFBR ~No. 96-02-18206!, the Physics of Solid-State
Nanostructures Program~No. 97-1046!, the INTAS-RFBR
~No. 95-053!, and the CRDF~No. RE1-235!.
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ATOMIC STRUCTURE AND NON-ELECTRONIC PROPERTIES OF SEMICONDUCTORS

Photothermoacoustic and photoelectric microscopy of silicon
R. M. Burbelo, A. G. Kuz’mich,* ) and I. Ya. Kucherov

Taras Shevchenko Kiev University, 252017 Kiev, Ukraine
~Submitted August 11, 1998; accepted for publication October 1, 1998!
Fiz. Tekh. Poluprovodn.33, 680–686~June 1999!

Combined photothermoacoustic and photoelectric microscopy is used to investigate silicon-based
structures: an epitaxially grownn-type region in ap-type substrate, ap2p1 interface
obtained by implanting boron ions, and a region near a crack tip. It is concluded that the
visualization of epitaxial regions by thermal waves most probably stems from the elastic stresses
appearing during fabrication of the structures. It is shown that the spatial distribution of the
elastic stresses appearing upon ion implantation is visualized by thermal waves. In the region near
the crack tip inhomogeneities in the thermoelastic and energy properties extending over
hundreds of microns can be diagnosed by thermal waves and electron-hole plasma waves. Spatial
periodicity with a period;85 mm is discovered in the variation of the thermoelastic
properties near the crack tip. ©1999 American Institute of Physics.@S1063-7826~99!01206-5#
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Photothermoacoustic microscopy is being developed
the diagnostics of materials and devices.1–3 Information is
conveyed in it by thermal waves. They are generally exci
by modulated optical radiation. The light absorbed by
sample periodically heats it, exciting thermal waves. T
amplitude and phase of the thermal waves are function
the optical and thermal parameters of the sample. Infor
tion on the properties of a sample can be obtained by rec
ing the variable component of the temperature~u! by any
effective method. Several different methods for recordinu
have been proposed. The dependence of the information
tained on the method used to recordu is significant in pho-
tothermoacoustic microscopy. Piezoelectric detection, wh
is one of the most sensitive methods,2 is used in the presen
work.

When semiconductors are irradiated by modulated lig
electron-hole plasma waves of the nonequilibrium carri
are excited in them along with the thermal waves. This le
to variation of the distribution of the bulk heat sources a
consequently, to a dependence ofu on the generation-
recombination parameters of the semiconductors~the life-
times of the nonequilibrium carriers, the carrier diffusion c
efficient, the recombination rates, etc.!.4 The electron-hole
plasma waves of nonequilibrium carriers can serve as an
dependent information carrier for semiconductor diagnost
The latter are described by a dispersion relation similar
that for thermal waves.5 One special feature of electron-ho
plasma waves is the finite lifetime of the nonequilibriu
electron-hole pairs. This leads to a dependence of their
fusion length which differs somewhat from the depende
of the diffusion length for thermal waves. This creates fav
able conditions for combining two diagnostic methods
semiconductors and semiconductor devices, which emp
thermal waves and electron-hole plasma waves as the in
mation carrier, in a single instrument. Since the parame
6301063-7826/99/33(6)/6/$15.00
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of thermal waves and electron-hole plasma waves are de
mined by different constants of semiconductor materials
since their properties are similar, these two methods
complement one another in a single instrument.6

This paper is devoted to an investigation of seve
silicon-based structures using combined photothermoac
tic ~PA! and photoelectric~PA! microscopy. These experi
ments seem interesting to us, because, although the PA e
is widely used to study semiconductors~see, for example,
Ref. 7!, the PA microscopy of semiconductors with piez
electric detection has scarcely been studied and there
only a few reports concerning it.8–10 Moreover, there have
been no comparative studies of semiconductors by PA
PE microscopy at all.

A block diagram of a combined PA-PE microscope,
which the amplitude and phase of the PA and PE sign
serve as the information parameters, is shown in Fig. 1.
ser radiation modulated with a frequencyf 580 kHz ~1! ~l
5488 mm! is focused by a lens~2! onto the surface of the
sample~3! in a spot having a diameter no greater than
mm. The laser radiation absorbed by the sample heats it
generates nonequilibrium electrons and holes. As a re
thermal waves and electron-hole plasma waves are excite
the sample. Because of the thermoelastic effect, the the
waves produce ultrasonic oscillations, which are detected
a piezoelectric transducer~4!. The electrical signal from the
piezoelectric transducer is fed through a commutator~7! into
two identical synchronous amplifiers~5 and6!, which output
PA signals with ap/2 phase shift. These signals are pr
cessed by a computer~9!, and the amplitude~in relative
units! and the phase shift of the PA signal are calculated. T
information obtained can be represented in the form of gr
scale amplitude and phase topograms or single-line pl
Information on the variable component of the concentrat
of nonequilibrium carriers on the sample surface was
© 1999 American Institute of Physics
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631Semiconductors 33 (6), June 1999 Burbelo et al.
tained by measuring the capacitive photovoltage.11 For this
purpose, a thin metallic electrode~8! in the form of a disk
having a diameter of 1 mm with a hole at its center
passage of the laser beam was placed on the sample su
The electrical photovoltage signal was processed precise
the PA signal. The sample was scanned with the laser b
by moving the sample together with the piezoelectric sen
on a computer-controlledX2Y stage~10! with a 0.01-mm
step.

Samples of the following types were used:
–p-Si wafers with ann-type region of epitaxial growth

~a ‘‘pocket’’!;
–p-Si wafers with an interface between undoped a

doped regions~implantation of B1 ions at a dose of 0.05
mC/cm22);

–p-Si wafers with a crack appearing in the primary pr
cessing stage~KMD silicon, r563103 V•cm, dislocation
densitys5531024 cm22).

The surfaces of all the samples were polished to a p
fectly reflecting state.

Figures 2–4 present the PA and PE amplitude~ampl.!
and phase topograms of these samples and plots of the v
tion of the amplitude and phase within a single scanning
with the coordinate indicated, which is marked on the top
grams by the LS–LS8 line. Lighter areas on the topogram
correspond to higher values of the respective signal par
eter. The dimensions of the image region are 2.432.4 mm.

It can be seen from the examples presented that the
and PE topograms convey the inhomogeneities in the
structures differently, but fairly clearly. The oblique ligh
and dark bands and spots on the PA and PE topograms o
pocket~Fig. 2! are not observed optically and are probab
images of polished defects~scratches, microcracks, pits, etc!
that appear during the finishing~cutting! of the pockets. A
comparison of the PA and PE images of the different str
tures with one another reveals the following:

– inhomogeneities of different nature in silicon are co
veyed differently to the PA and PE topograms;

– the PE images reflect ap2n junction more clearly
than do the PA images;

– conversely, the PA images convey polished scratc
pits, and fluctuations of properties near a crack more co
pletely.

This can be attributed to the fact that the PA signa
determined primarily by the thermoelastic parameters of

FIG. 1. Block diagram of a combined photothermoacoustic and photoe
tric microscope.
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material~the thermal conductivity, specific heat, thermal e
pansion coefficient, and elastic constants!, which vary little
in response to variation of the electrical parameters of
semiconductor, such as the carrier concentration. Theref
the variations of the PA signal~amplitude and phase! are
determined mainly by the variation of the thermoelas
properties. This means that the visualization of ap2n junc-
tion by thermal waves is probably not related to variation
the carrier concentration, but to something else~see below!.
The PE signal, on the other hand, is determined predo
nantly by the electrical parameters~the concentration of non
equilibrium electrons and holes, the surface band bend
etc.!, on which defects of different kinds can also have
appreciable influence.12 The conditions for their visualization
by electron-hole plasma waves are thereby created.

Comparing the images obtained from samples w
p2n andp2p1 junctions~Figs. 2 and 3!, we see that in the
case of thep2n junction the amplitudes of the PA and P
signals increase upon passage from thep-type region to the
n-type region~from a region with a high concentration o
holes to a region where their concentration is lower!. The
phase shift of the PA signal in then-type region is low~of
the order of 2°25°! and increases somewhat~by roughly
7°210°! upon passage to thep-type region. The oscillation
phase of the PE signal essentially decreases byp upon pas-
sage from thep-region to then-region, i.e., the oscillations o
the PE signal in thep- andn-regions are out of phase. For th
p2p1 junction, which was created by implanting B1 ions,
the amplitude of the PE signal is smaller in the implant
region ~which is enriched with holes! than in the unim-
planted region. The phase shift of the PE signal is roug
80° greater in the ion-implanted region than in the uni
planted part of the crystal. This is qualitatively consiste
with the variations of the PE signal upon passage through
p-Si–n-Si interface in thep2n junction. Conversely, the
amplitude of the PA signal is greater in the boron-implan
region than in the unimplanted region. For thep2n junction,
as was noted above, the amplitude of the PA signal decre
upon passage from then-type region to thep-type region.
The phase shift of the PA signal in the unimplanted reg
amounts to;12°, while in the implanted region it decreas
to ;2°. We thus see that the variations of the amplitude a
phase of the PA signal upon passage from thep-region to the
p1-region are similar to those in thep2n structure upon
passage through thep-Si–n-Si interface. This means that th
visualization of thep2p1 structure, like thep2n junction,
by thermal waves is not related to the variation of the el
trical properties. Such behavior of the PA signal in io
implanted silicon can be explained in the following mann
During the implantation of boron ions, elastic stresses app
in the surface layer of Si.13 It was shown by direct experi
ments in Ref. 14 that the PA response is sensitive to
presence of elastic stresses in the solid. Moreover, its rela
amplitude depends on the sign of the elastic stresses~com-
pressive or tensile stresses! with respect to the direction o
the thermoelastic strains that shape the PA signal. In our c
ion implantation should lead to the appearance of ten
elastic stresses at depths where B1 ions are implanted. The
presence of these stresses can lead to an increase in the

c-
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FIG. 2. Photothermoacoustic~PA ampl., PA phase! and photoelectric~PE ampl., PE phase! images of ap-type Si sample with ann-type region of epitaxial
growth~a pocket! and plots of the variation of the amplitude and phase of the signals along a single scanning line, which is indicated on the images b8
~1 — amplitude,2 — phase!.
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thermal expansion coefficientaT . Also, since the amplitude
of the PA signal recorded with piezoelectric detection is
rectly proportional toaT ~Ref. 15!, the amplitude of the PA
response should increase in the implanted region. All
provides some basis to assume that, in all likelihood,
increase in the amplitude of the PA signal in the implan
-

is
e
d

region is caused by the appearance of elastic stresses i
crystal during implantation of the impurity.

Since the electrical parameters do not have an ap
ciable effect on the PA signal in thep2p1 structure, it can
be concluded that visualization of ann-type pocket in a
p-type substrate by thermal waves~Fig. 2! is likewise not
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FIG. 3. Photothermoacoustic~PA ampl., PA phase! and photoelectric~PE ampl., PE phase! images of the interface between the unimplanted and implan
regions in ap2p1-Si sample and plots of the variation of the amplitude and phase of the signals along a single scanning line, which is indicated on th
by LS–LS8 ~1 — amplitude,2 — phase!.
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related to the differences between the electrical propertie
thep- andn-type silicon regions. The most likely factor pe
mitting PA visualization of the pocket is the presence
elastic stresses in the pocket region, which appear during
epitaxial growth ofn-silicon on thep-substrate. Thus, the PA
of

f
he

visualization of the pocket attests to the presence of resid
elastic stresses in it.

Let us analyze the PA and PE topograms of a sam
with a crack~Fig. 4!. It is seen that the boundaries of th
crack are diffuse and that the length of the defect is sign
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FIG. 4. Photothermoacoustic~PA ampl., PA phase! and photoelectric~PE ampl., PE phase! images of ap-Si sample with a crack and plots of the variatio
of the amplitude and phase of the signals along a single scanning line, which is indicated on the images by LS–LS8 ~1 — amplitude,2 — phase!.
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cantly greater than in the case of optical observation~the
optical visualization boundary of the crack was determin
using a microscope with a visual magnification of 300 and
indicated on the images by the O–O8 line!. On the PA topo-
gram the crack image is;0.4 mm longer than the optica
image, and on the PE topogram it is;0.56 mm longer than
the optical image. This can be explained in the followi
manner. The formation of a crack in a crystal is preceded
an increase in the dislocation density. The branched dislo
d
s

y
a-

tion structure and the fields of elastic stresses near the c
tip ~B! influence the thermoelastic and electrical parame
of the semiconductor. As a result, the PA and PE image
the crack are significantly larger than the optical image. T
PA and PE topograms of the crack in silicon exhibit perio
icity in the crack inhomogeneity. The length of the period
this inhomogeneity is;85 mm. The same periodicity in the
inhomogeneity of the properties occurs in the part of
sample near the crack tip, where the crack is not visuali
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optically. It is most clearly seen on the phase PA topogra
attesting to its thermoelastic nature. This is probably beca
the crack development process, which begins with the g
eration of irregularities in the physical properties of the cr
tal, primarily the elastic properties, has a spatially perio
character. This can apparently explain the abrupt charact
crack development observed experimentally.16 The results
presented above lead to the conclusion that the regions
stressed state appearing in a crystal before its fracture ca
visualized with the aid of thermal waves and electron-h
plasma waves.

The PE topograms and plots of the variation of the a
plitude and phase of the PE signal within a single scann
line in the region with elastic stresses near the crack tip~Fig.
4! exhibit a change in the contrast of the image, which
associated with a fairly significant drop in the measured
signal.

The amplitude and phase shift of the PE signal unde
similar variations upon passage through a region with
smaller concentration of hole-type carriers~compare Fig. 4
with Figs. 2 and 3!. This provides some basis to assume t
the hole concentration is lowered in the region of defect f
mation at the crack tip inp-type Si.

Thus, these experiments show that a combination of
methods~the photothermoacoustic and photoelectric me
ods! provides complementary information on the propert
of semiconductor wafers and permits the diagnostics
structures and various types of defects. In particular, it
been shown that:

– the observed PA contrast of regions of epitax
growth is most probably a consequence of the presenc
elastic stresses in them, which appear during their fabr
tion, and can serve as a diagnostic of the quality of semic
ductor structures;

– the elastic stresses appearing during the ion impla
tion of semiconductor wafers can be diagnosed by the
method;

– the elastically stressed region near the tip of a crac
silicon has a spatially periodic strength, which is proba
responsible for the abrupt development of the crack;
,
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– a region with a reduced hole concentration appear
the elastically stressed region near a crack tip inp-type sili-
con.
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Radiation-thermal activation of silicon implanted in gallium arsenide
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The layer density, density profile, and mobility of electrons in28Si-ion-doped layers of
semiinsulating GaAs after radiation annealing with electron energy above and below the defect
formation threshold and after thermal annealing in the temperature rangeTa55902830 °C
are investigated. It is shown that for radiation annealing energy above the defect formation
threshold ion-doped layers are formed with much lower annealing temperatures, and the
degree of electrical activation of silicon in these layers is high and the density of electron mobility
limiting defects is low. ©1999 American Institute of Physics.@S1063-7826~99!01306-X#
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1. INTRODUCTION

It is well known that isothermal radiation annealin
~RA! is performed at temperatures comparable to the t
perature of thermal annealing~TA!.1 At the same time the
generation of point defects during isochronous TA make
possible to lower substantially the annealing temperatur
radiation defects in amorphized silicon and gallium arsen
layers.2 In this connection, the objective of the present wo
is to investigate the electrical activation and depth distri
tion of silicon implanted in gallium arsenide and the electr
mobility in layers under conditions of generation of poi
defects and heating of the material.

These conditions were produced by irradiating a se
conductor with intense electron beams with particle ene
above the point defect production threshold.

2. EXPERIMENTAL PROCEDURE

The investigations were performed on 400mm thick
semiinsulating GaAŝCr2O3 ,In& wafers, oriented in the~100!
plane, with resistivity r>107 V•cm, electron mobility
3900–4200 cm2/V•s at 300 K, and dislocation densityND

<83104 cm22. After the wafers were treated in the etcha
H2SO4:H2O2:H2O51:1:10, 30-keV28Si ions with dose 8.75
31012 cm22 and then 100-keV28Si ions with dose 531012

cm22 at 300 K were implanted. Measures were taken
eliminate axial and planar channeling during implantatio3

After implantation a 100 nm thick SiO2 film was deposited
by a plasma chemical method on both sides of the wafe
order to conduct RA and a 300 nm thick SiO2 film was
deposited to conduct TA. Next, ‘‘high-energy electron a
nealing’’ ~HEA! with electron energy 1–2 MeV and curre
density 0.320.6 mA/cm2 for 13–21 s in air was conducte
by the method of Ref. 4. The temperature during annea
was monitored with a chromel–alumel thermocouple a
varied in the rangeTa55902800 °C. Thermal annealing a
temperaturesTa56602830 °C for 30 min in a hydrogen
flow as well as ‘‘low-energy electron annealing’’~LEA! in
the Modul’ setup5 with electron energy 10 keV and powe
6361063-7826/99/33(6)/4/$15.00
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density 6.8 W/cm2 for 16 s in vacuum with residual pressu
not exceeding 1025 Pa were performed on the control wa
fers.

After the insulator was removed, measurements of
layer electron densityNs and mobilitym were performed in
the ion-doped layers by the van der Pauw method. N
1003100mm2 Schottky barriers, surrounded by ohmic co
tacts, were prepared on the wafers by photolithography
measure the electron density profilen(x) by the
capacitance–voltage method. The alloy 86%AuGe1 14%Ni,
deposited by thermal evaporation, was used for metalliza
during the fabrication of the Schottky barriers and ohm
contacts. The ohmic contacts were formed at 420 °C in 2
min in a hydrogen atmosphere. The capacitance meas
ments were performed at 1 MHz, and the reverse bias
modulated with frequency 50 Hz.

The densityNI of scattering centers was determine
from the mobility measurements as6

NI@cm23#51017~104/m@cm2/V•s#21!2 ~1!

and the parameterK512(Nidl1N0)/Nl was estimated,
whereNidl andN0 are the ionized impurity densities in ion
doped layers and in the initial material, respectively. T
densityN0 was determined from measurements of the el
tron mobility in the initial GaAs. The densityNidl

5Ns /Nd , whered5Rp12(2/p)1/2DRp ,7 andRp andDRp

are the28Si ion ranges in GaAs. In our cased5168 nm. We
interpreted valuesK.0 as evidence that the ion-doped la
ers contain additional electron scattering centers as comp
with n-GaAs doped by other methods to comparable elect
densities. These additional centers could be due to, for
ample, incomplete annealing of radiation defects.

3. EXPERIMENTAL RESULTS AND DISCUSSION

A. Layer density and the parameter K

Figure 1 shows the results of measurements ofNs and
the values of the paraemeterK as a function of the HEA
temperature~curves1, 18! and the TA temperature~curves
2, 28!. It is evident that electrical activation of silicon~n-type
layers! at the levelNs.131012 cm22 is observed after HEA
© 1999 American Institute of Physics
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at a lower temperature~by ;90 °C! compared with TA
~curves1 and2!. We note that after TA atTa,680 °C, Ns

could not be measured by the van der Pauw method in
doped layers. This attests to a low degree of activation
silicon ~transition into an electrically active state! and possi-
bly a high density of compensating defects, which is due
the comparatively large value ofK (K.0.91 atTa5680 °C
Fig. 1, curve28!. As the annealing temperature increases,
differences in the values ofNs after HEA and TA decrease
and atTa5800 °C these values are essentially identical. A
ter HEA the parameterK decreases from 0.74~590 °C! to
0.18 ~700 °C! and then remains unchanged with increas
temperature~curve 18!. The values ofK were three to four
times higher~curve 28! after TA in the temperature rang
investigated. The differences noted in the values ofK agree
on the whole with the much lower densities of deep levels
ion-doped layers after HEA as compared with TA~the data
on the densities were obtained by DLTS8!.

Figure 2 shows lnNs versus the reciprocal of the HEA

FIG. 1. Layer densityNs ~1, 2! and the parameterK ~18, 28! versus the
annealing temperatureTa . 1, 18 — HEA, 2, 28 — TA.

FIG. 2. Logarithm of the layer densityNs versus the reciprocal of the
annealing temperatureTa . 1 — HEA, 2 — TA.
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temperature~curve 1! and TA temperature~curve 2!. It is
evident that these curves are straight lines and for both fo
of annealing they shw two stages of formation of ion-dop
layers: less than~I stage! and greater than~II stage! Ta

.710 °C. The activation energiesEA estimated from the
slope of the straight lines are presented in Table I.

According to Table IEA after TA is greater than the
analogous values after HEA by 1 eV at stage I and by 0.2
at stage II. The energyEA51.87 eV obtained for the stage
of TA is somewhat greater than the value9 EA51.021.4 eV
characteristic for annealing of point defects in GaAs. T
difference is probably due to the fact that two processes
cur simultaneously during the formation of an ion-dop
layer: annealing of compensating defects with activation
ergy ;1.3 eV and embedding of silicon at the sites of t
gallium sublattice with activation energy near 0.57 eV. It
also possible that annealing of defect–impurity comple
followed by electrical activation of silicon occur at stage
The value 0.57 eV is close toEA50.5 eV,10 the characteris-
tic value of the electrical activation energy of Si in GaA
with TA. On the other hand, the valueEA50.38 eV in the
temperature range 730–800 °C is essentially identical to
activation energyEA of Si for LEA with a protective dielec-
tric coating,3 though the values ofNs in the ion-doped layers
scaled to the implantation dose, are on average 1.6 ti
greater than after LEA.

B. Electron density profiles

Figure 3 shows the electron density profilesn(x) of elec-
trically activated silicon in ion-doped layers after HE
~curves1–4!, after LEA ~curve 5!, and after TA~curve 6!.
Curve7 shows the density distribution of the implanted si
con, calculated in the approximation of tw
semi-Gaussians11 using the central moments of the distrib
tion from Ref. 12. We note that the first two moments in R
12 agree satisfactorily with the values ofRp andDRp deter-
mined by secondary-ion mass spectrometry.13

It is evident from Fig. 3 that after HEA atTa5590 °C
~curve 1! the electron densityn is 2.031017 cm23 at depth
x5110 nm. In addition, forx.140 nm the experimenta
profile agrees well with the computed profile~compare the
points 1 and the solid curve!. As the HEA temperature in-
creases,n increases as a result of the electrical activation
silicon in the layer next to the SiO2–GaAs boundary and a
800 °C reaches the value 8.831017 cm22 at depth 40 nm
~curve 3!. Moreover, the electron density atx>220 nm in-
creases with increasing HEA temperature~curves1–3!.

For comparable annealing temperatures~Fig. 3, curves
4–6! the electron density in the layerx>60 nm after HEA is

TABLE I. Activation energies for the formation of ion-doped layers durin
HEA and TA.

Form of
EA , eV

annealing Stage I Stage II

HEA 0.83 0.38
TA 1.87 0.57
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higher than after LEA and after TA, attesting to more ef
cient activation of silicon. At the same time the density p
file after TA is measured with a lesser depth~40 nm, curve6!
than with HEA and LEA. In addition, the distributionn(x)
after TA lies higher forx,110 nm and lower forx.110 nm
than after LEA. This result could be due to the diffusio
redistribution of silicon into the interier volume of GaA
during LEA,3 since the electron density is higher in th
‘‘tail’’ of the distribution ~curves5 and6!. These features o
the electron density profiles attest to a different degree

FIG. 3. Electron density profile in ion-doped layers after HEA~1–4!, LEA
~5!, and TA~6!. HEA regime,Ta , °C/ta , s: 1 — 590/21;2 — 630/15;3 —
800/21;4 — 730/13. LEA regime:5 — Ta5730 °C,ta516 s. TA regime:
6 — Ta5750 °C,ta530 min.ta — annealing time. Solid line — compute
density profile of implanted silicon.
-

f

silicon activation for radiation forms of annealing and TA
layers lying directly next to the SiO2–GaAs boundary and in
deeper layers.

Table II gives the values ofNs and m and the computed
average values ofK and degreeh of electrical activation of
silicon. The latter quantity was determined as the ratio of
area under experimental curven(x) ~Fig. 3b! to the corre-
sponding area under the computed density distribution
implanted silicon.

It follows from Table II that HEA forms an ion-doped
layer with the highest degree of electrical activation of s
con and the lowest density of residual defects~the parameter
K) which limit the electron mobility. The layer electron den
sity Ns is lower after LEA than after TA. According to the
data in Fig. 3~curves5 and 6!, this is due to the higher
activation of silicon in the layerx,110 nm after TA. With
respect to the value ofK LEA falls between TA and HEA.

In our view the differences in the characteristics of io
doped layers obtained by radiation annealings and TA
due to ionization during LEA and both ionization and ge
eration of point defects during HEA. These processes stim
late the activation of silicon and annealing of radiation d
fects produced as a result of the28Si ion implantation.

4. CONCLUSIONS

1. Ion-doped layers are formed during HEA at mu
lower annealing temperatures than for TA, and even atTa

5590 °C the electron density profile at depthsx>140 nm is
identical to the computed profile of implanted silicon.

2. The increase in the layer densityNs with increasing
HEA temperature in the rangeTa56302800 °C is due to
activation of the impurity in a layer located next to th
SiO2–GaAs boundary, and even atTa5730 °C the degree o
activation of silicon reaches 95% according to measurem
of the density profiles.

3. The process leading to the formation of ion-dop
layers with HEA occurs in two stages with different activ
tion energiesEA , where the value ofEA at both stages is les
than the corresponding values for TA.

4. The parameterK for HEA is lower than for LEA and
TA. With respect to the values ofK LEA falls between HEA
and TA.

We thank V. V. Peshev for performing the HEA.
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The photoionization cross section~the absorption coefficient! of holes which are localized on
deep centers with a short-range potential and make transitions into the valence band of
a uniaxially deformed Ge-type semiconductor is calculated. As a result of the fact that the acceptor
level and the extremum of the hole subbands split the photoionization threshold also splits,
and four types of transitions of this kind arise. The population of the split impurity states and the
contributions of transitions of each type to the absorption coefficient change with increasing
temperature. Since deformation destroys the spherical symmetry of the problem, an appreciable
polarization dependence of the absorption coefficient appears. The calculation is based on a
general quantum-mechanical formula with a transition matrix element employing the wave
function of an impurity center accompanying deformation. ©1999 American Institute of
Physics.@S1063-7826~99!01406-4#
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1. INTRODUCTION

The current interest in effects resulting from uniax
deformation~UD! in bulk semiconductors is due primarily t
the observation of a laser effect in the infrared~IR! range1

and to the fact that the results obtained can serve as a sta
point for similar investigations in strained structures bas
on Ge–Si quantum wells, which have aroused great inte
among investigators in the last few years.2 In addition, the
question considered in the present paper stems from the
to supplement what little information is available about o
tical effects in semiconductors in the presence of UD. T
photoionization cross section of a deep impurity center fo
simple conduction band (c band! was first calculated in Ref
3. Optical transitions from a deeph center into a complex
semiconductor valence band consisting of heavy- and lig
hole subbands were examined in Ref. 4. The optical ma
elements of transitions~and the photoionization cross se
tion! from an impurity center into the conduction band f
narrow-gap semiconductors in the presence of UD were
culated in Ref. 5. In the present paper light absorption du
transitions from impurity levels into a complex valence ba
of a p-Ge type semiconductor in the presence of UD is st
ied.

Uniaxial deformation qualitatively changes the charac
of the hole states in the continuous spectrum and of the l
states close to theG8 extremum. It is well known that the UD
of a semiconductor lowers the symmetry of this extremu6
6401063-7826/99/33(6)/5/$15.00
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This produces qualitative changes in the spectral and po
ization dependences of light absorption in interband7 and
intersubband8 transitions of electrons~see also references i
Ref. 5! and in the photoionization cross sections of accept
~see the transition scheme in Fig. 1!.

In the present paper the spectral and polarization dep
dences of the absorption coefficient~AC! with IR excitation
of holes from split levels on short-range centers into the c
tinuous spectrum are calculated. The low-temperature c
where holes are localized on levels of short-range defe
~for example, structural imperfections or substitution imp
rities; see the discussion of this model in the review in R
9!, is studied.

The specific spectral dependences of the AC with va
ous values of the deformationX and temperatureT are ob-
tained for Ge:Zn and GaAs:Mn.

2. CALCULATION OF THE ABSORPTION COEFFICIENT

The general formula for the AC is

av5
4p2e2nim

cAxv
(
il

f i u^ i uv̂•eul&u2d~Ei2«l1\v!, ~1!

wherev̂ is a 434 velocity matrix,v ande are the frequency
and unit polarization vector of the radiation,x is the permit-
tivity, i 56 enumerates the deformation-split statesE of the
center, and«l are states of free holes with momentump and
spin s in the upper (l5(1sp)) and lower (l5(2sp))
© 1999 American Institute of Physics



641Semiconductors 33 (6), June 1999 Adramov et al.
FIG. 1. Scheme of transitions from
an impurity center into hole sub-
bands in the absence~a! and pres-
ence~b! of a deformationX.
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energy subbands split by the uniaxial deformation~Fig. 1!.
The impurity occupation numberf i describes hole redistri
bution over the6 levels with increasing temperatureT:

f i5Z21expF2
Ei

T G , Z5(
i

expF2
Ei

T G . ~2!

We note that the spin quantum number of holes on impu
centers is neglected above~even though the levels are spin
degenerate!, i.e. because of the strong Coulomb repulsion
the holes only single-hole filling of the centers is studied

The transition matrix element in Eq.~1! can be trans-
formed into thep representation

^ i uv̂•eul&5(
j 8 j

wp j8
i 1

~ v̂p•e! j 8 jcp j
6s , ~3!

where the four-row column vectorswpj
i and cpj

6s describe
local impurity and band states, respectively.

The dispersion laws of the split hole subbands are an
tropic in momentum space and spin-degenerate, as a res
which the spin indexs in «l can be dropped in what fol
lows. In the presence of deformation along thez axis we
have ~we neglect the crystal anisotropy in the absence
deformation!6

«6p5
g1p2

2m
6AS gp2

m D 2

1
gp2

m
DP2S pz

p D1S D

2 D 2

. ~4!

Hereg1 , g.g2,3 are the Luttinger parameters,m is the mass
of a free electron, andP2(pz /p)[P2(x)5(3x221)/2. The
energy D determines the splitting of the hole subband
which is proportional to the compression,D5aX, and for
X i @100# a56 meV/kbar.6 The free-hole wave function
corresponding to the energies~4! are presented in Ref. 6.

Hole states on a point-like center are described b
Schrödinger matrix integral equation
y

f

o-
t of

f

,

a

Ĥpwp
i 1

u0

V (
p

wp
i 5Eiwp

i , ~5!

whereĤp is the Luttinger Hamiltonian,V is the normaliza-
tion volume, and the potential energy of a short-range ce
located at the pointr 50 is u0d(r ). From Eq.~5! we have the
identity

~Ĥp2Ei !wp
i 52

u0

V (
p

wp
i [Ni u i &, ~6!

whereu i & is a four-row column vector andNi is a constant.
Using the Green’s function for free holes we write the wa
function, determined by the Koster–Slater type matrix eq
tion ~6!, as

wp
i 5NiĜEi

~p!u i &, ~7!

whence one can see thatNi is the normalization coefficient
and the column vectoru i & is found from the homogeneou
equation

~ l̂~E!11!u i &50, l̂~E!5
u0

V (
p

ĜE~p!. ~8!

The free-hole Green’s function in Eqs.~7! and ~8!

ĜE~p!5(
6

P̂6p

«6p2E
, ~ P̂6p! j j 85(

s
cpj 8

6s* cpj
6s ~9!

is expressed here in terms of the energy~4! and the projec-
tion operators on6 states, which are given by the matrix
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P̂6p5
1

«7p2«6pU2a7 2 f 2g 0

2 f * a6 0 2g

2g* 0 a6 f

0 2g* f * 2a7

U , ~10!

where a5 g1p2/2m2 gp2/m P2(pz /p)2 D/2 , a65a
2«6p , f 52A3 g/m (py1 ipx), and g5 A3/2g/m (px

2 ipy)
2. The matrixl̂(E) determined in Eq.~8! is diagonal,

and the spin-degenerate levels are determined by the e
tion @11l̂6(E)#50. This equation is analyzed in Ref. 1
where linear shifts of the levels under an applied pressure
obtained for small deformations. The normalization factorNi

is determined from the standard normalization condit
whereby the wave function of the center~7! is normalized to
1:

Ni5Fu0 Y dl i

d« U«5Ei G
1
2
. ~11!

Since l̂(E) is diagonal, the four linearly independent sol
tions u i & are given by the column vectors

u1↑&5U1

0

0

0

U , u1↓&5U0

0

0

1

U ,

u2↑&5U0

1

0

0

U , u2↓&5U0

0

1

0

U . ~12!

The formulas~7!–~11! determine the wave function of a ho
on an impurity center.

The spin-summed transition matrix element~3! between
the i-th level and the6 hole states has the form

(
s

u^ i uv̂•euksp&u25(
s

u^ i uĜEi
~p!~ v̂p•e!uksp&u2. ~13!

wherek56 enumerates the hole subbands. Substituting
Eq. ~12! the expression for the Green’s function~9! and us-
ing the fact that Eq.~1! contains the matrix element averag
over thexoy plane perpendicular to the deformation axis, w
obtain

Mik~p!5E
0

2pdw

2p (
s
U (

k8s8

^ i uk8s8p&

«k8p2Ei

^k8s8puv̂p•euksp&U2

,

~14!

wherew determines the orientation of the momentum in t
xoy plane, andi ,k56 enumerate states on the center and
the band, respectively. Expressing the velocity matrixv̂ as a
434 matrix of the angular momentumĴ ~Ref. 6! and intro-
ducingg5g115g/2, we obtain
ua-

re

n

to

n

^k8s8puv̂p•euksp&5
g̃

m
~p–e!dk8kds8s2

g

m
^k8s8pu

3~e• Ĵ~p–Ĵ!1~p• Ĵ!~e• Ĵ!uksp.

~15!

After calculating the matrix elements in Eq.~14! and
performing the quite complicated summations and averag
over the angle we obtain explicit expressions for the tran
tion amplitudesMik(p).

As one can see from Eq.~13!, the absorption coefficien
is determined by four types of transitions: from each of t
split impurity levels into both valence subbands~the indices
i andk assume the values6).

The energiesE6(X) of the deformation-split impurity
levels have been calculated in Refs. 10 and 11. For the
ization energy~in the absence of pressure! E0;100 meV of
the centers and pressures~up to 12 kbar! considered in this
paper we used the initial sections of the curves obtained
Ref. 10 that can be approximated by the simple linear la
E2(X)5E021.9X and E1(X)5E012.2X. Here the posi-
tion of the extremum of the valence subbands atX50 is
taken as the zero point of energy, and the positive direc
is into the valence band. The functionsE6(X) for a specific
material are determined by the ratiog1 /l of the Luttinger
parameters, which is the same for Ge and GaAs.

3. ABSORPTION SPECTRA

The spectral dependences of the AC were calculated
centers corresponding to Zn impurity in Ge (uE0u590 meV!
and Mn impurity in GaAs (uE0u5100 meV!. The calculation
is performed in a geometry where thez axis is in the direc-
tion of deformation, they axis is in the direction of incidence
of light polarized along thex axis (x polarization:ex51,
ey5ez50) or thez axis (z polarization:ex5ey50, ez51).
The expressions forMik(p) are written out in theAppendix.

Figure 2 shows the computed spectral dependence
the AC a(\v) at T54.2 K and impurity density 731014

cm23 for x polarization~Fig. 2a! andz polarization~Fig. 2b!.
The range of values of\v is limited by 350 meV. This is
due to the fact that in Ge:Zn transitions into a spin-or
splitoff subband are possible even for\v>380 meV ~in
GaAs:Mn for\v>430 meV!; these transitions make only a
additive contribution to the AC and do not affect the mann
in which the complex valence band of the deformed mate
is reflected in the spectral dependences. The fact that the
for Ge:Zn is larger than for GaAs:Mn in Figs. 2 and 3
explained by the ratio of the Luttinger paramete
(g)Ge/(g)GaAs52 and (g1)Ge/(g1)GaAs52.

At T54.2 K the impurity filling numberf 1 for the up-
per level is essentially zero, and the AC is determined
transitions of the type~a! and~b! in Fig. 1b and 1c from the
level E2 into the valence subbands. The threshold value
\v is (\v)a5«2puP502E25uE0u21.1X for transitions of
the type ~a! and (hv)b5«1puP502E25uE0u14.9X for
transitions of the type~b!. Thus the contributions of the tran
sitions~a! and~b! in the spectral curve spread along the\v
axis with increasing pressure. ForX51 kbar (\v)a



-
a

o

d
ve
x

at
e

ou

3
th

s

e

e
om

ac-

n

ab-

un-

hift

ur era-

643Semiconductors 33 (6), June 1999 Adramov et al.
;(\v)b and the spectral curves are quite smooth. ForX56
kbar the difference (\v)b2(\v)a536 meV is already sub
stantial, and an inflection corresponding to the onset of tr
sitions of the type~b! is noticeable for\v>(\v)b in the
curves2, 5 ~Fig. 2!, which correspond tox polarization. At
X512 kbar ((\v)a /(\v)b'1.9, curves3 and 6 in Fig. 2!
the complex structure of the valence band is seen m
clearly: The initial growth~corresponding in Fig. 2b to the
first maximum! is due to transitions of type~a! only and the
maximum~in Fig. 2b the second maximum! is due to transi-
tions of type~b!. The transition probabilities forz polariza-
tion are less sensitive to the structure of the valence ban

The fact that the maximum values on the spectral cur
in Fig. 2 are almost identical for different pressures is e
plained by the pressure dependences of the transition m
elementMik and the interband density of states determin
by thed function: Mik;X and the density of states;1/X.

Intracenter redistribution of the holes and a simultane
increase in the contributions of transitions of the type~c! and
~d! to the AC occur with increasing temperature. In Fig.
this fact is manifested as growth of the left shoulder on
spectral curves for temperatures 77 and 180 K atX56 kbar.
The inflections on the curves forx polarization demonstrate
the type of transitions arising under deformation:~c!, ~a!, and
~d! ~the inflection corresponding to the transition~b! is not
noticeable against the background produced by transition
the type~d!!.

To explain the order of the curves1–2 ~GaAs:Mn! and

FIG. 2. Spectral curves of the absorption coefficient for various press
and T54.2 K: a — ex51, ey5ez50; b — ex5ey50, ez51; 1–3 —
GaAs:Mn,4–6 — Ge:Zn;X, kbar:1, 4 — 1; 2, 5 — 6; 3, 6 — 12.
n-

re

.
s
-
rix
d

s

e

of

3–4 ~Ge:Zn! at different temperatures in Fig. 3, we write th
AC for fixed deformationsX and photon energy\v in the
form

a~T!5 f 2~T!B1 f 1~T!C, ~16!

whereB andC are factors which to within a constant are th
transition matrix elements into the valence subbands fr
the levels E2 and E1 , respectively. Since f 1(T2)
2 f 1(T1)5 f 2(T1)2 f 2(T2), which follows from Eq. ~2!,
we obtain from Eq.~16!

a215a~T2!2a~T1!5@ f 1~T2!2 f 1~T1!#~C2B!. ~17!

The fact that the curves1–2 and3–4 in Fig. 3 lie one above
another in order of increasing temperatures means that,
cording to Eq.~17!, C.B ~for T2.T1 from Fig. 3 follows
a21.0 and thereforeC.B), i.e. the probability of transi-
tions from the levelE1 into the valence band is higher tha
the probability of transitions from the levelE2 .

4. CONCLUSIONS

The theoretical spectral dependences obtained for the
sorption coefficient in this work

a! reflect the complex structure of the valence band
der deformation;

b! contain information about the pressure-induced s
of the impurity levels;

esFIG. 3. Spectral curves of the absorption coefficient for various temp
tures andX56 kbar: a —ex51, ey5ez50; b — ex5ey50, ez51; 1, 2—
GaAs:Mn,3, 4 — Ge:Zn;T, K: 1, 3 — 77; 2, 4 — 180.
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c! make it possible to estimate the contribution of tra
sitions from the deformation-split levelsE2 and E1 to the
AC; and,

d! attest to high sensitivity of the transition matrix el
ments to the valence band structure forx polarization.

The wave function constructed in this paper for an i
purity center can be used to investigate various processe
which impurity states participate. We call attention to t
anisotropy of the wave function, manifested in the fact t
the spectral curves forx andz polarizations are different.

Comparing the theoretical and experimental dep
dences would make it possible to confirm the theoret
models on which the present calculation is based.

This work was supported in part by the Ukrainian Mi
istry of Education, by the Ukrainian Fund for Fundamen
Research~Grant 2.4/970!, and the Russian Fund for Fund
mental Research~Grant 96-02-17404a!, and by the grant
NATO HTECH.LG 960931.

5. APPENDIX

The matrix element in Eq.~14! is given by the expres
sion

Mik5Ai@ex
2~Mik

1 1Mik
2 !1ez

2~Mik
3 1Mik

4 !#,

where

Ai5~~«2p2Ei !
2~«1p2Ei !

2ai~«2p2«1p!!21Ni
2 ,

and the coefficientsMik
l ( l 5124) determine the relative

contribution from thex and z polarizations. For transitions
from the impurityE1 we have

M 1k
1 53S gpz

2m D 2F S S g11g

g
c2

g12g

g
akD

23
g

m
~p21pz

2!D 2
g2

m2
~p22pz

2!2

1S S g11g

g
c2

g12g

g
akD g

m
~p22pz

2!

2cak2
3g2

4m2
~p22pz

2!2D 2G ,

M 1k
2 53S g

mD 2

~p22pz
2!F1

4 S 1

2 S g11g

g
c1

g12g

g
akD

2
3

2

g

m
~p21pz

2!D 2
g2

m2
~p22pz

2!2

1S 1

4 S g11g

g
c1

g12g

g
akD g

m
~p22pz

2!

2ca11
3g2

2m2
~p22pz

2!2D 2G ,
-

-
in

t

-
l

l

M 1k
3 53S g

mD 2

~p22pz
2!F S g122g

g
c1

g112g

g
akD

3
gpz

2

m
2ak~a2k2c!G2

,

M 1k
4 5S gpz

m D 2 3g2

4m2
~p22pz

2!2

3S g122g

g
c1

g112g

g
ak1

6g

m
~p22pz

2! D 2

,

wherec5«2p1«1p2E1 .
For transitions from the impurity levelE2 we have

M 2k
3 5S g

mD 2

~p22pz
2!F S S g11g

g
d2

g12g

g
a2kDak

2
3g

2m
~p21pz

2!~d1ak! D 2

1S 3g

2m
~p223pz

2!~d2ak! D 2G ,
M 2k

2 5
45

4 S gpz

m D 3

~d2ak!2
g2

m2
~p22pz

2!2,

M 2k
3 5S gpz

m D 2S S g112g

g
d1

g122g

g
a2kDak

2
3g

m
~p22pz

2!~d1ak! D 2

,

M 2k
4 5

9g

4m S g~p22pz
2!

m D 3

~d2ak!2,

whered5a2E2 .
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Electric and luminescence properties of GaAs–A IIBIVC2
V single crystals

I. K. Polushina and Yu. V. Rud’

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

V. Yu. Rud’

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
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GaAs–AIIBIVC2
V single crystals are grown by crystallization from dilute gallium fluxed solutions.

The electric and luminescence properties of the crystals obtained are investigated. It is
shown that the technological process is accompanied by the standard doping of gallium arsenide
and makes it possible to grow gallium arsenide single crystals whose optoelectronic
properties are controlled by the AIIBIVAs2 compound introduced into the fluxed solution.
© 1999 American Institute of Physics.@S1063-7826~99!01506-9#
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Professor N. A. Goryunova predicted and discove
more than 40 years ago the semiconductor properties o
termetallic III–V compounds.1,2 Subsequently, it was deter
mined that a continous series of solid solutions with
sphalerite lattice can be obtained on the basis of th
compounds.3,4 Both discoveries played a very important ro
in the advancement of semiconductor physics and tech
ogy, thereby determining one of the main directions of se
conductor materials science, making it possible to obt
semiconductors with the required properties by continu
control of the atomic composition of multicomponent so
solutions. In this respect the question of the character of
interaction of III–V compounds and their closest electro
analogs — AIIBIVC2

V semiconductors — is of interest. Solu
bility has been established and the possibility of controll
the fundamental and structure-sensitive properties of th
materials have been demonstrated for a variety of system
this type.5 The present work, which follows this avenue,
the first attempt to investigate thoroughly structural and
toelectronic phenomena in materials obtained by crystall
tion from gallium-rich fluxed solutions of gallium arsenid
and ternary AIIBIVC2

V semiconductors. This ultimatel
opened up new possibilities for controlling the electron
properties of III–V semiconductors interacting with the te
nary compounds AIIBIVC2

V in dilute gallium-based fluxed so
lutions.

1. The GaAs crystals were obtained by crystallizati
from gallium-rich fluxed solutions. Additions of presynth
sized single-phase ternary compounds AIIBIVAs2 were intro-
duced in a definite ratio with GaAs into the initial charg
Table I gives the concentrations~in mole %! of GaAs and
AIIBIVAs2, introduced into evacuated quartz crucibles
gether with 97% Ga. Crystallization proceeded at 65
700 °C and was controlled by lowering crucibles contain
the charge with the indicated composition in a temperat
gradientDT.30 °C /cm. Single crystals of the shape as t
ampul were formed in the conical part of the crucibles a
result of directed crystallization. The solvent was decan
6451063-7826/99/33(6)/3/$15.00
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and after the crystals were extracted from the ampuls
residues of the solvent were etched off at room tempera
in concentrated hydrochloric acid.

X-Ray crystallographic investigations were perform
on the single crystals obtained from fluxed solutions w
different atomic composition, and the transport coefficie
in the temperature range 77–300 K and the spectral de
dences of the photoluminescence~PL! at 77 K were also
measured. Stationary photoluminescence was excited by
gon laser radiation (lexc54579 Å , P.100 mW/cm2) and
observed from the irradiated side of the crystals. The
spectra were recorded with an MDR-3 monochromator w
a 600 line/mm diffraction grating and an FE´ U-62 photomul-
tiplier. The spectral resolution was no worse than 0.5 me
and the PL spectra were corrected by an instrumental fu
tion which takes account of the spectral dependences of
transmission of radiation by the optical channel of the se
and the sensitivity of the photodetector.

2. The x-ray investigations established~see Table I! that
the single crystals obtained have the characteristic sphal
structure for III–V compounds and unit cell parametera
which is the same as for GaAs to within the measurem
error.6 Therefore, for the charge compositions and grow
conditions employed appreciable dissolution of t
AIIBIVAs2 compounds in GaAs and changes in the type a
parameter of the crystal lattice characteristic for gallium
senide do not occur.

3. The investigations of the transport coefficients in t
samples obtained showed that the changes in the ato
composition of the ternary arsenides added into the crys
lization medium make it possible to obtain GaAs cryst
with only hole-type conductivity. Taking account of the e
fect of group-II and -IV impurities on the electrical prope
ties of GaAs,7,8 there are grounds for believing that th
p-type conductivity is due to predominant dissolution of t
group-II elements~Zn, Cd!, while the presence of the
group-IV atoms is responsible only for compensation of
acceptors. It follows from Table I that the maximum level
© 1999 American Institute of Physics
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TABLE I. Properties of GaAs–AIIBIVAs2 crystals.

Ratio of

components
T577 K

Sample Dopant AIIBIVC2
V : Type of p, cm23 Up , \vm , d1/2 , D\vm ,

No. compound GaAs:Ga, mole% a, Å conductivity ~T5300 K! cm2/(V•s) eV meV* eV**

1 CdSnAs2 2.5:0.5:97 5.6530 p 531018 35 1.400 74(41133) 0.11
2 ZnSnAs2 2.5:0.5:97 5.6532 p 231018 20 1.388 90(50140) 0.12
3 CdGeAs2 2.5:0.5:97 5.6530 p 231017 10 1.378 74(41133) 0.13
4 CdGeAs2 1.5:1.5:97 5.6532 p 331019 1.425 90(61129) 0.08
5 CdGeAs2 0.5:2.5:97 5.6531 p 1.231018 75 1.471 40(25115) 0.14
6 CdGeAs2 0.1:2.9:97 5.65295 p 2.531018 33 1.425 62(32130) 0.08
7 CdSiAs2 2.5:0.5:97 5.6530 p 831018 30 1.380 58(20133) 0.13
8 ZnSiAs2 2.5:0.5:97 5.6528 p 731018 20 1.462 34(20114) 0.05
9 3.0:97 5.6530 p 1.509 40(20119) 0

*The values of the long- and short-wavelength half-widths of the PL bands at half-height are given in parentheses.
** D\vm is the difference between\vm for undoped GaAs and\vm for GaAs–AIIBIVAs2 crystals.
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doping of GaAs by acceptors is obtained by introduc
CdGeAs2 into the charge. Changes in the CdGeAs2 content
give rise to changes in the hole density. On the whole it
be assumed that the density and Hall mobility of holes in
samples obtained are the usual values for gallium arse
obtained by doping with group-II elements, while the diss
lution of group–IV elements was found to be insufficient f
conductivity inversionp→n.

The temperature dependences of the Hall coefficienR
and conductivitys ~Fig. 1! in crystals grown in the presenc
of AIIBIVAs2 compounds are also close to those characte
tic for gallium arsenide doped only with zinc or cadmium.7,8

The temperature dependences of the hole Hall mobility
the crystals obtained~Fig. 2! show that the dominant scatte
ing mechanism in such samples is hole scattering by s
lattice defects.

FIG. 1. Temperature dependences of the conductivitys ~1–3! and Hall
coefficientR ~18–38! of p-GaAs–AIIBIVAs2 single crystals. Sample num
bers:1, 18 — 1; 2, 28 — 3; 3, 38 — 5. The numbers correspond to Table
n
e
de
-

s-

r

tic

4. For p-GaAs crystals grown in the presence of t
arsenides AIIBIVAs2 ~see Table I!, as a rule, one band pre
vails in the spectral dependence of the photoluminesce
intensity. Figure 3 shows the typical PL spectrum of o
such crystal~curves2 and3! compared with a GaAs crysta
which was not deliberately doped~curve1!. One can see tha
the maximum\vm of this band is red-shifted relative to th

FIG. 2. Temperature dependences of the hole Hall mobility
p-GaAs–AIIBIVAs2 single crystals. Sample numbers:1 — 2; 2 — 3; 3 — 5;
4 — 6.
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maximum of the PL in the crystal which was not specia
doped.

Probing of the surface of the crystals by the PL-exciti
probe ~diameter.0.1 mm! showed that the parameters
the observed bands are quite reproducible from point to p
along the surface of the same crystal as well as in differ
crystals from the same batch. This shows that the technol
cal process based on interaction of GaAs with AIIBIVAs2

compounds in a gallium solvent makes it possible to obt
quite homogeneousp-GaAs crystals. It is also evident from
Table I that the energy position of the photoluminesce
maximum\vm clearly depends on the atomic compositi
of the ternary arsenides AIIBIVAs2 introduced into the crys-
tallization zone. The value ofD\vm , which is the difference
between the energies of the PL maxima in GaAs crys
which have not been deliberately doped and which con
impurities ~see Table I!, can be used to judge the relativ
depth of the corresponding centers formed as a result of
interaction between GaAs and ternary arsenides in the flu
solution.

Investigations of the effect of the excitation densityL on
the photoluminescence of our crystals showed a parallel s
of the band wings and of the band maxima\vm with de-

FIG. 3. Spectral dependences of the photoluminescence ofp-GaAs ~1! and
p-GaAs–CdGeAs2 ~2, 3! at T577 K . Sample numbers:1 — 9; 2, 3 — 6.
Excitation levelL, arbitrary units:1, 2 — 1.0; 3 — 0.15.
nt
nt
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n

e

ls
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ed

ift

creasingL into the long-wavelength region of the spectrum
The rate of this shift with an order-of-magnitude decrease
the excitation density is](\vm)/]L.14216 meV at 77 K
in all crystals obtained in the presence of added AIIBIVAs2.
This shows that the observed bands are due to do
acceptor radiative transitions. The group–II atoms~Cd and
Zn! apparently are acceptors, while the group–IV eleme
~Sn, Ge, and Si! are donors. In this case the dependence
\vm on the nature of the ternary compounds AIIBIVAs2 in-
troduced into the solvent and their concentration~for ex-
ample, CdGeAs2) can be attributed to changes in the chem
cal nature of the atoms in the acceptor vapors and
distances between their constituent components. The
width d1/2 of the PL bands at half-height~see Table I! also
depends on the real structure of the ensemble of lattice
fects in such single crystals.

5. To determine the possible anisotropy of the physi
properties of GaAs crystals, which in principle can arise a
result of positional ordering of group–II and -IV atoms in th
gallium sublattice in GaAs, we also attempted to observe
anisotropy of photoluminescence. Our experiments did
show any anisotropy of radiative recombination in t
p-GaAs–AIIBIVAs2 crystals obtained. From this it can be in
ferred that as a result of the technological processes c
ducted the concentration of group–II and –IV impurities d
solved in GaAs does not exceed the usual doping limits. I
obvious that to attain ordering of group–II and –IV atoms
the GaAs lattice with a lowering of its symmetry, the co
centration of the dissolved impurities must be increas
Apparently this is still a substantial technological proble
whose solution could make it possible to achieve high n
linear susceptibilities of III–V semiconductors and therefo
provide real possibilities for using such crystals
nonlinearly-optical laser frequency converters.9

We thank A. A. Va�polin for performing the x-ray crys-
tallographic investigations and for a helpful discussion.
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Reciprocal drag of electrons and phonons in strongly doped HgFeSe semiconductors
I. I. Lyapilin and Kh. M. Bikkin

Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, 620219 Ekaterinburg, Russia
~Submitted October 27, 1998; accepted for publication November 3, 1998!
Fiz. Tekh. Poluprovodn.33, 701–707~June 1999!

The previously observed unusual dependences of the thermoelectric and thermomagnetic
coefficients of strongly doped HgFeSe crystals on temperature and magnetic field intensity are
studied theoretically. It is shown that the observed dependences are due to the combined
effect of electron scattering by spatially correlated charged donors Fe~31! at low temperatures
and the reciprocal drag of electrons and phonons, which plays a large role in
semiconductors with a high density of itinerant charge carriers. ©1999 American Institute of
Physics.@S1063-7826~99!01606-3#
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1. INTRODUCTION

Iron-doped gapless HgSe semiconductors posses
number of unique electronic properties which are respons
for the ‘‘anomalous’’ behavior of the transport coefficients
these materials.1 Some of the observed features have be
explained by electron scattering by a spatially correlated s
tem of iron impurities.2 However, the unusual field depen
dence observed for the thermomagnetic coefficients in th
materials in Ref. 3 has still not been discussed in the lite
ture.

It is known that the thermoelectric powera(H) of a
degenerate electron gas in a classically strong magnetic
H saturates and does not depend on the mechanism of
tering of itinerant charge carriers. However, as follows fro
the experimental data of Ref. 3, which are presented in
1, saturation ofua(H)u in HgFeSe crystals occurs only in th
most highly iron-doped HgSeFe sampleNFe.431020 cm23.
For samples with a lower iron density, a maximum of t
dimensionless longitudinal Nernst–Ettingshausen~NE! ef-
fect «x5eDa/k0, wherek0 is Boltzmann’s constant,e is the
absolute value of the electron charge, andDa5ua(H)u
2ua(0)u, is observed at a certain value of the magnetic fi
H5Hm . Such a nonmonotonic dependence is very un
pected and requires additional explanation. Moreover
minimum, whose magnitude and position depend strongly
the iron content in the sample, is observed in the curvea(T),
whereT is temperature.

The nonmonotonic behavior of the thermoelectric pow
observed in the experiment of Ref. 4 as a function of the i
content in a sample at fixed temperature in the low temp
ture range (T510220 K) is also a complete mystery. As th
iron impurity content increases, the quantitya(NFe) at first
decreases, starting atNFe5531018 cm23, and then in-
creases, reaching a maximum atNFe5231019 cm23, and
once again decreases at higher iron impurity content.

Since these results cannot be explained on the bas
the standard theory of thermomagnetic phenomena,5 the au-
thors of Ref. 4 proposed a model in which the above-no
anomaly in the thermoelectric power was attributed to s
pression of phonon scattering, if the system of charged
6481063-7826/99/33(6)/6/$15.00
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nors in HgFeSe crystals becomes spatially correlated. Un
tunately, this model cannot explain other anomalies in
thermal magnetic coefficients in HgFeSe.

In our view the anomalous behavior of the thermoele
tric and thermomagnetic coefficients in these compounds
a quite simple explanation. Indeed, in the temperature ra
10–30 K it is impossible to construct a correct theory
thermomagnetic and thermoelectric phenomena in gap
crystals without taking account of phonon drag, which is d
to the appearance of anisotropy of the phonon distribut
function in the presence of a temperature gradient. Pho
drag effects greatly increase the thermoelectric power
have been studied in detail for the case where phonon re
ation is determined primarily by nonelectronic scatteri
mechanisms (tpp!tpe), wheretpp is the phonon relaxation
time due to nonelectronic scattering mechanisms andtpe is
the phonon relaxation time due to the interaction w
electrons.5

In the more complicated case where the relaxation tim
are comparabletpp'tpe andtep'tei , wheretep is the re-
laxation time of electrons on phonons andtei is the relax-
ation time of electrons on impurities, the transport equatio
for the phonon and electron distribution functions must
solved simultaneously~the situation of reciprocal drag o
electrons and phonons!. Numerical estimates show that th
case of reciprocal drag occurs for HgFeSe and HgSe sam
at low temperatures.

Several papers have been devoted to the solution of
system of transport equations for the phonon and elec
distribution functions taking account of reciprocal dra
Appel6 and Parrot7 have calculated the thermoelectric an
thermomagnetic coefficients for nondegenerate semicon
tors, and Gurevich and Korenblit8 have found an expressio
for the electron and phonon distribution functions for
strongly degenerate electron gas. However, Gurevich
Korenblit8 considered only the thermoelectric coefficien
leaving aside thermomagnetic effects.

In summary, the field dependence of thermomagnetic
fects in degenerate semiconductors under the condition
reciprocal drag of electrons and phonons has still not b
studied at all.
© 1999 American Institute of Physics
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In the present paper we shall show that the conventio
theory of thermomagnetic phenomena cannot explain vi
ally any of the experimental results obtained in Refs. 3 an
which can be explained if the reciprocal drag of electro
and phonons is taken into account.

2. SYSTEM OF TRANSPORT EQUATIONS

In studying the transport equation for conduction ele
trons we shall take account of the interaction of electro
with acoustic phonons and impurities, scattering by wh
predominates at low temperatures. The collision integra
this case can be written as

] f

]t U
s

52
f 8

t~k!
2

1

4tA~k!\k4 E0

2k

q3~\k•b~q!!S ] f 0

]« Ddq,

~1!

where

1

tA~k!
5

E0
2k0Tmk

prs2\3
, f 5 f 01 f 8,

f 85S 2
] f 0

]« D S \k

m
•xD , ~2!

E0 is the deformation potential constant,s is the sound ve-
locity constant,m is the electron effective mass, andr is the
density of the crystal,t(k) is the effective electron momen
tum relaxation time due to electron collisions with equili
rium phonons and other scatterers,f 8(k) is the nonequilib-
rium correction to the equilibrium distribution functio
f 0(k), andk is the electron wave vector.

We shall write the collision integral in the transpo
equation for the phonon distribution function, taking in
consideration the scattering of acoustic phonons by elect
and other~nonelectronic! phonon relaxation mechanisms,
the form

FIG. 1. Dimensionless field of the longitudinal Nernst–Ettingshausen ef
versus the magnetic field~according to data of Ref. 3! for two HgFeSe
samples with densityNFe, 1020 cm23: 1–4 — 0.1, 5 — 4. TemperatureT,
K: 1 — 18, 2 — 25, 3 — 42, 4 — 64, 5 — 58.
al
-

4,
s

-
s
h
n

ns

]Nq

]t U
s

52
k0Tb~q!

~\vq!2tpp~q!
1

1

2tA~k!kqq

3E
q/2

2k

kS b~q!2
\

m
xD S ] f 0

]« Ddk, ~3!

Nq5Nq
01Nq8 , Nq85S 2

]Nq
0

]\vq
D ~q•b!, vq5\sq.

Heretpp is the relaxation time due to nonelectronic mech
nisms ~phonons on phonons, defects, and so on!. The un-
known functionsx andb(q), characterizing the deviations o
the systems under study from equilibrium depend only on
modulus of the corresponding wave vectors and must be
termined by solving the system of transprot equations.

We shall write the transport equations for our su
systems, taking into consideration the collision integrals~1!
and ~3!. The transport equation for conduction electrons
uniform electricE and magneticH fields in the presence of a
temperature gradient¹T can be written as

B~k!5x~«k!2@a3x~«k!#2
t~k!m

4\tA~k!k4E0

2k

q3b~q!dq,

B~k!52t~k!Fe«1
«k2«F

T
¹TG ,

a5v0tA~k!h, v05
eH

mc
, ~4!

«5E2“«F /e,

wherevq is the phonon frequency,« is the gradient of the
electrochemical potential,«F is the chemical potential of the
electrons, andh is a unit vector oriented in the direction o
the magnetic field. We write similarly the transport equati
for the phonon distribution function:

sk0

q\vq
“T52

k0Tb~q!

~\vq!2tpp~q!
1

1

2tA~k!kq

3E
q/2

`

kS b~q!2
\

m
xD S ] f 0

]« Ddk. ~5!

The equations~4! and ~5! are the starting equations for de
termining the transport coefficients in the presence of rec
rocal drag of electrons and phonons.

As follows from the results of Ref. 8, the system
equations~4! and~5! can be easily solved if the step chara
ter of the distribution functionf 0@(«2«F)/k0T# is used in
the collision integral~3! in the transport equation for th
phonon distribution function, taking account of the stro
degeneracy of the electron gas. The simplified system
equations so obtained can be solved exactly.

A method for solving the system of equations~4! and~5!
has been discussed in detail in Ref. 8, and there is no nee
revisit this question here. We can only propose a somew
different solution procedure, leading to the same results,
demonstrating more clearly the crux of the approximatio
made.

ct
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It is obvious that the system of equations~4! and~5! can
be written for electrons with energy«k5«F . This system
can be easily solved, using the approximation] f 0/]«k

5d(«k2«F) in the expression~5!; this makes it possible to
find the correction to the electron distribution functio
x(«F) at the Fermi surface. Then we can return to the so
tion of the system of equations~4! and ~5! for arbitrary val-
ues of«k . Retaining on the right-hand side of Eq.~5! the
contribution to the integral only at the Fermi surface, w
once again have an algebraic system of equations forx(«k).

For specific calculations it is necessary to introduce
explicit form of the nonelectronic phonon relaxation mech
nism. For the latter we shall consider the mechanism
Simons5

tpp
215lsq, ls5

\

r S k0T

\s D 4

. ~6!

Using the algorithm described above it is easy to find
equation for the correction to the electron distribution fun
tion x(«k):

B5x2@a3 x#2G$B~«F!2n2~kF!h~h•B~«F!!

2n~kF!@h3B~«F!#%1
4

3
Pk0Tt~k!

“T

T
,

B~«F!52t~k!S e«1
4

3
Pk0T

“T

T D , ~7!

G5
P

~12P* !

t~k!

tA~k!R~kF!
, R~kF!511n3~kF!,

P5
1

11P1
, P15

2k0T\2kq

m~\vq!2

tA~k!

tpp~q!
5

2p~k0T!4

E0
2~ms!2

, ~8!

P* 5
t~kF!

tA~kF!
P, n~«F!5t~kF!v0~12P* !21. ~9!

It is evident that the structure of Eqs.~7! is the same as in the
classical theory of thermomagnetic phenomena, and
changes are due to the renormalization of the thermodyna
forces and the electron mean-free path lengths. Therefo
can be rewritten in the form

2t~k!S e« i* 1
~«k2«F!d i j 1Ap i j

T
¹ jTD5x i2@a3x# i ,

a5ht~k!v0 ,

« i* 5« j~Spd i j 1Sp i j !; Ap i j 5Ap* d i j 1Ap i j* . ~10!

Introducing together with the vector« the effective thermo-
dynamic force“T* , we write the solution of Eq.~10! in the
form
-

e
-
f

n
-

ll
ic
it

x~«k!52et~k!

3H ~h•«* !h1
v0t~k!@h3«* #2@h3@h3«* ##

R J
2t~k!

«k2«F

T H ~h•“T!h

1
v0t~k!@h3“T#2@h3@h3“T##

R J
2t~k!

k0T

T H ~h•“T* !h

1
v0t~k!@h3“T* #2@h3@h 3“T* ##

R J , ~11!

R511@v0t~k!#2.

Here

¹Ti* 5¹Tj~Ap* d i j 1Ap i j* !, Ap* 5
4

3
P~11Sp!,

Sp5
P*

~12P* !

tA~kF!

tA~k!

1

11n2~kF!
. ~12!

The components of the tensors which we have introdu
have the form

Sp i j* 5Spn~kF!S 0 21 0

1 0 0

0 0 n~kF!
D , ~13!

Ap i j* 5
4

3
PSi j* .

Using the expression~11! for the correction to the elec
tron distribution functionx(«k), we can write an expressio
for the components of the charge flux density in the sam
Ji5s i j « j2b i j ¹ jT and find the components of the electric
conductivity tensor

sxx5e2FK0
'~11Sp!2K0

H P*

12P*

n~«F!

11n2~«F!
G ,

sxy5e2F2K0
H~11Sp!2K0

'
P*

12P*

n~«F!

11n2~«F!
G ~14!

and the components of the tensorb i j in terms of which the
transport coefficients of interest to us can be expressed:

bxx5
e

T H K1
'1

4

3
k0TPFK0

'~11Sp!

2K0
H P*

12P*

n~«F!

11n2~«F!
G J ,



ly
th
A

d

ra

n
te

n

ly’

t at
the

ctric
m
l
ere

ted,

ld
on-

-
us
the

in a
the

ant
e
bil-

n
to
a

de-
tron
ate

er
Fig.

ged
er-
the

hat
e
nto

of

nst
-

itin-
of

-
ons

651Semiconductors 33 (6), June 1999 I. I. Lyapilin and Kh. M. Bikkin
bxy5
e

T H 2K1
H~11Sp!2

4

3
k0TPFK0

H~11Sp!

1K0
'

P*

12P*

n~«F!

11n2~«F!
G J . ~15!

The quantitySp appearing in Eqs.~14! and ~15! can be cal-
culated at the Fermi surface fork5kF , and

UKr
'

Kr
HU5

~2m!3/2

3p2\3m0
E

0

`

d«S ] f 0

]« D «3/2t~«!~«2«F!r

3U 1

11@v0t~«!#2

v0t~«!

11@v0t~«!#2

U , r 50, 1. ~16!

3. CALCULATION OF THE THERMOELECTRIC POWER

We shall use the above-obtained expressions to ana
the temperature and magnetic-field dependences of the
moelectric power in the compounds HgSe and HgFeSe.
suming the heat flux to be directed along thex axis, we write
the expression for the differential thermoelectric power in
magnetic field

axx5
sxxbxx1sxybxy

sxx
2 1syy

2
. ~17!

Since under the experimental conditions of Refs. 3 an
the electron gas is strongly degenerate («F@k0T), we repre-
sent the thermoelectric power, after calculating the integ
K0

H,' andK1
H,' , asaxx5axx

d 1axx
u , whereaxx

d is the diffu-
sion part of the thermoelectric power

axx
d 52

k0

e

p2

3

k0T

«F

3

F3

2
~11n0

2!1DG~11Sp!1DSpn0
2~12P* !21

~11n0
2!@~11Sp!

21n2Sp
2#

,

~18!

n05v0t~«F!, D5«F

t8~«F!

t~«F!
. ~19!

The termaxx
u determines the drag thermoelectric power a

is different from zero in zeroth order in the parame
k0T/«F :

axx
u 52

k0

e

4

3
P, P5

1

11P1
, P15

2p~k0T!4

E0
2~ms2!2

. ~20!

Its value depends on the magnetic field and the nonpho
mechanismcs of electron momentum relaxation. AsT→0,
the drag thermoelectric power becomes ‘‘anomalous
large
ze
er-
s-

a

4

ls

d
r

on

’

axx
u 5

k0

e

4

3
, T→0. ~21!

This result is not unexpected and is due to the fact tha
ultarlow temperatures the relaxation of phonons by
sample boundaries must be taken into account.

The expressions~18! and~20! completely determine the
temperature and field dependences of the thermoele
power in a classically strong magnetic field. As follows fro
the results~18!–~20!, the quantity describing the longitudina
Nernst–Ettingshausen effect, in contrast to the case wh
the reciprocal drag of phonons and electrons is neglec
contains only one additional parameterP* , determined by
Eqs.~8! and ~9!. For Sp50 Eq. ~18! agrees with the known
result obtained in the absence of drag.5 In the differential
measurement method used in Ref. 3, the quantityaxx

u is
eliminated from the final result, so that in analyzing the fie
dependence in what follows we shall analyze only the c
tribution of the diffusion thermoelectric poweraxx

d ~18!.

4. NUMERICAL RESULTS

The expressions~18! and ~20! make it possible to ana
lyze the thermoelectric power as a function of the vario
parameters for HgSe and HgFeSe crystals. We start with
temperature dependence of the thermoelectric power
zero magnetic field. For numerical analysis we employed
the effective mass m50.065m0 and crystal density
r58 g/cm3. We assumed the deformation potential const
to be E0510 eV. This value follows from analysis of th
temperature dependence of the conduction–electron mo
ity. According to Ref. 2, the mobility of itinerant carriers i
HgSe and HgFeSe compounds is constant temperatureT
.30240 K, which shows that the electron scattering by
system of charged centers predominates. The mobility
crease observed at higher temperatures is due to elec
scattering by acoustic phonons. For this reason, to estim
E0 we assumedtA5tep at T540 K.

The computational results for the thermoelectric pow
of an HgSe crystal versus temperature are displayed in
2. Curve1 corresponds to electron density 231018 cm23,
and curve2 was calculated forn5431018 cm23. It follows
from the calculations that increasing the content of char
centers in HgFeSe crystals shifts the minimum of the th
moelectric power to lower temperatures, as happens in
experiment of Ref. 9. For comparison, the dependencea(T)
from Ref. 10 is presented in the inset in Fig. 2. We note t
the shift of the minimum of the thermoelectric power will b
stronger if phonon scattering by defects is also taken i
account.9

We shall now discuss the magnetic-field dependence
the dimensionless Nernst coefficient«x . Figure 3a shows the
result of a numerical calculation of the dimensionless Ner
coefficient as a function of the magnetic field at low tem
peratures for an HgSe crystal. It was assumed that the
erant charge carriers are scattered mainly by a system
randomly distributed impurity centers (D53/2) ~Ref. 5;
curves1–3!. The curves4 and5 correspond to higher tem
peratures, where electron scattering by acoustic phon
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makes the main contribution to electron relaxation~for T
.40 K, D521/2) and the drag contribution is substantia
suppressed. As one can see from the computational re
presented, the magnetic-field dependence of«x(H,T) is
more complicated at low temperatures, where electron s
tering by impurities dominates and the contribution of dr
effects is also substantial. For intermediate magnetic fie
«x shows a change in the sign of the effect and is a n
monotonic function of the magnetic field. It is obvious th
such an unusual dependence«x(H,T) is due to the recipro-
cal drag of electrons and phonons. At high temperatureT
.40 K scattering by acoustic phonons dominates, a
«x(H).0 and approaches saturation with increasing m
netic field.

We now turn to the analysis of«x(H,T) in HgFeSe
crystals ~Fig. 1! for a sample with iron contentNFe51
31019 cm23.3 First, in the entire range of magnetic field
investigatedH50240 kOe and in the temperature rangeT
518260 K the effect has a positive sign. It is obvious th
this behavior of the coefficient«x(H,T) is due to the pres-
ence of strong Coulomb correlations in the system of don
Fe~21!.2,9 Comparing the temperature dependence of
mobility in compounds HgFeSe with various iron atom co
tents shows2 that for a high iron content the energy depe
dence of the relaxation time at low temperatures beco
closer to that occurring for electron scattering by acou
phonons. This is why the sign of the longitudinal Nerns
Ettingshausen effect becomes positive even atT.15 K,
while in HgSe crystals the change in the sign~from negative
to positive! occurs atT.30 K.9 On account of these circum
stances the sign of the effect«x(H,T) is positive in the ex-
periment, and its behavior as a function of the tempera
reflects the character of the evolution of the impurity syst
as a result of a decrease in the degree of correlation in

FIG. 2. Absolute thermoelectric power versus the temperature in HgF
with iron contentNFe, 1018 cm23: 1 — 2, 2 — 4. Inset: Data of Ref. 10.
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impurity system and a decrease in the role of the drag ef
with increasing temperature. The coefficient«x(H,T) can be
found in explicit form using the computational results for t
relaxation time for a strongly correlated impurity system2

However, the unusual behavior of«x(H,T) can be illustrated
more simply. The computational results for the dimensio
less Nernst coefficient forD51/2 are displayed in Fig. 3b
This value ofD reflects an average energy dependence of
relaxation time, falling between the impurity and phonon d
pendences. As one can see from the curves presented
coefficient«x(H,T) determined in this manner is very clos
to that observed experimentally. This is definitely a con
mation of the fact that the reciprocal drag of electrons a

e

FIG. 3. Computed dimensionless field of the longitudinal Nerns
Ettingshausen effect versus the magnetic field for samples: a — HgSe~the
curves1–3 were calculated forD53/2, and the curves4, 5 were calculated
for D521/2), temperatureT, K: 1 — 5, 2 — 35, 3 — 20, 4 – 65,5 — 50.
b — HgFeSe (D51/2), temperatureT, K: 1 — 5, 2 — 35,3 — 15,4 — 25,
5 — 45.
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phonons together with electron scattering by a system
charged donors are responsible for the ‘‘anomalous’’ beh
ior of the thermoelectric coefficients in the compounds
vestigated.

We now consider the anomalous dependencea(NFe) at
low temperatures (T.10220 K) in a zero magnetic field.4

The contribution of the drag effect to the thermoelect
powera(T) is predominant in this temperature range.

We anticipate the calculation with two remarks. In t
first place, the density of itinerant carriers in HgSeFe crys
is determined by the iron atom content in the sample
increases linearly with the content of iron atoms in HgFe
right up to densityNFe.4.531018 cm23. As the iron content
in the sample increases further, the density of itiner
charge carriers and therefore the density of charged cen
Fe~31! remains constant in a quite wide range.1 This is due
to stabilization of the Fermi level at the iron donor leve
located in the conduction band at energyEd5210 meV.
Only the density of neutral iron atoms Fe~21! increases in
this case. In the second place, according to the correla
model2 electron scattering by charged ions Fe~31! is sup-
pressed whenNFe(31)@NFe(21) . A mobility increase is ob-
served experimentally with increasing iron content in t
density rangeNFe!231019 cm23, and the mobility de-
creases as the iron density increases further.

On this basis we shall now consider the depende
a(NFe).

4 The decrease of the thermoelectric power (axx

;1/«F) with increasing content of iron substitution impuri
simply reflects the fact that the Fermi energy«F;(n
5NFe(31))

2/3. It is obvious that such a dependence of t
thermoelectric power will remain until the Fermi level
pinned at the donor level of iron. As the iron content
HgFeSe crystals increases further, in the standard theory
neglecting other phonon scattering mechanisms~for ex-
ample, phonon scattering by defects! a plateau should be
observed in the curve of the thermoelectric power versus
impurity content. However, the reciprocal drag of electro
and phonons renormalizes the diffusion contribution to
thermoelectric power~an additional dependence on the ele
tron scattering mechanismSF(0) appears!. Since the main
source of electron scattering at low temperature is scatte
by impurity centers, and it is appreciably suppressed by C
lomb correlations, which are present in the impurity syst
at high iron atom density,2 this is the circumstance that lead
to a nonmonotonic variation of the thermoelectric power
this concentration range. It is obvious that the nonmono
nicity appearing ina(NFe) is similar in nature to the non
monotonicity arising in the investigation of mobility i
of
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HgFeSe crystals. As the iron atom density increases furt
the decrease of the thermoelectric power, just as the mo
ity, is due to the predominant contribution to scattering
electrons by the alloy potential2 and phonons by defects.9

In summary, the anomaly in the concentration dep
dence of the thermoelectric poweraxx(NFe), just as the non-
monotonic dependence of the mobility on substitution imp
rity content in HgFeSe crystals, simply reflects the charac
of electron scattering in these compounds, which is due
the appearance of strong Coulomb correlations in the im
rity system. The introduction of additional suppression
scattering by phonons, which was studied in Ref. 4, to
scribe this effect is superfluous.

5. CONCLUSIONS

The unusual experimentally observed dependences
the thermoelectric and thermomagnetic coefficients for Hg
and HgFeSe crystals with different iron content in the cl
sical range of magnetic field intensity at low temperatu
have been explained qualitatively and quantitatively. It w
shown that these dependences are due to scattering of
trons by spatially correlated charged donors Fe~31! at low
temperatures and the reciprocal drag of electrons
phonons, which plays a large role in semiconductors wit
high density of itinerant charge carriers. It would be intere
ing to investigate on the basis of the model considered ab
the effect of the reciprocal drag in these compounds on o
transport coefficients.

This work was supported by INTAS~Grant 93-3657!.
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SEMICONDUCTOR STRUCTURES, INTERFACES AND SURFACES

Scanning tunneling microscopy investigation of the microtopography of SiO 2 and Si
surfaces at the Si/SiO 2 interface in SIMOX structures

D. V. Vyalykh and S. I. Fedoseenko

Scientific-Research Institute of Physics, 198904 Petrodvorets, Russia
~Submitted November 20, 1998; accepted for publication December 23, 1998!
Fiz. Tekh. Poluprovodn.33, 708–711~June 1999!

The microtopography of silicon and silicon oxide surfaces in SIMOX structures is investigated
by scanning tunneling microscopy. A method of using scanning tunneling microscopy to
study Si/SiO2 interfacial roughness is developed for this purpose. It is shown that the relief of
the silicon surface in SIMOX structures is smoother than that of the oxide surface. The
observed Si/SiO2 interfacial roughness is due to oxygen ion implantation in the silicon single
crystal. The roughness of the SiO2 and Si surfaces at the Si/SiO2 interface is compared
for the standard and high-temperature oxidation of the silicon single crystal. ©1999 American
Institute of Physics.@S1063-7826~99!01706-8#
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One way to increase the speed of semiconductor dev
is to decrease the thickness of the insulator in metal–oxi
semiconductor~MOS! structures. In so doing it is especial
important to monitor the structural perfection of th
semiconductor/insulator interface and to know the nature
properties of various defects~electron and hole trapping cen
ters, and so on!. In recent years a great deal of attention h
been devoted to silicon-on-insulator~SOI! structures,1 which
are promising for radiation-resistant semiconductor devic
and possess high operating speeds. The large class of
structures includes SIMOX~Separation by IMplantation o
OXygen! layered systems, obtained in a complicated tech
logical process, a result of which is that a buried-oxide lay
the so-called BOX layer, is formed in the silicon substrate
should be noted that the structure and electrophysical p
erties of the buried SiO2 layer2,3 are substantially differen
from those of silicon oxide obtained by thermal oxidation
a silicon substrate.

As photoinjection investigations of SIMOX structure
show,4 deep and shallow electron traps are present in
buried oxide layer. Such traps are not observed in ther
oxide. They are due to silicon clusters in the buried-ox
layer in the immediate vicinity of the Si/SiO2 interface. One
model describing Si/SiO2 interfacial roughness supposes4,5

that the silicon clusters are several nanometers in size.
density and sizes of these clusters largely depend on the
gen ion implantation and high-temperature annealing p
cesses. The clusters strongly influence the structural pe
tion of the interface and can be detected by structu
sensitive methods. In the present work we have develop
method for using scanning tunneling microscopy~STM! to
investigate the sizes of the irregularities of the buried silic
oxide and silicon surfaces at the Si/SiO2 interface in SIMOX
structures.
6541063-7826/99/33(6)/4/$15.00
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1. EXPERIMENT

Figure 1 shows diagrams of the SIMOX, WITNESS, a
THERMAL OX samples investigated in the present wor
The arrows show the surfaces studied. The SIMOX struct
shown in Fig. 1a was obtained by implanting oxygen ions
a silicon substrate, resulting in the formation of a buri
silicon oxide layer with a thin layer of amorphous silicon o
top.

Our problem is to investigate the roughness of sing
crystal Si/buried-SiO2 and buried-SiO2/amorphous-Si inter-
faces. Since the STM method is a method of direct prob
of a surface, the amorphized-Si layer on top must be
moved in order to investigate the roughness of the bur
SiO2 surface. To obtain information about the structure
the single-crystal Si/buried-SiO2 interface, the amorphized S
layer and the buried SiO2 layer both must be removed. Dr
etching~DRY series of samples! and wet etching~WET se-
ries of samples! methods were used to remove the top lay
of amorphized silicon. Either method can be expected
change the structure of the buried SiO2 surface and even
influence the morphology of the single-crystal Si/burie
SiO2 interface. In the present work we endeavored to co

FIG. 1. Diagram of SIMOX~a!, WITNESS ~the SiO2 layer was grown at
T51325 °C! ~b!, and THERMAL OXIDE ~the SiO2 layer was grown at
T51100 °C! ~c! structures.
© 1999 American Institute of Physics
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pare the etch results obtained with these two methods.
used the standard method of etching an oxide in a 10%
lution of hydrofluoric acid to gain access to the silicon s
face.

The STM method requires a uniform conducting surfa
For this reason, a 15 nm thick gold layer was deposited th
mally on the surface of the experimental samples. Spe
experiments showed that the deposition of gold on the sili
and silicon oxide surfaces does not change the structur
the surface roughness by more than 1 nm.

In the present work an STM~built in the Laboratory of
Physical Electronics, Department of Electrical Engineeri
Scientific and Research Institute, St. Petersburg State
versity, on the basis of PKR-6 piezoelectric ceramic! which
permits investigating a conducting surface in air was use
study the microtopography of the silicon and silicon oxi
surfaces. The instrument was calibrated using a diffrac
grating ~2400 lines/mm!, highly oriented pyrolytic graphite
and a 22 nm high silicon step. The resolution of the scann
tunneling microscope for these investigations was 0.1
along the normal to the surface and 1 nm in a lateral dir
tion.

A program for mathematical analysis of the results a
for calculating the average surface roughness was devel
to obtain the quantitative characteristics of the surfaces.

In the experiment we used commercially availab
SIMOX samples. The technical process for preparing the
MOX samples consisted in single implantation of;200 keV
oxygen ions~series C samples! with dose;1.831018 cm22

in a silicon single crystal atT5600 °C, followed by high-
temperature annealing atT51325 °C in an Ar1 1%O2 at-
mosphere for 5 h. A uniform;400 nm thick buried silicon
oxide layer is formed in the silicon single crystal. A;200
nm thick amorphized silicon layer remains on top of t
buried oxide layer.2,5 To determine how high-temperatur
annealing in an oxygen atmosphere atT51325 °C influences
the structure of the Si/SiO2 interface, we investigated th
roughness of the silicon and ‘‘thermal’’ silicon oxide su
faces in the WITNESS structure~Fig. 1b!. This structure was
obained by oxidizing a pure silicon surface under the sa
conditions as the high-temperature anneal used to prepar
SIMOX structure, i.e. atT51325 °C in Ar1 1%O2 for 5 h.
Investigations of the WITNESS structure yielded inform
tion about the effect of high-temperature annealing on the
SiO2 interface. We also wanted to compare the roughnes
the Si/SiO2 interface in the SIMOX and THERMAL OX
structures~Fig. 1c! obtained by the standard technology f
thermal oxidation of single-crystal silicon atT51100 °C.
The oxide layer was;90 nm thick in the WITNESS struc
ture and;400 nm thick in the THERMAL OX structure.

2. RESULTS

The typical surface microtopographies of some exp
mental samples are presented in Figs. 2–5. The figures s
a three-dimensional image of a surface on a black-and-w
scale~a lighter color corresponds to higher locations! with a
distinguished direction as well as the surface profile alo
the direction distinguished by the line. The final estimates
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the vertical and lateral sizes of the irregularities for silic
and silicon oxide in the SIMOX, WITNESS, and THER
MAL OX structures are summarized in Table I.

Figure 2 shows the microtopography of a silicon surfa
in the SIMOX structure in the ‘‘C DRY’’ series. The surfac
contains;6 nm high roughness of ‘‘irregular’’ size. Figur
3 shows the surface microtopography of buried silicon ox

FIG. 2. a — Three-dimensional image of the silicon surface in a SIMO
structure from the ‘‘C DRY’’ series. The line marks the distinguished
rectionL. b — Surface profile along the distinguished directionL.

FIG. 3. a — Three-dimensional image of the silicon oxide surface in
SIMOX structure from the ‘‘C DRY’’series. The line marks the distin
guished directionL. b — Surface profile along the distinguished directionL.
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in a ‘‘C DRY’’ series SIMOX structure. It is evident that th
surface contains a large number of ‘‘regular’’ prolate irreg
larities with ;10 nm height differentials. The oxide surfac
is rougher than in preceding image of the silicon surfa
Figure 4 shows an image of the microtopography of the s
con surface in the WITNESS sample. A small;6 nm high

FIG. 4. a — Three-dimensional image of the silicon surface in the W
NESS structure. The line marks the distinguished directionL. b — Surface
profile along the distinguished directionL.

FIG. 5. a — Three-dimensional image of the silicon oxide surface in
WITNESS structure. The line marks the distinguished directionL. b —
Surface profile along the distinguished directionL.
-

.
i-

and ;90 nm long protuberance can be seen in the up
right-hand corner. Small;3 nm high irregularities with
;10 nm half-width can be seen. The height differentials
comparatively small, so that the surface is smoother than
surfaces mentioned earlier. Figure 5 shows an image of
silicon oxide surface in the WITNESS sample. The surfa
contains;4 nm high irregularities with;15 nm half-width.
Several;10 nm high ‘‘humps’’ with ;35 nm half-width
can be seen against the general background.

On the basis of all obtained microtopographies of silic
and silicon oxide surfaces it can be stated that the sili
surface at the Si/buried-SiO2 interface in the SIMOX struc-
tures is smoother than the buried silicon oxide surface,
the average roughness height on the silicon surface is
proximately two times smaller for all experimental samp
than that of the buried silicon oxide surface. We infer th
the smoother relief of the silicon surface can indeed be
to the detachment of silicon clusters, which decreases
mechanical stress at the Si/buried-SiO2 interface.

High-temperature annealing in an oxygen atmospher
used in the production of SIMOX structures. It is obvio
that annealing can have a very strong effect on the struc
of the oxide surface and the Si/buried-SiO2 interface: A large
number of various irregularities can form. For this reas
modern technologies for fabricating semiconductor str
tures strive to use the lowest possible temperatures, s
then the surface will be smoother. It is obvious that t
smaller the heights and the larger the lateral sizes of
irregularities, the less subdivided the surface of the silic
layer will be. In our investigations we used a WITNES
sample to see whether or not high-temperature annealin
T51325 °C in an oxygen atmosphere introduces additio
defects in the structure of the silicon and silicon oxide s
faces. It is evident from Figs. 4 and 5 that the silicon a
silicon oxide surfaces in WITNESS are smoother than in
SIMOX structures. Therefore the much larger irregularit
that we observe in SIMOX cannot be attributed to hig
temperature annealing. This is more likely due to the proc
of implanation of high-energy oxygen ions into the silico
single crystal.

It would be entirely logical to compare the interfaci
roughness in SIMOX structures with the roughness of
sample obtained with standard oxidation of a silicon sin
crystal atT51100 °C. To this end the microtopography of

-

e

TABLE I. Average sizes of irregularities on the silicon and silicon oxi
surfaces, nm.

Si surface SiO2 surface

Sample type height lateral height lateral
size size

SIMOX 6.3 ;40 16.2 ;25
‘‘C WET’’
SIMOX 5.1 ;35 11.2 ;25
‘‘C DRY’’
WITNESS 3.7 ;50 5.9 ;35
THERMAL 5.2 ;45 10.9 ;30
OX
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THERMAL OX sample with a;400 nm thick oxide layer
was investigated. It was shown~see Table I! that the rough-
ness of the SIMOX structures is comparable in height to t
of the THERMAL OX sample.

In summary, in the present work the microtopograph
of silicon and silicon oxide surfaces in SIMOX structur
and in structures obtained by thermal oxidation of a silic
single crystal atT51325 and 1100 °C were investigated b
scanning tunneling microscopy with 0.1 nm resolution in
direction normal to the surface and 1 nm resolution in
lateral direction. Summarizing the experiments perform
we can draw the following conclusions.

1. In SIMOX structures the geometric relief of the si
con surface at the Si/buried-SiO2 interface is smoother tha
the surface relief of the buried silicon oxide. For all expe
mental samples the average roughnes height on the si
surface is approximately half that on the buried-oxide s
face. We infer that the smoother surface relief at the Si/S2

interface is due to the detachment of silicon clusters, wh
decreases the mechanical stress on the Si/SiO2 interface.

2. The roughness that we observe on the interface
SIMOX structures is due to the implantation of oxygen io
in the silicon single crystal.
t
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n

e
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3. In the standard technology of thermal oxidation
silicon atT51100 °C, roughness with height comparable
that of the interfacial roughness in SIMOX structures
present on the Si/SiO2 interface.
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the results obtained in this work.
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Reconstruction and electron states of a Ga 2Se3 –GaAs heterointerface
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It is established by electron microscopy and electron diffraction analysis that the formation of
Ga2Se3~110! layers on GaAs~100! and ~111! surfaces during heat treatment of the latter
in selenium vapor is accompanied by the formation of transition regions with crystallographic
orientations@310# and @ 2̄1̄1̄#, respectively. It follows from an investigation of the
spectrum of surface electron states in the resulting heterostructures that a reduction in the density
of surface electron states is achieved only after selenium vapor treatment in a narrow
interval of treatment durations~from 5 min to 30 min under the conditions established in the
present study!. All the results are discussed on the basis of concepts involving reconstruction of the
gallium arsenide surface during chalcogen treatment. ©1999 American Institute of
Physics.@S1063-7826~99!01806-2#
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INTRODUCTION

The high density of surface electron states~SES! on
GaAs places a number of limitations on the feasibility
many potential devices utilizing gallium arsenide, especia
devices having a metal-insulator-semiconductor~MIS! con-
figuration and Schottky diodes.1,2 Various techniques for
treating the surface of GaAs, including the application
selenium vapor,3,4 are currently used to lower the density
SES. The mechanism underlying the reduction of the den
of SES through the interaction of selenium with the surfa
of GaAs has yet to be explained. In this paper we report
first-time application of an N-200 transmission electron m
croscope~microdiffraction and microimaging! to investigate
the surface region of GaAs~111! before and after short-term
treatment with selenium vapor and to investigate
GaAs–Ga2Se3 heterointerface formed by the substitution
selenium for arsenic in the GaAs lattice, after long-ter
(;30 min! treatment of the GaAs~100! and GaAs~111! sub-
strates in selenium vapor. The density of SES was monito
by deep-level transient spectroscopy~DLTS!.4

EXPERIMENTAL

A. Electron Microscope Analysis of a Ga 2Se3 –GaAs
Interface

The n-type GaAs~100! and GaAs~111! substrates with
doping levels;2.631016cm23 were subjected to chemody
namic polishing in a solution of H2SO4 : H2O2 : @1#
H2O5 @1#5 : 1 : 1, andthen the residual oxide was remove
in a solution of HCl : H2O5 @1#1 : 10. After washing in
deionized water and drying, the substrates were treate
selenium vapor in a quasiclosed volume with ‘‘hot walls
The temperature of the substrates was chosen in the inte
410–720 K, and the partial pressure of the selenium va
6581063-7826/99/33(6)/4/$15.00
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was in the interval 0.133–1.33 Pa. In addition to short-te
selenium vapor treatments similar to those used in Ref
and 4, which lead to Fermi level detachment, in our study
used long-term treatments at elevated substrate temperat
Under these conditions, based on the results of Ref. 5, c
cogenide Ga2Se3 layers of thickness;202100 nm should
form on the surface. We note that under the conditions
processes similar to those used in Refs. 3 and 4 the la
formed on the surface are tunnel-transparent. The thickn
was monitored by means of an LE´ F-3 ellipsometer and from
rf capacitance measurements. To thin the samples for diff
tion investigations in the transmission electron microsco
the back side of the sample was subjected to two-stage
cessing. First, a spherical depression with a radius of cu
ture equal to 7.5 mm was formed by abrasive grinding, a
then a hole of controlled diameter was formed all the w
through the sample in the center of the depression by s
tering with 5-keV argon ions.

As in Ref. 4, three systems of reflections associated w
different planes of the reciprocal fcc lattice were present
the electron diffraction patterns in short-term treatment
the GaAs~100! substrate. One system was associated with
~100! plane, consistent with the crystallographic orientati
of the GaAs substrate; the second system was assoc
with the ~110! plane, and the third system with the~310!
plane ~Fig. 1a!. A similar situation is observed fo
GaAs~111! substrates: the microdiffraction patterns exhi
systems of reflections which correspond to the~111! ~sub-

strate!, (2̄1̄1̄), and ~110! planes~Fig. 1b!. For recording of
the electron diffraction patterns the instrument constant w
adjusted to achieve the best match of the interplanar
tances calculated from the electron diffraction pattern for
reflections corresponding to gallium arsenide~100! or ~111!
with tabulated values.6 The identification of the reflection
© 1999 American Institute of Physics
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659Semiconductors 33 (6), June 1999 Agapov et al.
systems corresponding to the~310! and ~110! planes on a
GaAs~100! substrate or to the~211! and ~110! planes on a
GaAs~111! substrate and to another phase~Ga2Se3 or a solid
solution in the system Ga2Se3–GaAs! was established, as i
Ref. 4, from a series of reflection intensities~which was
compared with the well-known6 series for Ga2Se3 and GaAs!
and from a dark-field image of the surface region of t
sample.

On diffraction patterns obtained for the surface region
GaAs~100! after short-term selenium vapor treatment of t
gallium arsenide the@001# direction is common to the sys
tems of reflections corresponding to the~100! plane of GaAs
and the~310! and~110! planes of the phase with Ga2Se3. A
more complicated situation is observed for GaAs~111!: The

@110̄# directions coincide for the~111! plane of GaAs and
the ~110! plane of Ga2Se3. The@011̄# directions coincide for
the ~111! plane of GaAs and the (21̄̄1̄) plane of Ga2Se3, and
the @111̄# directions coincide for the (21̄̄1̄) and~110! planes
of Ga2Se3.

The same systems of reflections associated with th
crystallographic orientations as for structures subjected
short-term treatment emerge in heterostructures with th
Ga2Se3 layers (d.100 nm! ~Fig. 2!. In contrast with struc-
tures having thin layers on GaAs~100! substrates, where a
three planes are rigidly tied to the@001# direction, disorder is
encountered in structures with thick Ga2Se3 layers. The

FIG. 1. Typical electron diffraction patterns of the surface region
GaAs~100! ~a! and GaAs~111! ~b! after short-term~5 min! treatment in
selenium vapor.
f
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@001# directions of the~110! plane of Ga2Se3 and the~100!
plane of GaAs are disoriented by an angle;8220°, de-
pending on the point of observation of microdiffraction. Th
also gives rise to the appearance of an additional system
reflections which corresponds to the~111! plane and which
has the crystallographic@110# direction in common with the
~110! plane of Ga2Se3. The GaAs~100! and Ga2Se3 ~310!
planes still have the@001# direction in common in this case

B. Parameters of the Surface Electron States
of a Ga2Se3–GaAs Interface

Using the method of current-voltage~I-V! curves and
DLTS, Sysoev et al.3,4 have shown that the short-term trea
ment of a GaAs~100! surface in vapors of various chalcoge
~selenium, sulfur, or tellurium! lowers the density of SES
The energy positions of the SES approach the bottom of
conduction band as the treatment time is increased.4 In light
of this effect, the authors4 have been able to attribute th
decrease in the density of surface electron states to
gradual transition of these states into the conduction ban
the reconstruction of the GaAs~100! surface is completed.

In the present study we have investigated the SES
rameters by means of theI-V curves and DLTS for
GaAs~111! substrates after short-term treatments and
GaAs~100! substrates with thick Ga2Se3 layers~with thick-
nesses exceeding 5 nm after long-term treatment in selen
vapor without raising the substrate temperature!. Samples of
the Schottky diode type were prepared for measuremen
the I-V curves and DLTS spectra by spraying aluminu
through a mask. The height of the Schottky barrier (wb) in
Al–GaAs~111! structures formed without pretreatment of th
substrates in selenium vapor was determined from theI-V
curves and had values;0.75 eV in the first case and
;0.5 eV in the second case. Consequently, as in the cas
GaAs~100! substrates,3,4 short-term selenium vapor trea
ments (;5 min! of GaAs~111! substrates also lead to Ferm
level detachment at the surface, which corresponds to a
of its position by;0.25 eV during treatment. We note th
the theoretical value ofwb calculated for an Al–GaAs con

f

FIG. 2. Typical electron diffraction pattern of a Ga2Se3–GaAs~100! hetero-
interface formed during the long-term~30 min! treatment of a GaAs~100!
substrate in selenium vapor.



s

th

he

rg
in

th
ra

ra

S
he
nt
-

e
f
a

um
om

uch

s

ity
tch-

ing
t

n-

ns
pe
ing
e

rns

ng
itial
e is

,
s of
y of
en-

on,

ant
the

on-

As

660 Semiconductors 33 (6), June 1999 Agapov et al.
tact (n;1016cm23, according to the Schottky-Mott law, i
;0.52 eV.

The behavior of the SES in structures obtained by
short-term treatment of GaAs~111! is similar to that observed
in structures based on GaAs~100! ~Fig. 3!. The dependence
of the amplitude of peak II in Fig. 3a on the amplitude of t
injecting pulse indicates its identification with SES.4 The first
maximum corresponds to a deep level in GaAs with ene
;0.6 eV and is usually associated with a complex that
volves gallium at an arsenic site.7 Figure 3 shows the DLTS
spectrum at room temperature. The energy positions of
centers are estimated from measurements of the spect
the temperature interval 902350 K ~Ref. 4!.

As the treatment time is increased, beginning with du
tions ;30 min, which result in layer thickness.5 nm, the
DLTS spectra again acquire a maximum corresponding
SES ~Fig. 3b, curve3!. The energy positions of these SE
are fully consistent with those determined in Ref. 4 for t
as-prepared~without short-term chalcogen vapor treatme!
gallium arsenide surface~Fig. 3a!. The deep-level concentra
tion in the gallium arsenide also increases in this case~Fig.
3b!, curves1 and3!. A further increase in the treatment tim
or in the substrate temperature causes the thickness o
Ga2Se3 layer to increase and is accompanied by an incre
in the SES and the deep-level maxima.

DISCUSSION OF THE RESULTS

Treatment of the surface of gallium arsenide in seleni
vapor lowers the density of surface electron states in c
parison with a natural oxide-coated surface, but only in

FIG. 3. Typical DLTS spectra of heterostructures with an Al–Ga
Schottky barrier.~a! Without pretreatment in selenium vapor:~1! Ui50; ~2!
Ui511 V; ~3! Ui512 V. ~b! After selenium vapor treatment:~1! 5 min
at Ui511 V; ~2! 5 min atUi50; ~3! 30 min atUi511 V.
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narrow range of treatment periods~from 5 min to 30 min
under the conditions reported in Refs. 3 and 4!. Electron
diffraction patterns of the gallium arsenide surface after s
treatments indicate mutual ordering of the GaAs~100! plane
and the Ga2Se3 ~310! and ~110! planes with respect to the
crystallographic@001# direction. Similar ordering also exist
after short-term treatments of a GaAs~111! surface. The ex-
planation submitted in Ref. 4 for the reduction of the dens
of SES after such treatments is based on geometrical ma
ing of the Ga2Se3 ~110! and GaAs~100! planes: Only after
reconstruction of the GaAs~100! surface of the typeC(4
34) is it possible for the severed bonds of the contact
surfaces to close~Fig. 4!. As a result, the resultan
Ga2Se3~110! surface has a 332 unit cell ~indicated by the
dashed line!. Characteristically, two-dimensional chains co
sisting of Se–Se dimers extend in the@011# direction. This
result is consistent with the results of earlier investigatio8

of a GaAs~100! surface in a scanning tunneling microsco
after selenium treatment. Two-dimensional chains runn
along the@001# direction are visible on the patterns. In th
same paper the authors have observed a 233 GaAs~100!
structure after selenium treatment of a GaAs~100! surface.
The reflections occurring on the electron diffraction patte

from the ~310! plane of GaAs~100! and the (2̄1̄1̄) plane of
GaAs~111! probably refer to surface zones formed duri
reconstruction of the as-prepared GaAs surface in the in
stages of its treatment in selenium vapor. This conjectur
supported, in particular, by the fact that the~310! plane is
always rigidly tied to the@001# direction of the substrate
regardless of the duration of treatment. In the initial stage
treatment there is also a decrease in the activation energ
the surface electron states without any change in their d
sity; this effect has been observed in Ref. 4. In our opini
insufficient treatment time~less than 5 min! prevents surface
reconstruction from going to completion, and the attend
passivating action is not observed. The restoration of
SES spectrum after long-term treatments~greater than
30 min! can also be explained on the basis of the same c
cepts: The emerging disorientation of the Ga2Se3~110! layer

FIG. 4. Type 332 reconstructed Ga2Se3~110! surface:~1! selenium atoms;
~2! gallium atoms.
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relative to the GaAs~100! substrate disrupts the reconstru
tion of the gallium arsenide surface after being brought i
existence by the passivating action.

CONCLUSIONS

In summary, by means of electron microscopy and el
tron diffraction analysis we have established that during
heat treatment of GaAs~100! and ~111! surfaces in selenium
vapors a~110!-oriented Ga2Se3 layer is formed on them. The
transition region between GaAs~100! and Ga2Se3~110! is
crystallographically oriented along~310!, and the one be-
tween GaAs~111! and Ga2Se3~110! is oriented along (2̄1̄1̄).
The attendant reconstruction of the surface creates a p
vating action only in a narrow interval of treatment period
A pseudomorphic Ga2Se3~110! layer is formed in this inter-
val of treatment periods, stabilizing the reconstructed stat
the gallium arsenide surface.4 For long durations (.30 min!
the resulting disorientation, most likely associated with m
o

-
e

si-
.

of

-

match of the GaAs and Ga2Se3 lattice parameters, disrupt
this reconstruction, and the spectrum of surface electro
states is restored.
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Sulfide passivation of GaAs power diodes
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The feasibility of reducing the leakage currents of GaAs power diodes by chemically treating
their surfaces in solutions of (NH4)2S in isopropanol is investigated. It is established
that after chemical surface treatment the leakage current decreases more as the immersion time
in the solution is increased~eightfold reduction! and also with an increase in the time of
application of a reverse voltageUz5400 V ~2.5-fold reduction!. © 1999 American Institute of
Physics.@S1063-7826~99!01906-7#
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1. The high density of surface states of GaAs induc
rigid attachment of the surface Fermi level and a high surf
recombination rate, resulting in the degradation of a num
of device parameters.

In power diodes utilizing GaAsp-n structures the fol-
lowing expression for the total current through the bias
diode is well known:1

I 5 j 01A@eqV/kT21#1~ j 02BA1 j 02PP!@eqV/2kT21#, ~1!

where j 01 and j 02B are the saturation current densities as
ciated with recombination in the quasineutral region and
the space-charge region, respectively,A is the area of thep-n
junction, j 02P is the current density associated with recom
nation on the surface of thep-n junction, andP is the perim-
eter of thep-n junction.

When a reverse bias is applied, the current in Ga
power diodes at room temperature is estimated from the
face leakages, which are largely related to the high densit
surface states around the perimeter of thep-n junction.

One of the more promising methods for reducing t
density of surface states of GaAs is passivation of the sur
in sulfide-containing solutions. For example, the feasibi
of decreasing the reverse currents has been reported
GaAs p-n diodes1 and InGaAs/AlGaAs laser diodes2 after
passivation in aqueous sodium sulfide solutions. A n
method for reducing the density of surface states more ef
tively than sulfide passivation in aqueous solutions has b
developed in recent years — sulfide passivation in alco
solutions,3 which has been used successfully in reducing
level of catastrophic optical degradation of InGaAs/GaAl
laser diodes by 50%~Ref. 4!.

We have investigated the feasibility of reducing the lea
age current of GaAs power diodes by the chemical treatm
of their surfaces in solutions of (NH4)2S in isopropyl alcohol
( i -C3H7OH).

2. Gallium arsenide power diode structures were gro
in an open Ga–H2-AsCl3 gas transport system in a sing
technological cycle at a source temperature of 820 °C an
substrate temperature of 730–750 °C. The substrates
GaAs wafers of thickness 400mm with a density of 2
31018cm23 disoriented 3–5° from the~100! plane toward
~110! and with a density of dislocations (0.521)
6621063-7826/99/33(6)/3/$15.00
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3105 cm22. The basei-region of the pin structure (n2),
having a thickness up tol 560mm, was grown without spe-
cial doping with a carrier density of (128)31014cm23. A
p1 layer of thicknessl 55215mm was grown with a carrier
density of (123)31018cm23 by doping with zinc, which
was injected through an auxiliary channel into the grow
zone. Ohmic contacts were prepared by the chemical eva
ration of nickel onto then2 and p1 sides of the structure
~Fig. 1!. The area of thep-n junction of the power diode was
S'0.1 cm2, and its perimeter wasp51.3 cm.

The structures were immersed in a solution of (NH4)2S
in i -C3H7OH for 1–120 s at room temperature with illum
nation by a 200-W incandescent lamp, and then they w
air-dried. Different ratios of the volume concentrations
(NH4)2S1 ( i -C3H7OH) were used: 1:0@pure (NH4)2S so-
lution#, 1:10, 1:50, and 1:100.

3. The current-voltage~I-V! curves of the GaAs powe
diodes were measured before and after treatment in
sulfide-containing solutions~Fig. 2!.

It follows from a comparison of the reverse branches
the I-V curves that:

d treatment both in pure (NH4)2S and in a solution of
(NH4)2S in isopropyl alcohol reduces the leakage curren
the greatest reduction in the leakage currents~100-fold at
U5400 V! being attained in a (NH4)2S1 i -C3H7OH solu-
tion with a ratio of volume concentrations 1:10~Fig. 2!;

FIG. 1. Schematic view of the GaAsp-n structure.
© 1999 American Institute of Physics
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d the optimal treatment time for the GaAs power diod
is approximately 1 min, where in fact the leakage curr
decreases by one half after a 30-s treatment in a (NH4)2S
1 i -C3H7OH solution and decreases eightfold after 1 m
but after longer keeping in the solution, approx 2 min, t
decrease in the leakage current is insignificant~Fig. 3!;

d the reduction of the leakage current depends on h
long a reverse voltage of 400 V is subsequently applied
the GaAs diode: When the application time is increased
least to 15 min, the leakage currents of the diode~Fig. 4!
decrease by more than one half.

We note that theI-V curves rerecorded after being ke
for several days in air without an applied voltage scarc
differ from those recorded 15 min after the application o
reverse voltage.

4. The reduction of the leakage current of GaAsp-n

FIG. 2. Reverse branches of theI-V curves of GaAs power diodes untreate
~1! and treated~2! in three solutions of (NH4)2S in isopropyl alcohol at
various concentrations:~a! pure ammonium sulfide solution;~b! 1:10; ~c!
1:1000.
s
t
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structures is probably attributable to a change in the den
of surface states through the formation of a sulfide passi
ing coating on the GaAs surface.

The preexponential factor for the recombination curre
in Eq. ~1!,

I 025Aj 02B1Pj 02P , ~2!

contains a current component associated with the surf
The reduction of the leakage current can be assumed
consequence of a major restructuring of the spectrum of
face states.

The results of the influence of chemical treatment in
lutions of (NH4)2S in isopropyl alcohol on the leakage cu
rent of GaAs power diodes are consistent with the mode
sulfide passivation of the GaAs surface in alcohol solutio5

and with the results of the kinetics of formation of a sulfi
coating in aqueous solutions of sodium sulfide.6

According to this model, the rate of formation of th
sulfide coating is determined by the rate of escape of e

FIG. 3. Reverse branches of theI-V curves of GaAs power diodes untreate
~0! and treated~1, 2, 3! in a (NH4)2S1 i -C3H7OH ~1:50! solution for vari-
ous treatment times:~1! 30 s;~2! 60 s;~3! 120 s. Inset: Dependence of th
maximum diode leakage current with a 400-V reverse bias on the treatm
time.

FIG. 4. Reverse branches of theI-V curves of GaAs power diodes untreate
~0! and treated~1–5! in a (NH4)2S1 i -C3H7OH ~1:50! solution for various
durations of application of a 400-V reverse bias to the diode:~1! 0.1 min;
~2! 1 min; ~3! 3 min; ~4! 6 min; ~5! 15 min. Inset: dependence of th
maximum diode leakage current on the duration of application of a 40
reverse bias to the diode.
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trons from the semiconductor into the solution during oxid
tion of the semiconductor, by the rate of breaking of surfa
chemical bonds of the semiconductor, and by the rate
formation of bonds with surface atoms of the semiconduc
Enhancement of the effectiveness of passivation and, he
a more pronounced reduction of the diode leakage cur
will be attained with an increase in the chemical react
rate,5 which, first of all, is higher in alcohol solutions o
(NH4)2S than in pure (NH4)2S ~Ref. 5! and, second, de
creases as the concentration of sulfide ions in the alco
solution increases~Fig. 2!.

The optimal chemical treatment time of approximate
1 min correlates with the result of photoluminescence inv
tigations of GaAs passivated in solutions of (NH4)2S in
alcohols.5 The reduction of the leakage currents is not
pronounced after the treatment time is further extended
2 min, probably because the chemical reaction products
ate marked shunting channels on the surface of thep-n struc-
ture.

The further reduction of the leakage currents under
influence of an applied reverse voltage~Fig. 4! is probably
attributable to the additional modification of the GaAs s
face under the influence of the increase in the diode temp
ture in this case when the reverse voltage is applied, with
formation of a more energy-favorable surface structure, si
lar to what happens after passivation in aqueous sulfide
lutions with exposure to light.7
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Consequently, current leakages through the surface
be significantly reduced by chemical treatment of the surf
of GaAs p-n power diodes in solutions of (NH4)2S in iso-
propyl alcohol.

When the treatment time in the solution is increased
1 min and when the duration of application of a reverse b
at U5400 V is increased, the reduction of the leakage c
rents becomes more effective.

The authors gratefully acknowledge V. N. Bessolov f
encouraging the present study.
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The parameters of charge localization centers in the skin layer of gallium arsenide treated in
selenium-arsenic vapor are investigated by deep-layer transient spectroscopy. It is established that
the addition of arsenic to the vapor phase slows down the reaction of heterovalent substitution
of selenium for arsenic in GaAs and reduces the density of centers in the skin layer of
GaAs. © 1999 American Institute of Physics.@S1063-7826~99!02006-2#
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To decrease the density of electron states on the sur
of gallium arsenide, the substrate is treated in a chalcog
containing medium,1,2 selenium vapor, in particular.3 In Ref.
4 the effect of selenium vapor on the density of surface e
tron states~SES! ~Ref. 3 is attributed to~332! reconstruction
of the GaAs~100! surface and the subsequent stabilization
this reconstruction by a tunnel-transparent pseudomor
Ga2Se3~110! layer. Characteristically, the reduction of th
SES @i.e., disappearance of the maximum corresponding
these states in the spectra obtained by deep-level tran
spectroscopy~DLTS! ~Ref. 4! and detachment of the Ferm
level on the GaAs surface1–3# takes place independently o
the particular chalcogen used for treatment~S, Se, or Te! and
is also observed in combined treatment with selenium
arsenic vapors.4

We know from Ref. 5 that the presence of arsenic in
quasiclosed chamber during processes involving the tr
ment of a III–V semiconductor with a chalcogen can mod
the nature of the heterovalent substitution reaction. In
same paper it has been established that not only the hete
lent substitution reaction rate, but also the mechanism of
reaction changes in the presence of arsenic, resulting
decrease of the density of macroscopic structural defect
the boundary region of the heterojunction formed by t
technique.

In this paper we analyze the influence of arsenic on
electrical characteristics of the surface of GaAs~100! treated
in a quasiclosed chamber in selenium vapor with arse
The objects of investigation were Schottky barrier diod
formed by the spray deposition of Al contacts through
mask onto the untreated GaAs surface~which had been sub
jected only to chemodynamic polishing and removal of
natural oxide sublayer by the procedure described in Ref
and 4! and onto the surface treated in selenium and selen
with arsenic. The vapor treatment was performed in the q
siclosed chamber under conditions similar to those use
Refs. 3 and 4.

Figure 1 shows DLTS spectra of Al–GaAs diodes~n-
6651063-7826/99/33(6)/3/$15.00
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type GaAs,n.1016cm23) formed after treatment of the sub
strate both in selenium vapor~Fig. 1a! and in selenium vapor
with arsenic~Fig. 1c! at fixed temperatures. The DLTS spe
tra have been analyzed in the temperature range 90–400
determine the activation energies of the centers. As in Re
the dependence of the amplitude of the spectral peaks on
amplitude of the injecting peaks was used to separate
contribution of surface states to the DLTS signal from t
contribution of centers in the subsurface space-charge reg

As in Ref. 4, the maximum at lnt/t0;9, which corre-
sponds to SES~the peakP3 in the notation convention o
Ref. 4!, vanished in the DLTS spectra, i.e., treatment in
lenium vapor alone and in selenium with arsenic has ess
tially the same influence in reducing the density of SES,
mentioned previously.3 The longer duration of the combine
Se1 As treatment is attributable to the decrease in the h
erovalent substitution reaction rate of arsenic in GaAs on
when arsenic vapor is present in the quasiclosed cham
This time was decided from a comparison of the results
measuring the thickness of the treatment-formed chalcog
ide layer by the method of current-voltage~I–V! curves of
the height of the Schottky barrier (wb) and by ellipsometry.
The resulting valuewb.0.46 eV for samples with an Al con
tact after 5-min treatment in Se vapor was in line with t
valuewb.0.44 eV obtained for samples treated in Se vap
with arsenic for 45 min. The measured layer thickness
either case corresponded to 5 nm~within 5% error limits!.

The states in the surface space-charge region of the
lium arsenide were found to be sensitive to the presenc
arsenic in the quasiclosed chamber~Figs. 1c and 1d!. The
maximum of the DLTS signal for all types of centers in th
space-charge region decreased after combined Se1 As treat-
ment in comparison with treatment in selenium alone. W
note that the maximum at lnt/t0;4 ~peak P2) even in-
creased relative to a sample that had not been treate
selenium vapor~Fig. 1b!.

The centers associated with the maxima in the DL
spectra are also manifested in isothermal capacitance re
© 1999 American Institute of Physics
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FIG. 1. Typical DLTS spectra at temperaturesT5350 K ~a, c! and 170 K~b, d! for Al-GaAs structures prepared without pretreatment of the substrates~curves
1!, after treatment in Se vapor for 5 min~a, b, curves2!, and after treatment of the substrates in Se1 As vapor for 45 min~c, d, curves2!. Heret0 is the
maximum relaxation time specified in the experiments.
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ation of the investigated heterostructures at room temp
ture ~Fig. 2!. Schottky diodes prepared immediately aft
chemodynamic polishing~without chalcogen treatment! are
characterized by prolonging of the capacitance relaxa
process~Fig. 2a, curve1!. Treatment in selenium alone re
moves this long-time segment~Fig. 2a, curve2!. After com-
bined Se1 As treatment the nature of the time dependen
of the capacitance cannot be detected in the same time
because of a substantial decrease in the time constant o
relaxation process. To ascertain the nature of this chang
the relaxation characteristics of the investigated structu
we have investigated the temperature dependence of the

FIG. 2. Time variations of the capacitance of Al–GaAs heterostructu
before ~a! and after~b! the application of a depleting voltage pulseV(t).
HereC0 is the capacitance of the structure before application of the volt
pulse. The curves in Fig. 1a are plotted without~1! and with~2! pretreatment
of the substrate in Se.
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constant of the variation of the capacitance after the appl
tion of a depleting voltage pulse~Fig. 3!. The values of the
time constant for the final stages of relaxation in coordina
lnt versus 1/T provide a good fit to a straight line, whos
slope corresponds to an activation energy of the order
0.4 eV ~Fig. 3, curve1!. The latter corresponds to the SE

s

e

FIG. 3. Temperature dependence of the capacitance relaxation time
Al–GaAs heterostructures not treated in selenium~1, 18! and treated in se-
lenium vapor for 5 min~2!; curves1 and18 represent the values of the tim
constant in the initial and final segments of the capacitance relaxation cu
respectively.
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activation energy determined by DLTS~peakP3 in Fig. 1a!.
As mentioned above, this maximum vanishes after treatm
in selenium vapor~Fig. 1a, curve2!. Again, the long-time
segment is no longer observed in the capacitance relaxa
curve after chalcogen treatment~Fig. 2!. Consequently, the
prolonging of relaxation of the capacitance of structur
formed on GaAs substrates not treated in selenium is attr
utable to SES with an activation energy on the order
0.4 eV. As the temperature varies, the plots of the time co
stants of the initial parts of the capacitance relaxation cur

FIG. 4. Photomicrograph of transverse breaks in gallium arsenide sam
treated in selenium vapor alone~a! and in selenium vapor with arsenic~b!.
The pictures were obtained in a scanning electron microscope with mag
fication3150 000. To enable observation of the Ga2Se3 layer formed by the
substitution reaction in the microscope, the vapor treatment was perform
at higher temperatures than those indicated in Refs. 3 and 4.
nt

on

s
b-
f
-
e

of structures, both treated~Fig. 3, curve2! and not treated
~Fig. 3, curve18! in selenium vapor, as a function of 1/T, are
also well described by a straight line in coordinates lnt ver-
sus 1/T. Here the curves have an identical slope, which c
responds to an activation of the order of 0.7–0.8 eV. T
energy corresponds to peakP4 in the DLTS spectra~Figs. 1a
and 1c, curves1 and2!. The amplitude of this maximum is
significantly lowered only by combined treatment of the su
strates in selenium and arsenic vapor~Fig. 1c, curve2!. This
reduction of the density of centers in the surface spa
charge region of GaAs is probably the main reason for
shortening of the capacitance relaxation time of structu
whose substrates are pretreated in selenium vapor with
senic in the quasiclosed chamber.

Combined Se1 As treatment lowers the amplitudes o
all the maxima~peaksP1 , P2, andP4 in the DLTS spectra,
Fig. 1! corresponding to centers in the space-charge regio
gallium arsenide. The mechanism of this process canno
determined from the sum-total of the experimental resu
analyzed in this paper. In our opinion, the most likely cau
of such behavior of the centers in the space-charge regio
GaAs is a decrease in the density of macroscopic defec
the surface region of the gallium arsenide~beneath the
pseudomorphic Ga2Se3 layer formed by the substitution o
selenium for arsenic3,4! as a result of the combined treatme
in selenium with arsenic~Figs. 4a and 4b!.

Thus, the presence of arsenic in the quasiclosed cham
predominantly influences the density of centers in the surf
region of GaAs rather than the density of SES. This pheno
enon is accompanied by a reduction in the number of m
roscopic defects near the GaAs surface. Chalcogen treatm
of the surface exerts a decisive influence on the density
SES in GaAs.

1P. Victorovich, Rev. Phys. Appl.9, 895 ~1990!.
2B. I. Bedny� and N. V. Ba�dus’, Fiz. Tekh. Poluprovodn.29, 1488~1995!
@Semiconductors29, 776 ~1995!#.

3B. I. Sysoev, N. N. Bezryadin, G. I. Kotov, and V. D. Strygin, Fiz. Tek
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Deep-level recombination spectroscopy in GaP light-emitting diodes
S. V. Bulyarski , M. O. Vorob’ev, N. S. Grushko, and A. V. Lakalin

Ul’yanovsk State University, 432700 Ulyanovsk, Russia
~Submitted September 22, 1998; accepted for publication September 23, 1998!
Fiz. Tekh. Poluprovodn.33, 723–726~June 1999!

Deep-level parameters determined from an analysis of the differential coefficients of the forward-
bias current-voltage curves are compared in the example of commercial GaP LEDs. It is
shown that these parameters are suitable for deep-center diagnostics. The proposed measurements
can be performed on semiconductor wafers in the industrial environment without sealing or
dividing into individual crystals. ©1999 American Institute of Physics.
@S1063-7826~99!02106-7#
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Recombination in a space-charge region, theoretic
grounded in the classical work of Shockley, Noyce, a
Sah,1 has received far less attention than it deserves. Ch
injection into the space-charge region induces deep-le
charge exchange accompanied by a change in the reco
nation rate.2,3 This effect creates anomalous features in
forward-bias current-voltage~I-V! characteristics. These dis
tinctive features are faint against the background of the
ponential growth of the forward current and have theref
been ignored for a long time. A series of previous papers4–6

has been devoted to the elucidation of these featu
and their utilization for determining the parameters of de
levels.

In this paper we compare various differential paramet
of the forward-biasI-V characteristics and estimate their su
ability for deep-center diagnostics in the example of co
mercial GaP light-emitting diodes~LEDs!, in which nonra-
diative recombination channels lower the emiss
efficiency. To understand the recombination channels, i
necessary to determine the parameters of the defects w
participate in nonradiative recombination and which low
its fraction in recombination processes. This problem is
utmost importance in LED technology.

The samples of GaP-basedp-n junctions had standard
parameters for commercial nitrogen-doped green-li
LEDs. The epitaxially grown junction was sharp, asymm
ric, and characterized by a density of electrons in the b
(329.5)31015cm23. The I-V curves were measured on a
automated apparatus described in Ref. 5. The current wa
by means of a V7-42E´ electrometer in the range from
10212A to 1022 A, and the voltage was set by means of
V7-46 voltmeter with a step of 0.01 V. The data were ente
into computer memory. A total of 15 diodes were inves
gated. Selected parameters of one of them are show
Table I.

At a low injection level the recombination currents in th
space-charge region of a wide-gap semiconductorp-n junc-
tion are generally higher than the diffusion currents. In t
case theI-V curve is described by a characteristic equation
the form
6681063-7826/99/33(6)/4/$15.00
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J5A~U !exp~qU/bkT!, ~1!

whereb assumes values from 1 to 2~b51 for the diffusion
currents!. The physics of the process is described in detai
Refs. 1–5. The proportionality factorA(U) depends on the
parameters of the deep centers, which can be determ
under certain assumptions.

The recombination current in the space-charge region
a p-n junction with the participation of several, simple, do
bly charged deep levels is described by the equation5

j r5 (
m51

s qw~U !cnmcpmni
2~eqU/kT21!Ntm

2niAcnmcpmeqU/kT1cnmn1m1cpmp1m

3
2kT

q~Vd2U !
, ~2!

where q is the electron charge,w(U) is the width of the
space-charge region,s is the number of deep levels

n1m5Nc expS 2
Etm

kT D ; p1m5Nv expS 2
Etm

kT D ;

cn and cp are the electron and hole capture coefficients
the given center, averaged over all states,Nt is the density of
deep levels,Et is the position of a deep level in the band ga

Etn5Ec2Et ; Etp5E12Ev ,

andVd is the diffusion potential.

TABLE I. Deep-level activation energies determined by different metho
for a GaP LED.

E7 , E6, E5, E4, E3, E2, E1, E8, E9, E10 ,
Method eV eV eV eV eV eV eV eV eV eV

TSCAP ¯ 0.35 ¯ ¯ ¯ 0.53 0.63 0.66 0.81 1.0
Rnp 0.29 0.33 ¯ ¯ 0.48 0.56 0.61 ¯ ¯ ¯

db

dU
0.27 0.32 0.38 0.42 0.48 0.52 0.61¯ ¯ ¯

g 0.26 0.30 0.37 0.41 0.46 0.54 0.61¯ ¯ ¯

Note: Ei denotes the deep-level thermal activation energies calculated f
Eq. ~5! and determined by the TSCAP technique. Other methods use
determineEi are described in the text.
© 1999 American Institute of Physics
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Equation~2! differs somewhat from the expressions
Ref. 1. This difference has already been analyzed in det6

and we shall not discuss it further. The limits of applicabil
of Eq. ~2! have been established previously.2–5

To analyze theI-V characteristics, it is convenient t
introduce a different physical variable: the normalized
combination rate

Rnp5
i

qwSni@exp~qU/2kT!21#

q~Vd2U !

2kT
, ~3!

wherei is the current, andS is the area of thep-n junction.
This quantity is related to the deep-center parameters b
equation taken from Refs. 2 and 3:

Rnp5
cncpniNt@exp~qU/2kT!11#

2niAcncp exp~qU/2kT!1n1cn1p1cp

. ~4!

The latter can be used to expand the total recombina
process into individual components, using algorithms
Refs. 4–6. An example of such a partition for the inves
gated diodes is shown in Fig. 1. For each recombina
process through a doubly charged deep center we can d
mine the voltage (U0.5) at which the normalized recombina
tion rate~4! decreases by one-half relative to saturation. A
suming that the deep center lies above the middle of the b
gap ~i.e., cpp1!cnn1), we find

Etn5
Eg2qU0.5

2
1d, ~5!

where

d5
kT

2
ln S 1

4

cnNc

cpNv
D .

This quantity, like the capture coefficients, is unknown a
rule. However, the ratio of the capture coefficients can
determined by measuring the temperature dependence o
forward current.2,3 The systematic error introduced whend is

FIG. 1. Separation of recombination processes into components on the
of the function Rnp5 f (U). ~1! Experimental; activation energies:~2!
E50.61 eV;~3! 0.56 eV;~4! 0.48 eV;~5! 0.33 eV;~6! 0.29 eV.
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disregarded does not exceed 0.06 eV for a ratiocn /cp5100.
The activation energies calculated from Eq.~5! are given in
Table I.

The deep-level activation energy can be determin
from the extrema of the derivative of the differential slope
the I-V characteristic~b!:

b5
qJr

kT S ]Jr

]U D 21

. ~6!

Equation~5! can also be used to determine deep-level a
vation energies from the maxima of the functiondb/dU
5 f (U), but the expression ford will not contain the factor
1/4 in this case.4 If we assume thatcn /cp5102, the system-
atic error atT5300 K is thend'0.04 eV for GaP.

The functiondb/dU5 f (U) for one sample is plotted in
Fig. 2. There is a noticeable correlation between the max
of curve2 and the features of the normalized recombinat
rate ~see Fig. 1!. Every time a new level enters into th
recombination process, the derivative of the different
slope of theI-V characteristic acquires a maximum.

A drawback of the method is the need to calculate
second derivative of the experimental data, which requ
special numerical methods. In this regard, it is more pract
to use another differential coefficient, whose determinat
requires only the calculation of the first derivative:4

g5S ]Rnp

]U D 2kT

q

1

Rnp
. ~7!

The voltage at which the coefficient~7! is a minimum~Fig.
2! can be used to find the deep-center activation energy f
Eq. ~5!. Certain conditions formulated in Ref. 4 must b
satisfied. An approximate estimate shows that these co
tions are usually met for deep levels formed in the fabri
tion of commercial semiconductor devices.

A function of the form~7! has minima at pointsU0m ;
the amplitude of each minimum differs according to the co
tribution of the specific deep level to the total recombinati
current. The quantitiesU0m , which depend oncn(p)m and
Ntm , can be determined experimentally. Assuming that
deep level is situated above the middle of the band gap~i.e.,
cpmp1m!cnmn1m!, we obtain an expression analogous to~5!.
The results obtained by this method for the investigated
ode are also shown in Table I.

To refine the deep-center energies, we have determ
them by the well-known thermally stimulated capacitan
~TSCAP! technique, which is described, for example,
Refs. 7 and 8. In this technique the capacitance of the sam
~C! is measured as the sample is heated at a constant
Deep levels in the space-charge region have been previo
filled with electrons. The derivative of the capacitance w
respect to the temperature is described by an expres
whose one and only fitting parameter is the deep-level a
vation energy (Et):

sis
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FIG. 2. Differential coefficients of theI-V characteristic. The extrema correspond to the levels in Table I.
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Tm
D 2

expFEt

k S 1

Tm
2

1

TD G
3expH 12S T

Tm
D 2

expFEt

k S 1

Tm
2

1

TD G J . ~8!

A certain difficulty is encountered in that the experime
tal curve comprises the superposition of ionization proces
of the individual levels, each providing its own contributio
to the capacitance. These processes can be separate
means of Eq.~8!. It is more convenient to begin the brea
-
es

by

down in the high-temperature region, specifying the te
perature of the maximum and the amplitude of the TSC
peak. If the choice ofEt is smaller than the true value, th
analytical curve is broader than the experimental curve. If
chosen energyEt is greater than the true value, the cur
calculated from Eq.~8! is narrower than the experimenta
curve. The energy can be selected very accurately with g
agreement between the experimental and analytical cur
Figure 3 shows a graph plotted by the TSCAP technique,
Table I gives the activation energies determined from it.
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A comparison of the tabulated results shows that all
methods used here yield good agreement of the therma
tivation energies. The differential parameters of theI-V char-
acteristics are now measured at a fixed temperature — r
temperature in our case, simplifying the experimental pro
dure. The measurements can be performed on semicond

FIG. 3. Separation of deep levels on the basis of the functiondC/dU
5 f (T). ~1! Experimental; activation energies:~2! Et50.35 eV; ~3!
0.53 eV;~4! 0.63 eV;~5! 0.66 eV;~6! 0.81 eV;~7! 1.0 eV.
e
c-

m
-
tor

wafers in the industrial environment without having to se
them or divide them into individual crystals. The experime
itself can be easily automated in the part associated w
measurement and processing.
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Influence of temperature on the spectral composition of the breakdown
electroluminescence of silicon carbide p -n structures

M. V. Belous, A. M. Genkin, and V. K. Genkina

National Technical University of Ukraine, 252056 Kiev, Ukraine
~Submitted May 14, 1998; accepted for publication November 10, 1998!
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The spectral dependence of the temperature coefficient of the quantum efficiency of breakdown
electroluminescence of alloyedp-n structures based on silicon carbide is investigated. A
similarity is observed between the profiles of the spectral distributions of the temperature
coefficient and the relative slope of the spectrum. These curves were found to have
characteristic features that depend on the crystal modification of the as-grown material and the
working voltage of the structure. ©1999 American Institute of Physics.
@S1063-7826~99!02206-1#
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Silicon carbide-based radiators operating in the electr
breakdown regime hold considerable promise for the se
tivity calibration of spectral equipment and optoelectron
devices containing photomultipliers. They stand out fro
conventional standard radiators by virtue of their broad,
spectrum, which resembles the spectrum of an abso
blackbody at a temperature of 6000–8000 K, and by the
ceptionally high temperature stability of their total radiat
power.1

It is all but unknown, however, how temperature infl
ences the spectral composition of the radiation. This situa
is probably attributable to difficulties of a methodologic
nature associated with the need for extremely accurate
cording of weak optical radiation fluxes. Apart from its pra
tical importance, the investigation of the influence of te
perature on the emission spectrum can provide additio
information about the mechanisms of the process — in
mation that is impossible to obtain by analyzing the pro
of broad, flat spectra.

Here we report the results of an experimental study
the effect of temperature on the spectral distribution of
quantum efficiency of the breakdown electroluminescenc
alloyed silicon carbidep-n structures as a function of th
crystal modification of the as-grown material and the wo
ing voltage of the structures.

The p-n structures were prepared by alloying Silum
disks with silicon carbide crystals, polytypes 6H and 1
grown by the Leighly method, and also with single cryst
of cubic silicon carbide 3C-SiC prepared by the thermal
composition of methyl trichlorsilane. The structures had
ameters of 1502300mm. The disks were fused into natur
faces of the crystals perpendicular to the crystallographiC
axis. For 3C-SiC fusion was performed into the most fu
developed B-face. The density of uncompensated donor
the as-grown crystals was 101821019cm3.

As a rule, breakdown in the investigated structures w
localized in microplasmas. Judiciously planned technolog
regimes involving the artificial injection of defects into th
subsurface layer of the as-growna-SiC layers yielded struc
6721063-7826/99/33(6)/5/$15.00
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tures in which the microplasmas were tightly and uniform
packed into the entire area or were localized in a ring oc
pying a large part of the area of thep-n junction. For such
samples luminescence from a large number of microplas
was observed under the microscope, beginning with curre
no greater thanJ50.121 mA. In the absence of defects th
microplasmas were localized around a circle in the periph
region of thep-n junction.

In general, structures with microplasmas localized in
narrow ring in the peripheral region of thep-n junction were
obtained on the basis of 3C-SiC. The breakdown volta
differed sharply in different growth sectors, ranging fro
one or two to hundreds of volts. Structures were obtain
under certain conditions, in which breakdown electrolum
nescence observed visually under the microscope with;100
magnification was viewed as essentially uniform in ar
without microplasmas. The working voltage for the
samples usually did not exceedU520 V.

The structures to be measured were placed in h
dissipating casings. Base contact was established by
vacuum spraying of Ti1 Ni. The radiation from the sample
was recorded through the thinp region.

In our selection of the structures and preparation of
samples we strove to minimize the influence of radiat
scattered or reflected from the faces of the crystal.

The emission spectra were measured in the photon
ergy range hn51.823.8 eV in stepsDhn50.05 eV by
means of a ZMR-3 monochromator. A photon counter util
ing an FÉU-79 photomultiplier, carefully selected to ensu
the most stable possible detection of radiation, was use
the photodetector. The samples to be measured were pl
in a special holder directly in front of the entrance slit to t
monochromator. The holder afforded the possibility of reg
lating and stabilizing the sample temperature~T! in the range
from room temperature to 400 K. The signal intensiti
I (hn) from the measured sample were reproduced within
most 0.1% error limits over the entire spectral range dur
the time ~;2 h! to measure two spectra~at two different
temperatures!.
© 1999 American Institute of Physics
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A TRSh-3000 ribbon-filament incandescent lamp w
used for calibration. To obtain a smooth calibration cur
free of anomalous features in differentiation, the experim
tal dependence was approximated by a fourth-degree p
nomial. The absence of fine-structure anomalies in the p
tosensitivity spectrum of the FE´ U-79 was additionally tested
in the photon energy intervalhn53.323.8 eV, where bands
were observed in the breakdown electroluminescence s
tra.

As a rule, the temperature curves of the spectral den
of the quantum efficiency were linear in the temperat
range 300–400 K, and they could therefore be used to c
acterize the relative temperature coefficientghn expressed in
units of % / K.

To plot the spectral functionghn(hn), the spectral dis-
tributions of the signal from the sample were measured
succession at room temperatureT1 and a temperatureT2

100 K above room temperature. The constancy of the ph
sensitivity of the recording system was monitored during t
operation. The quantitygn was determined for each photo
energy in stepsDhn50.05 eV from the equation

ghn5
I ~T2!2I ~T1!

I ~T1!•~T2T1!
3100%.

The spectral distributions of the quantum efficiency
the sampleNhn(hn) and the relative slopes of the spectru
j(hn)5(1/Nhn)DNhn /Dhn were also recruited for a com
bined analysis.

An estimation of the internal quantum efficiency
breakdown electroluminescence within 100% error lim
gives a value of the order of 102721026 photons/
electron•eV within the limits of the spectral intervalhn
51.823.8 eV for samples differing in their emission topo
raphy, working voltage, polytype structure, degree of dopi
and purity of the as-grown crystals. The least scatter of
quantum efficiency was exhibited by samples prepared
the basis of industrial 6H-SiC crystals, with a working vo
age higher than 16 V and a uniform field of microplasma

A low quantum efficiency from the entire set of sampl
was observed for structures with a low working volta
~14 V or lower for 6H-SiC!, which probably corresponds t
tunneling breakdown.2

The emission spectra of thea-SiC-based samples com
prised a broad band with a not very pronounced struc
~Figs. 1c and 2c!. Differences between the polytypes 6H-S
and 15R-SiC appeared only in the spectral structure m
fested in the differential curves Figs. 1b, 2b, and 3b!. For the
majority of the samples the profile of the spectrum in
details was essentially independent of the working curreJ
in the range from 10 mA to 100 mA~the corresponding dif-
ferential curves in Figs. 1b and 3b merge together for
practical purposes!.

The 3C-SiC samples contained, against the backgro
of the wideband spectrum, a comparatively narrow band w
a maximum near 3.1 eV~Fig. 4c!, whose contribution rela-
tive to the background, as noted in an earlier paper,3 dimin-
ished considerably as the excitation level was raised.

Exceptionally low values ofghn were observed for the
6H-SiC and 15R-SiC samples over the entire investiga
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spectral range, generally not exceeding the inter
20.0520.05 % / K.

Figure 5 shows the temperature coefficient of the qu
tum efficiencyg as a function of the voltage on the sampleU
~which is determined mainly by the density of uncompe
sated donors in the as-grown crystals! for a current
J550 mA and a 6H-SiCp-n structure with a uniform micro-
plasma field. The points indicate the total values ofg re-
ceived by a nonselective photodetector; the vertical line s
ments indicate the maximum and minimum values ofghn in
the spectral intervalhn51.823.8 eV. It is evident from the
figure that a weak dependence ofg on U is observed. One
exception is sample 164 (U512.6 V!, in which tunneling

FIG. 1. Spectral distributions for 6H-SiC-based structures:~a! temperature
coefficient of the quantum efficiency of breakdown electroluminescence~b!
relative slope of the spectral distribution of the quantum efficiency;~c!
quantum efficiency. Sample number and measurement regime@J, mA/
U, V#: ~1! 164 @50/12.6#; ~2! 164 @100/13.3#; ~3! 86 @50/17.0#; ~4! 11 @50/
19.5#; ~5! 28 @50/25.1#. ~b! The curves are shifted upward by:~1, 2! 0; ~4!
1 eV21; ~3! 2 eV21; ~5! 3 eV21.
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674 Semiconductors 33 (6), June 1999 Belous et al.
breakdown probably takes place; sample 11 (U519.4 V!
also stands out for its high positive values ofg.

The general behavior of the spectral curvesghn(hn) and
j(hn) are well reproduced for all crystals of the given pol
type, permitting typical individual cases to be treated se
rately. The curves contain highly pronounced features
are characteristic of each polytype.

Figure 1 shows the spectra of typical 6H-SiC samp
with different working voltages.

It is evident from Figs. 1a and 1b that the nature of t
spectral curvesghn(hn) and j(hn) is similar in many re-
spects. It can be assumed in light of this similarity that one
the factors governing the temperature coefficient and
spectral dependence is the temperature shift of the m
components of the radiation. Here the quantum efficie
increases on the leading slope of the spectral band and
creases on the trailing side, where the relative variation
the quantum efficiency~i.e., the value ofghn), exclusive of

FIG. 2. Spectral distributions for 15H-SiC-based structures:~a! temperature
coefficient of the quantum efficiency of breakdown electroluminescence~b!
relative slope of the spectral distribution of the quantum efficiency;~c!
quantum efficiency. Sample number and measurement regime@J, mA/
U, V#: ~1! 41 @100/14.2#; ~2! 28 @50/26.7#; ~3! 92 @50/24.1#. ~b! The curves
are shifted upward by:~2! 0; ~3! 1 eV21; ~1! 2 eV21.
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the influence of other factors, should be proportional to
relative slope of the spectrum in the given spectral region
fact, for the quantityghn we can write

ghn5
1

Nhn

]Nhn

]~hn!

d~hn!

dT
1

1

Nhn

]Nhn

]T
. ~1!

The quantities (1/Nhn)@]Nhn /](hn)# and d(hn)/dT in the
first term are~respectively! the relative slope of the spectrum
@whose approximate valuej(hn) we have determined ex
perimentally# and the temperature coefficient of the band g
responsible for radiative transitions in the given region of
spectrum. The first term corresponds to the contribution
the temperature shift of the emission bands without a
change in their profile and amplitude. The second term ch
acterizes the influence of factors governing the variation
the profile and amplitude of the spectral bands. The princ
factor here in the case of breakdown electroluminescenc

FIG. 3. Influence of excitation level on the spectral distributions for 6H-S
structures:~a! temperature coefficient of the quantum efficiency of brea
down electroluminescence;~b! relative slope of the spectral distribution o
the quantum efficiency;~c! quantum efficiency. Sample number and me
surement regime@J, mA/U, V#: ~1! 120 @10/16.6#; ~2! 120 @100/176.6#; ~3!
11 @10/18.5#; ~4! 11 @100/20.0#; ~5! 28 @10/23.1#; ~6! 28 @100/25.1#. ~b! The
curves are shifted upward by:~1, 2! 0; ~3, 4! 1 eV21; ~5, 6! 2 eV21.
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probably the temperature dependence of the density of
carriers participating in radiative transitions. The similar
of the profiles of the spectral curvesghn(hn) and j(hn)
implies that the quantities d(hn)/dT and (1/Nhn)
3(]Nhn /]T) depend weakly onhn.

The part of the radiation reflected from the faces a
scattered in the crystal is recorded together with the radia
transmitted through the thinp region and is subjected t
self-absorption. It has been established that the influenc
the temperature dependence of the optical absorptio
manifested by a dip in the vicinity of 3 eV on the spect
curvesghn(hn) ~Fig. 1a, curves4 and5!. This feature is far
less pronounced on thej(hn) curves~Fig. 1b!. A substan-
tially stronger correlation is observed between other featu
of the ghn(hn) and j(hn) curves. This fact leads to th
assumption that the temperature shift of the optical abs

FIG. 4. Spectral distributions for 15H-SiC-based structures:~a! temperature
coefficient of the quantum efficiency of breakdown electroluminescence~b!
relative slope of the spectral distribution of the quantum efficiency;~c!
quantum efficiency. Sample 16, measurement regime:J550 mA, U
525.4 V. Temperature:~1! 300 K; ~2! 400 K.
ee

d
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l
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tion bands is stronger than that of the emission bands, wh
are found to have significantly weaker ties with the band g

It is evident from Fig. 1a that 6H-SiC has a characteris
feature in the form of a weak broad band on theghn(hn)
curves with a maximum in the vicinity of 3 eV. Thej(hn)
curves do not have this feature~Fig. 1b!. Thej(hn) curves,
in turn, have two extrema in the vicinity of 3.4 eV an
3.7 eV, indicating the presence of corresponding bands in
emission spectrum. However, these extrema do not ap
on theghn(hn) curves.

It is also evident from Fig. 1a that the nature of th
feature in the form of a broad maximum on theghn(hn)
curves changes in a regular fashion with the working vo
age. For sample 164 withU,14 V ~curves1 and 2! this
feature is not very pronounced on theghn(hn) curves~par-
ticularly at low current!. The slope of the long-wavelengt
edge of the feature is greatest for samples having low bre
down voltages~curve 3!. For samples with comparativel
high breakdown voltages~curve5! the given feature appear
as a shallow maximum.

Considering that the bands located in the vicinity
3.4 eV and 3.7 eV, which are very noticeable on thej(hn)
curves, scarcely alter the profile as the temperature va
but do not show up on theghn(hn) curves, we can assum
that their temperature shift is small in comparison with t
corresponding shift of all other components of the radiati

The behavior of theghn(hn) curves with variation of the
current through the sample is dictated byU. Typical cases
for samples with a uniform microplasma field, prepared
the basis of 6H-SiC, are shown in Fig. 3.

For a series of low-voltage samples a variation of t
working current corresponds to a significant variation of t
level of theghn(hn) curves with a slight variation of thei
profile ~Fig. 3a, curves1 and2!. Mainly the second term in
Eq. ~1! varies in this case, indicating, on the one hand, t
the type of radiative transitions is independent of the curr
and, on the other, that the current significantly influenc
free-carrier generation~most likely a variation of the tem-
perature affects the density of carriers participating in rad
tive transitions in different degrees for different currents!.

A weak current dependence ofghn is observed for
samples with U.20 V ~Fig. 3a, curves 5 and 6!.

FIG. 5. Dependence of the temperature coefficient of the quantum efficie
of breakdown electroluminescence on the working voltage for 6H-SiCp-n
structures.



le
ho
k
,
e

tu

-
nt
n-

c
te
nd
io
o
a

ee
th
ol
an
in
ly

la
o
o
e

m
te

ro

ac
. A
g
t

ub
e

tu
s-
te

th
ig
nd
b
n

b

nd

o
in

he

.
ed

r of
is of
e

in-
near

nt
be
ple

-

nds

e
f

in

of
tral
ture

ity

en-
sili-
on

an
er-
the

z.

676 Semiconductors 33 (6), June 1999 Belous et al.
Sample 11~Fig. 3a, curves3 and4!, which has positive
values of the temperature coefficient of the breakdown e
troluminescence quantum efficiency, resides at the thres
between the ranges ofU corresponding to strong and wea
current dependences ofghn ~to the best of our knowledge
examples of the observation of positive values have not b
described in the literature!. The density of carriers involved
in radiative transitions probably increases as the tempera
increases.

The positive sign ofghn might be explained on the as
sumption that radiative transitions take place predomina
via high-energy holes resulting from impact ionization i
duced by electrons. Ina-SiC a positive~‘‘anomalous’’! tem-
perature dependence of the electronic impact ionization
efficient has been observed for an electric field direc
parallel to theC axis and has been attributed to miniba
splitting of the electron energy spectrum in the conduct
band.4 The state of sample 11 probably corresponds t
maximum fraction of high-energy holes with a density th
depends ‘‘anomalously’’ on the temperature in the total fr
carrier density specified by the electric current through
p-n junction. This state is the most probable for the thresh
region between fully developed avalanche breakdown
the transition zone corresponding to impact ionization
duced by tunneling electrons. It follows from previous
published2 curves of the differential resistance ofp-n struc-
tures as a function of the working voltage, plotted for simi
samples, that the voltage of sample 11 lies in this thresh
region. However, a comparison of the characteristics
sample 11 and other samples with similar working voltag
shows that the state of the ionization processes in the sa
and the working voltage are probably not exactly rela
one-to-one for the investigated structures.

The occurrence of the above-indicated feature in the p
file of the weak broad maximum on theghn(hn) curves is
most likely a manifestation of a radiation component char
terized by positive values of the temperature coefficient
theoretical calculation5 shows that a similar spectrum havin
a flat maximum in the energy range corresponding
;0.8Eg (Eg is the width of the band gap! is typical of direct
radiative transitions between light-hole and heavy-hole s
bands. If the possibility of an ‘‘anomalous’’ increase in th
density of some of the free holes with increasing tempera
~as mentioned above! is also taken into account, we can a
sume that the identified radiation component is associa
with direct transitions of high-energy holes.

The spectra for several typical samples prepared on
basis of 15R-SiC are shown in Fig. 2. It is evident from F
2a that theghn(hn) curves again have a weak broad ba
with a maximum near 2.8–2.9 eV, similar to the one o
served for 6H-SiC. In contrast with 6H-SiC, however, a ba
of similar profile is also generally observed on thej(hn)
curves~Fig. 2b!. On the whole, better correspondence is o
served between the profiles of theghn(hn) and j(hn)
curves, except for the extrema in the vicinity of 3.4 eV a
3.7 eV, which are analogous to 6H-SiC. The reason for the
difference in the properties of the samples prepared fr
6H-SiC and 15R-SiC is still vague. The indicated disparity
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the profiles of the curves for 6H-SiC is observed for all t
investigated samples.

Spectra of a typical 3C-SiC sample are shown in Fig. 4
It is evident from Figs. 4a and 4b that conformity is observ
in the nature of theghn(hn) andj(hn) curves. The quanti-
ties ghn assume negative values approximately an orde
magnitude greater than for samples prepared on the bas
a-SiC. Thej(hn) curves do not exhibit any features in th
vicinity of 3.4 eV and 3.7 eV.

The breakdown electroluminescence spectrum in the
vestigated range has at least two extrema: a maximum
3.1 eV and a minimum near 2.5 eV~Fig. 4c!. At these points
the temperature shift is equal to zero, andghn is determined
entirely by the second term in Eq.~1!: ghn5ge5(1/Nhn)
3(]Nhn /]T). If this quantity is assumed to be independe
of hn, the temperature shift of the emission bands can
estimated. An attempt to do so has been made for sam
16-1, for which the values ofghn determined at the extre
mum points 3.1 eV and 2.5 eV essentially coincide~a slight
difference in the values ofghn at the extremum points is
observed for the other samples!. It follows from Eq.~1! that
the coefficient of the temperature shift of the emission ba
is

aT5
d~hn!

dT
5

ghn2ge

j
. ~2!

The spectral curvesaT(hn) determined from Eq.~2! are
shown in Fig. 4d. The value ofge has been refined from th
condition thataT does not have any spikes in the vicinity o
the extrema.

It is evident from Fig. 4d that a maximum is observed
the vicinity of the optical absorption edge~2.3 eV!, with an
amplitude ;631024 eV/K, which agrees with published
values of the temperature coefficient of the band gap.6 In this
regionaT is probably influenced by the temperature shift
the self-absorption edge. At all other points of the spec
curveaT assumes values much smaller than the tempera
coefficient of the band gap. The quantityaT was found to
increase smoothly as the photon energy increases.

Lacking any basis for assuming that the quant
(1/Nhn)(]Nhn /]T) is independent ofhn, the resulting curve
can only be interpreted as a crude estimate.

In summary, our investigation of the temperature dep
dence of the breakdown electroluminescence spectra of
con carbide can be utilized to gain additional informati
about the mechanisms of the process. Moreover, such
investigation is a potential source of experimental data p
taining to the influence of temperature on the structure of
energy bands of the material.
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Self-organization of quantum dots in multilayer InAs/GaAs and InGaAs/GaAs structures
in submonolayer epitaxy

G. É. Tsyrlin, V. N. Petrov, S. A. Masalov, and A. O. Golubok

Institute of Analytic Instrument Building, Russian Academy of Sciences, 198103 St. Petersburg, Russia
~Submitted October 27, 1998; accepted for publication November 18, 1998!
Fiz. Tekh. Poluprovodn.33, 733–737~June 1999!

The experimental results of RHEED and scanning tunneling microscopy investigations of
multilayer structures of InGaAs/GaAs quantum dots, obtained by submonolayer epitaxy on
singular and vicinal GaAS~100! substrates, are reported. The results presented show that
spatial ordering of nano-objects exists in multilayer structures for InAs and heteroepitaxial InGaAs
layers. © 1999 American Institute of Physics.@S1063-7826~99!02306-6#
an
no
ep

lt
t t
u

al
ur
ze

tr
e
uc
in
f
o

c
th
um
ed
h
ic

on
y
of
i
e

he

sing
s to
re
di-
300

-

of
in
tion
ple

d
of
SE
In
le-
c is
to

of
l

-
atic
a

of
uc-
1. INTRODUCTION

One of the main avenues in modern fundamental
applied surface physics is the study of the formation of na
structures by self-organization of a surface during hetero
taxial growth in lattice-mismatched systems.1,2 This is be-
cause quantum dots and quantum wires formed as a resu
the decomposition of a strained pseudomorphous layer a
interface of such semiconductors open up ways to prod
new-generation optoelectronic devices3,4 and make it pos-
sible to model and study the properties of ‘‘artifici
atoms.’’5 The progress made in the theory of nanostruct
formation6 and the discovery of ordering of quantum-si
surface formations in the~InAs, InGaAs!/GaAs system di-
rectly during molecular-beam epitaxy~MBE!7,8 give hope of
obtaining quantum-size structures with prescribed geome
properties. In Ref. 9, a model of the process leading to s
organization of quantum dots, which consists in the prod
tion of multilayered structures, is proposed and support
experimental data on ‘‘effective’’ self-organization o
Si0.25Ge0.75 on an Si surface are presented. The results
Ref. 10 also confirm that this method is effective for produ
ing quantum dots by classic molecular-beam epitaxy in
InAs/GaAs system. The use of so-called ‘‘stacked’’ quant
dots, i.e. multilayer systems with vertically electron-coupl
quantum dots, as active regions in semiconductor lasers
made it possible already to improve substantially the dev
characteristics of the lasers~threshold current, radiation
power, and characteristic temperature!.11,12

Our objective in the present work is to use reflecti
HEED ~RHEED! in situ and scanning tunneling microscop
~STM! ex situ to study the morphological characteristics
an ensemble of quantum dots which self-organize
multilayer InAs/GaAs and InGaAs/GaAs structures, obtain
by submonolayer migration-stimulated epitaxy~SMSE! and
submonolayer molecular-beam epitaxy~SMBE! on singular
and vicinal GaAs~100! substrates.
6771063-7826/99/33(6)/4/$15.00
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2. EXPERIMENT

The growth experiments were preformed, using t
ÉP1203 setup, on singular GaAs~100! substrates and on
GaAs ~100! substrates disoriented in the@011# direction.
Samples~singular and vicinal!, which had been chemically
treated by the method described in Ref. 13, were glued, u
indium, to the same molybdenum holder in a manner so a
reduce to a minimum the nonuniformity of the temperatu
field of the heater heating the sample and of the flux gra
ents at the surface. After the oxide layer was removed, a
nm thick GaAs buffer layer was grown in the growth cham
ber at substrate temperatureTs56102630 °C in an As4 flux,
using the conventional MBE method, maintaining the 234
reconstruction of the surface andTs5550 °C. The buffer
layer was doped with beryllium to a density of the order
1016 cm23 to ensure confinement of the tunneling current
the subsequent scanning tunneling microscopy investiga
of the surface. After the buffer layer was grown, the sam
temperature in the arsenic flux was lowered toTs5470 °C
~the moment at which the 234 surface reconstruction
changed to 434). The As4/Ga flux ratio was constant an
equal to 3 in all experiments. The formation of each layer
InAs and InGaAs quantum dots was performed in the SM
or SMBE growth regimes, described in detail in Ref. 14.
the SMSE regime the shutters for the group-V and -III e
ments are opened in succession, while in SMBE arseni
deposited continuously, while the metal flux is directed on
the substrate cyclically.

In all cases three monolayers~MLs! of InGaAs or InAs
were grown with successive cyclic deposition of 0.5 ML
the material~six cycles in all!. Next, the three-dimensiona
nanoislands formed were buried with a GaAs:Be layer~the
degree of dopingp51016 cm23) by conventional MBE at
the same temperatureTs5470 °C and the quantum-dot for
mation process was repeated. A special system for autom
control of the shutters of the molecular sources, following
predetermined program allowing for multiple repetition
the cycles inserted, was developed to grow multilayer str
© 1999 American Institute of Physics
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678 Semiconductors 33 (6), June 1999 Tsyrlin et al.
tures. After growth of the last layer of quantum dots w
completed, the heater heating the sample was immedia
switched off and removed from the sample-holder zone. T
state of the surface was monitoredin situ using an automatic
system for detection and processing of RHEED patterns.
system consisted of a high-sensitivity video camera, a vi
recorder for recording the dynamics of the RHEED patte
during growth for further detailed processing, a computer
real-time processing of the video information, and an int
face which coupled the video camera with the video recor
and the computer.15 The GaAs and InAs growth rates we
calibrated in advance using measurements of the oscillat
of the intensity of the mirror reflection in the RHEED patte
from the calibration sample. The GaAs and InAs grow
rates during the experiments were 0.3 and 0.8–0.1 M
respectively.

The surface morphology of the samples was investiga
ex situby scanning tunneling microscopy~STM!; the mea-
surement method and regimes are described in Refs. 16
17. To perform prolonged STM measurements the sam
were extracted from the growth chamber and placed
silicon-containing vacuum oil to protect their surface fro
oxidation. This made it possible to obtain reproducible ST
images for one month after the samples were removed f
the vacuum chamber. Reproducible and stable STM ima
were obtained on different sections of the experimen
samples in the dc current regime with a positive bias on
sample.

3. RESULTS AND DISCUSSION

The in situ RHEED investigation of the heteroepitaxi
growth of multilayer structures showed that the decompo
tion of the pseudomorphous layer in the top layers into
array of three-dimensional islands occurs at a smaller th
ness of the deposited material than for the bottom lay
Thus, for InAs/GaAs SMSE when the first layer of th
multilayer structure is formed three-dimensional islan
form after the deposition of 1.7 ML, and the decompositi
of the pseudomorphous layer on subsequent layers is
served after 1.0–1.1 ML. In our opinion this effect can
explained by the accumulation of strain due to the format
of three-dimensional islands in the bottom layers, wh
makes an additional contribution to the total elastic strain
the multilayer structure. It is expressed to a lesser deg
during In0.67Ga0.33As/GaAs growth, where the decompos
tion of the pseudomorphous layer is observed at 3.0 ML
the first layer and at 2.7–2.8 ML on subsequent layers. T
is probably due to weaker straining of the nanocrystallites
lower InGaAs islands in the gallium arsenide matrix than
the InAs case. A similar effect is observed for the SMS
regime.

Figures 1a–1c show STM images of the surface
samples after the deposition of one, five, and ten layer
InAs quantum dots in the SMSE regime on the singu
GaAs~100! surface with an average thickness of the galliu
arsenide layer between them of 5 nm. Statistical analysi
the images presented shows that as the number of laye
the multilayer structure increases, the lateral sizes of
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quantum dots increase and the density of quantum dots
creases, which is especially noticeable with a large num

FIG. 1. STM images of sections of a surface after the deposition of
layer ~a!, five layers~b!, and ten layers~c! of InAs on GaAs~100!. The
edges of the images are parallel to the@011# and @01̄1# directions.
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of layers. Thus, the lateral sizes ared512 and 18 nm and the
surface density isr52.531011 and 931010 cm22 with one
and ten layers of quantum dots, respectively. It should
noted that similar tendencies have also been observe
Refs. 11 and 12 by transmission electron microscopy
similar samples. As the number of layers increas
quantum-size crystallites with two distinct sizes appear at
same time as the deviation from the average sizes of isla
decreases and the islands show local spatial ordering in r
in the@010# and@001# directions. The density of large island
is low and is approximately 1/100 of the total number
quantum dots.

Increasing the thickness of the GaAs layer between
quantum dots to 6 nm changes the surface morphology
stantially. Figure 2 shows an STM image of the surface a
the deposition of 10 layers of InAs quantum dots on
singular surface for this GaAs thickness. Three basic dif
ences from Fig. 1c are observed: The degree of spatia
dering of the quantum dots in the@010# and@001# directions
is higher, the density of quantum dots is higher, and there
no islands with different sizes. The average sizes and
surface density in this case ared518 nm andr51011 cm22.

Changing the composition of the solid solutio
InxGa12xAs (x50.67) also produces large changes in t
surface morphology. Figure 3 shows STM images of the s
face after SMSE deposition of one layer~Fig. 3a! and ten
layers~Fig. 3b! of quantum dots~the thickness between th
layers is 50 nm!. For one layer the quantum dots are a
ranged isotropically. The presence of anisotropy in the s
tial arrangement of nano-objects along@010# and @001# di-
rections and in the characteristic lateral dimensions in
@011# and @01̄1# directions are characteristic for a multilay
structure. The average size ratio in the latter case is 4
should be noted that such an anisotropy has been observ

FIG. 2. STM image of the surface after the deposition of 10 layers of In
quantum dots on a singular GaAs~100! surface with 6 nm thick GaAs layers
between the quantum-dot layers. The edges of the image are parallel t
directions@011# and @01̄1#.
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Ref. 18, which led to anisotropy of the working character
tics of heterolasers whose operating region consisted o
InGaAs/GaAs multilayer structure.

Further investigations showed that lateral ordering c
be improved by using vicinal surfaces and~or! by increasing
the number of layers of quantum dots. Figure 4 shows
STM image of a 232 mm2 section of the surface in the cas
of GaAs ~100! substrate, disoriented by 7° in the@011# di-
rection with SMSE deposition of 20 layers of quantum do
The surface sections are divided into smooth terraces loc
between steps with an average height of the order of 10
ML ~3–6 nm!. These steps probably form as a result of t
well-known stacking of monatomic steps, initially formed o
the vicinal surface during epitaxial growth.19,20 Uniform

s

the

FIG. 3. STM images of the surface after SMSE deposition of one layer~a!
and ten layers~b! of InxGa12xAs (x50.67) quantum dots with 50 nm thick
ness between the layers. The edges of the image are parallel to the dire
@011# and @01̄1#.



M
e
-
th
se
i

on
io
o
r

er
r
ff

ys

th

.
he
n

o-

rch

ux,

.

.
,

itz,
,
.
c-

I.

ys.

.
ys.

.
,

ogy

lu-

.
v,
g,

o,

.
N.
I.

.

.
B.

a.
, i

.
v,
g,

-
tio

680 Semiconductors 33 (6), June 1999 Tsyrlin et al.
quantum-dot arrays oriented in@010# and @001# directions
form on the surface of a terrace~for example, inside the
framed section in the image!.

4. CONCLUSIONS

In summary, we have investigated by RHEED and ST
the characteristic features of the formation of multilay
structures in a InGaAs/GaAs~100! system during submono
layer epitaxy from molecular beams. It was established
the critical thickness of quantum-dot formation decrea
with increasing number of layers of nano-objects. This
especially noticeable during the deposition of the sec
layer. This effect can be explained by effective accumulat
of elastic strain in the multilayer structure as the number
layers increases. It was shown that increasing the numbe
layers and~or! the vicinality of the surface gives a great
degree of ordering of the quantum dots in the top laye
increases their sizes, and decreases their density. This e
is characteristic for the InGaAs/GaAs and InAs/GaAs s
tems. Decreasing the thickness of the spacer between
quantum-dot layers changes the spatial distribution of
quantum dots in the upper layers.
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FIG. 4. STM image of a section of the surface using a GaAs~100! substrate
disoriented by 7° in the@011# direction with the deposition of 20 quantum
dot layers by SMSE. The edges of the image are parallel to the direc
@011# and @01̄1#.
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Dimensionality effects in the hot-electron photoluminescence of gallium arsenide:
2D–quasi-3D transition

V. F. Sapega, V. I. Perel’, D. N. Mirlin, and I. A. Akimov
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~Submitted January 25, 1999; accepted for publication January 27, 1999!
Fiz. Tekh. Poluprovodn.33, 738–741~June 1999!

The influence of the miniband width in superlattices on the polarization characteristics of hot-
electron photoluminescence~HEPL! is investigated. It is shown that the energy
dependence and the magnetic field dependence of polarization change significantly as the width
of the electron minibands increases. The limits of applicability are established for the tight-
binding approximation in the calculation of optical transitions in superlattices. ©1999 American
Institute of Physics.@S1063-7826~99!02406-0#
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We have recently shown1 that the polarization of hot-
electron photoluminescence~HEPL! depends on the dimen
sionality of the investigated GaAs samples.

In a bulk semiconductor the linear polarization~for a
linearly polarized pump! r l increases slightly as the recom
bining electron energyE increases~this dependence is dic
tated entirely by the influence of the spin-orbit split-off v
lence band!. On the other hand, in a two-dimension
semiconductor~GaAs/AlAs quantum-well structure! the po-
larization r l50 at E50 and increases tor l;0.5 when
E.E1, where E1 is the energy of the first quantum-we
state.

In the intermediate case of superlattices the extrapola
of r l(E) brings it to a value of zero at an electron energyE
close to the width of the first electron minibandD, rather
than atE50 as in a quantum-well structure. This behavior
r l(E) has been explained in the tight-binding approximatio
which rests on the assumption of weak interaction of nei
boring quantum wells. It has been shown1 that this approxi-
mation is valid in superlattices in narrow electron miniban
~in particular, in GaAs/AlAs superlattices with wide barrie
Lb>6 Å and for quantum wells of fixed widthLw540 Å!. It
was reasonable to expect the energy dependencer l(E) in
superlattices with wide minibands to be similar to the dep
dencer l(E) in bulk GaAs.

Here we report an investigation of the transition from t
two-dimensional~2D! to the bulk ~quasi-3D! case by the
polarized HEPL method. To do so, we have investigated
polarization characteristics in a series of superlattices@60
periods~40/6! Å of GaAs/AlxGa12xAs# over a wide range of
barrier heights~i.e., Al contents in the barriers!. These
samples were grown by molecular-beam epitaxy on a se
insulating, undoped,~001!-oriented substrate . The middl
part of each GaAs quantum well~'15 Å! was doped with Be
(Na;1018cm23).
6811063-7826/99/33(6)/3/$15.00
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RESULTS AND DISCUSSION

A. Linear Polarization of Hot-Electron Photoluminescence

Figure 1 shows the energy dependence of the linear
larization of HEPLr l in superlattices with various Al con
tents (x;0.321), i.e., with various barrier heightsUb

~0.29–1.06 eV!. In this figure the calculated values ofh
5DG /D are shown for each case, whereDG is the band gap
between the first and second electron minibands. Also sh
in the figure, in the interest of clarity, are data obtained
quantum-well structures~dark squares in Fig. 1a! and in bulk
GaAs~dark squares in Fig. 1f!. In the case of bulk GaAs the
experimental data are approximated by a dashed line, w
is reproduced in all the graphs of Fig. 1.

The measured dependencer l(E) for superlattices with
the highest barriers (x51) ~see the light circles in Fig. 1a
and the solid line approximating them, which is reproduc
in all other graphs of Fig. 1! is in good agreement with the
analysis in the tight-binding approximation.

It follows from this discussion that the energy depe
dence ofr l in superlattices having the narrowest miniban
is similar to that observed in the case of quantum-well str
tures. The similarity is distinctly evident from a compariso
of the slopes of ther l(E) curves in these two cases in Fig
1a. The same dependencer l(E) has been observed for
superlattice withx50.8.

However, major changes in the dependencer l(E) occur
in superlattices withx<0.6, where the lowering of the bar
rier height significantly modifies the energy dependen
of r l .

1. In the range of electron energies 0,E,D the quan-
tity r l(E) increases slowly, and the characteristic slope
the curve is smaller than for the superlattice in Fig. 1a@we
note thatr l(E) is close to zero in this energy range fo
superlattices with the highest barriers, i.e., withx51).

2. The slope of ther l(E) curve forE.D gradually de-
creases as the barrier height decreases.

The most pronounced changes are observed for supe
© 1999 American Institute of Physics
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FIG. 1. Dependence of the linear pola
ization of hot-electron photolumines
cence on the electron energy fo
quantum-well structures, superlattice
and bulk GaAs. The miniband widthD
varies from 0.12 eV to 0.22 eV asx is
varied from 1 to 0.3. The evolution of
r l(E) with variation ofx, i.e., the barrier
height, is clearly evident.
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tices with x50.3 ~Fig. 1f!, where the graph ofr l(E) ~light
circles! is very similar to the bulk GaAs case~dark squares!.
However, certain details associated with the quasi-2D m
tion of electrons forE.D are preserved. This constancy
witnessed in the fact that the slope of ther l(E) curve for
E.D differs from the slope for 0,E,D, since electrons
having a kinetic energy higher thanD move predominantly
in the plane of the superlattice.

It can be shown that the energy at which the slope
r l(E) changes corresponds to the top of the electron m
band. These experimentally observable points are in g
agreement with the values calculated in the Kronig–Pen
model, which are indicated by vertical lines labeledD in
Fig. 1.

B. Circular Polarization of Hot-Electron Photoluminescence

Another characteristic difference between HEPL in bu
GaAs and in quantum-well structures is associated with
-

f
i-
d
y

e

circular polarizationrc of luminescence~in circularly polar-
ized excitation!. In the bulk case we encounter the so-call
effect of spin-momentum correlation of photoexcited ele
trons, which is described by a term proportional to the e

pression (ŝ•k)(k•n) in their density matrix~hereŝ denotes
the Pauli matrices, andn is the unit vector along the angula
momentum of the exciting photons!.2 This effect increases
the circular polarization of luminescence.

Direct experimental confirmation of this effect has be
obtained in Ref. 3, whererc was observed to increase in
magnetic fieldB in Faraday geometry. The behavior ofrc as
a function of the magnetic field showed that the influence
the magnetic field reduces to cyclotron rotation of the ph
toexcited electron momenta and, hence, to the breaking
spin-momentum correlation. The spin-momentum correlat
effect does not occur in quantum wells; it is impossible
write an appropriate term for it, because the electron mom
tum does not have a component in the direction of the an
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lar momentumn ~n is assumed to be perpendicular to t
plane of the quantum-well structure!. Results given below
attest to the onset of spin-momentum correlation in supe
tices as the widths of their minibands increase.

Figure 2 shows the magnetic field dependence ofrc ,
measured in Faraday geometry, for electrons having a kin
energyE;802100 meV. In bulk GaAsrc decreases rapidly
~dark inverted triangles! as the fieldB increases due to th
breaking of spin-momentum correlation. Spin-moment
correlation does not occur in superlattices with narrow m
bands, andrc does not vary asB is increased@dark circles
(x51) and squares (x50.8)#. In the case of wide-gap supe
lattices the circular polarization decreases as the magn
field is increased. This effect becomes noticeable in supe
tices with x<0.6 and implies that the formation of a wid
miniband restores the spin-momentum correlation effect
superlattices withx;0.3 ~dark squares in Fig. 2! the break-
ing of spin-momentum correlation is already compara

FIG. 2. Dependence of the circular polarization of hot-electron photolu
nescence on the electron energy for superlattices and bulk GaAs. The r
are given for the same samples as in Fig. 1. The spin-momentum correl
effect is restored in superlattices with wide minibands~see x50.4 and
x50.3).
t-

tic
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tic
t-

n

e

with the same effect in the case of bulk GaAs.
In superlattices the spin-momentum correlation effec

described by the termb(k,Q)(ŝ•k)(Q•n) in the density
matrix of the photoexcited electrons, wherek is the quasi-
wave-vector in the quantum well plane, andQ is the quasi-
wave vector corresponding to the miniband. It can be sho
that the coefficientb is proportional to the overlap integral o
the electron and hole wave functions in neighboring we
and must therefore increase as the barrier height decre
The enhancement of spin-momentum correlation as the
rier height decreases is manifested in the strong influenc
the magnetic field on the circular polarization~see Fig. 2!.

CONCLUSIONS

In the study we have discovered a strong dependenc
the polarization of HEPL on the superlattice miniband wid
This dependence undergoes significant changes upon tr
tion from superlattices with narrow minibands to ‘‘wide-ga
superlattices,’’ in which it becomes more like the analogo
dependence in bulk GaAs. Other optical characteristics
superlattices can be expected to exhibit significant chan
in the same interval ofh corresponding to the 2D–quasi-3
transition.

In the dependence of the degree of linear polarization
the electron energy a characteristic bend is observed at e
gies corresponding to the miniband width.

We have established that the spin-momentum correla
effect, which is characteristic of the bulk material but do
not occur in quantum wells, is restored in superlattices as
width of their minibands increases.
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from the Russian Fund for Fundamental Research~RFFI,
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Volkswagen~No. 1/70958!.
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Effect of substrate material on the rate of growth and the optical parameters of a-C : H
layers

T. K. Zvonareva and L. V. Sharonova* )

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted November 26, 1998; accepted for publication December 2, 1998!
Fiz. Tekh. Poluprovodn.33, 742–746~June 1999!

a-C : H layers were grown by dc magnetron reactive sputtering of a graphite target in Ar1 H2

plasma. Ellipsometric measurements were carried out and analyzed at a wavelength of
6328 Å for three sets ofa-C : H layers with different thicknesses~different sputtering times! on
silicon, fused quartz, and glass-ceramic substrates. It was shown that the substrate material
had a substantial effect upona-C : H growth:a-C : H layers on Si substrates were uniform up to
; 7000 Å thickness; for thin layers~,1000 Å! the growth rate was greater on quartz than
on Si; the refractive index values ofa-C : H were slightly different on quartz and Si substrates
~1.6021.65 and 1.6521.72, respectively!; a-C : H layers on glass-ceramic substrates were
not uniform and had variable refractive index. ©1999 American Institute of Physics.
@S1063-7826~99!02506-5#
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Amorphous hydrogenated carbon has a number
unique properties, such as chemical stability and high ha
ness, and for this reason it is an attractive material for pr
tical applications and physical studies. The properties o
material containing different phases~graphite-like phases
diamond-like phases, polymer clusters! depends strongly on
the conditions of its fabrication. One of the fabrication p
rameters is the substrate material. The present study
continuation of a number of studies investigating layers
amorphous hydrogenated carbon, fabricated by magne
sputtering~see, e.g., Refs. 1–3!, and has as its goal a com
parative analysis of the growth rates and optical parame
of a-C : H layers on silicon, fused-quartz, and glass-cera
substrates. The substrate materials in our experiments
chosen for the following reasons, namely, that layers are
ten grown on fused-quartz substrates for spectrum studie
the visible spectral range, on silicon substrates for infra
spectroscopy, and on glass-ceramic substrates for elec
measurements. Under such conditions, when results of
ferent experiments are compared, there is no final certa
that one is considering one and the same material.

Layers of amorphous hydrogenated carbon (a-C : H!
were deposited by reactive magnetron sputtering of a gra
ite target at constant current in an argon–hydrogen~80%
Ar 1 20% H2) atmosphere. The layers were prepared o
01NI-7-006 ‘‘Oratoriya-5’’ commercial setup with a flat an
nular cathode—the target, a grounded anode in the cent
the ring, and a set of permanent magnets located unde
cathode, creating a magnetic field. The setup was equip
with a planetary mechanism which provides a two-step re
lution of the substrate holders with a rate of 30 revolutio
per minute. This rate of revolution ensures uniform heat
6841063-7826/99/33(6)/5/$15.00
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of the substrate and uniform layer growth in the substr
plane.

As the substrates, we used single-crystal silicon waf
~KDB-20! with @100# orientation, fused quartz, and glas
ceramic~ST32-1!, all with mirror-smooth surfaces, and all o
which were washed with organic solvents immediately b
fore deposition of thea-C : H layer. The substrates wer
placed in the sputtering chamber after being heated
200 °C. A voltage of 360 V was applied to the electrod
with the discharge current being 1 A and the working g
pressure;1022 Torr.

Obviously, the thickness of the growna-C : H layer,
without changing any other fabrication parameter, is co
trolled by the deposition time~target sputtering time!. In our
experiments we prepared samples under different depos
times ~t! in the interval 0 to 30 min, and also under th
deposition timest51 h, 2 h, and 5 h 15 min. During eac
growth shift, three substrates~silicon, fused quartz, and
glass-ceramic! were loaded into the setup simultaneous
Thus, we prepared series of films of different thickness
obtained under identical conditions, but on different su
strates.

We performed ellipsometric measurements on all of
samples using an LE´ F-3M laser null-ellipsometer. As the
radiation source we used a He–Ne laser, with radiat
wavelengthl56328 Å. The measurements were made at d
ferent angles of incidence~reflection! of the light beam in the
interval w550270°.

The essence of the ellipsometric method is that the
curacy of determination of the optical characteristics~com-
plex refractive index! and thicknesses of the layers from th
ellipsometric measurements depends strongly on the in
play of the conditions of measurement~wavelength, angle of
© 1999 American Institute of Physics



e

685Semiconductors 33 (6), June 1999 T. K. Zvonareva and L. V. Sharonova
FIG. 1. General form~a! and segment~b! of thec2D nomogram fora-C : H layers on silicon withw570°. Points correspond to experiment;~1–6! correspond
to layers grown att52, 7, 10, 13, 17, 30 min,6a — t530 min, 7 — 1 h, 8 — 2 h, 9 — 5 h 15 min;6, 6a — two different samples, obtained for the sam
duration of deposition, but in different events; the two points labeled9 correspond to two different points on the surface of the same sample;~18–58! —
successive ion etching of a layer with growth timet530 min ~point 6! for etch time equal to 2,11, 11, 12, 15 min. Solid lines — calculation with the
following parameter values: complex refractive index of siliconNSi53.8822 i0.02~Ref. 6!, refractive indices of the growing layern51.6 and 1.7~indicated!;
markers indicating the thickness of the dielectric layer are provided in the first ellipsometric period.
ur
n

u
a

o
or

f

tri
er
r-

ca

th
w

Li

lli
s
o
e

t o
th
o

al

e

es:

ers
ne
ber

le
to

the
that
o-
el,
ess

hich
n in

mall
el.
ub-
di-
of

-
to
e-

t of

to
ni-
rea
incidence! and the parameters of the investigated struct
~complex refractive index of the substrate, of the layer, a
of the layer thickness! ~see, e.g., Refs. 4 and 5!. Therefore, in
each series of samples, to facilitate analysis of the meas
ments, we chose data at specific angles of incidence for e
substrate material:w550 and 70° fora-C : H on Si, w550
and 65° fora-C : H on quartz, andw550 and 55° fora-C : H
on glass-ceramic. These were the data we used in our w

We present the results of our measurements in the f
of ellipsometric parameters—the amplitude parameterc and
the phase parameterD entering into the basic equation o
ellipsometeryr5tanc•exp(iD)5RpRs, whereRp andRs are
the complex amplitude reflection coefficients for the elec
vector of the light wave in the plane of incidence and p
pendicular to it.4,5 Solution of the inverse problem to dete
mine the parameters of thea-C : H layers was not applied. To
analyze the experimental data, we compared them with
culation ~the direct problem! in the model of a uniform di-
electric layer on substrate.

Since the functionr ~and consequentlyc andD! varies
periodically with layer thickness and since the number of
period is not specified in the ellipsometric measurements,
estimated the thicknesses in order of magnitude using a
nik interference microscope.

Figure 1a compares the results of measurements of e
sometric parameters fora-C : H layers on silicon substrate
with the calculated nomogram for two refraction indices
the growing layer,n51.6 and 1.7, which subtends a larg
part of the ellipsometric period. Figure 1b plots a segmen
this same plot, but with increased scale, where most of
points are concentrated. In the calculations we used the c
plex refractive index of siliconNSi53.8822 i0.02~Ref. 6!. It
can be seen from the figure that the points1–6 and6a cor-
responding to short deposition times, 30 min or less, and
points for samples witht51 h ~point 7!, 2 h ~point 8!, 5 h
15 min ~the two points labeled9! have some spread, but th
e
d
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refractive indices are packed into a narrow interval of valu
n51.6521.72.

The calculated curves in Fig. 1a are labeled by mark
indicating the thickness of the growing layer. To determi
the thickness it is necessary to take into account the num
of the period: point8 belongs to the second period whi
points9 belong to the fourth period. A period corresponds
a change in the layer thicknessd05l/2(n22sin2w)1/2, which
for n51.72 andw570° amounts to;2200 Å. Thus, for ex-
tended sputtering~5 h 15 min! layers of thicknessd'7000 Å
are obtained, and in this case the refractive index has
same value as is characteristic of thin layers. This means
a uniform dielectric layer is formed during the entire dep
sition process and the implemented calculational mod
which assumes a constant refractive index over the thickn
of the layer and zero~negligible! extinction, is valid.

Results of measurements for the series of samples w
used wafers of fused quartz as the substrates are show
Figs. 2a and 2b for two angles of incidence,w550 and 65°
~on different sides of the Brewster angle for quartz!. In this
case, as in the preceding series of samples, points with s
spread fall out of a calculation in the uniform layer mod
However, in comparison with the samples on a silicon s
strate, a tendency is observed toward lower refractive in
ces:n51.6021.65. For the calculations we used a value
the refractive index for quartz,nQ51.456, found experimen
tally. Note that point8 in these figures, which corresponds
two-hour deposition, is found in the second ellipsometric p
riod (d052360 Å for w565° andd052200 Å for w550°!.

It can be seen from Figs. 2a and 2b that as a resul
measurements at differentw slightly different values of the
refractive index correspond to the same sample~e.g., point3
in one case lies on the curve corresponding ton51.62, and
in another case it lies on the curve corresponding
n51.64). This fact can most likely be explained by nonu
formity of the sample in the layer plane and a different a
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FIG. 2. c2D nomograms fora-C : H layers in quartz~Q! with w550° ~a! and 65°~b!. Points correspond to experiment; notation the same as in Fig. 1. S
lines correspond to calculation with the following parameter values: complex refractive index of quartzNQ51.4562 i0.00 ~from experiment!, refractive
indices of the growing layern51.60, 1.62, 1.64, 1.66~indicated!; markers indicating the thickness of the dielectric layer are provided in the first ellipsom
period.
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of the light spot on the sample at different angles of in
dence of the light beam.

Above, we only touched on estimates of the thicknes
of layers with long deposition times. At the same time,
each sample, from both series we determined an accu
value of the thickness from measurements at different an
of incidence, so that in the calculation~including the calcu-
lation of the period for thick samples! in each case we use
the accurate experimental value of the refractive index
not the value averaged over the series of measurements
the basis of these data we constructed dependences o
layer thickness~d! on substrates of silicon and quartz on t
deposition time~t!, which are shown in Fig. 3. The depen
denced(t) for a-C : H on Si is linear over the entire interva
of thicknesses~points on the straight line1!, i.e., deposition
proceeds at a constant rate. The slope of the line allows u
determine the rate of growth, which is equal to 22.5 Å/m

For samples ofa-C : H on quartz we do not have da
available corresponding to long deposition times. Howev

FIG. 3. Thickness of thea-C : H layer ~d! on silicon ~1! and quartz~2!
substrates versus growth time~t!. Inset shows a segment of the dependen
for short growth times.
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in Fig. 3, all the way up tot52 h the points fora-C : H on
quartz lie above the line describinga-C : H on Si. The inset
in Fig. 3 plots the initial segment of the scale, up
t530 min, on an expanded scale. It can be seen that at
for small t the growth rate ofa-C : H on quartz is noticeably
larger than on silicon: it is;30 Å/min.

For the same two series of samples,a-C : H on silicon
and on quartz, we attempted to remove the 30-min dep
tion layer ~from point 6! using ion etching in a high-
frequency glow-discharge with a power of 0.15 kW at a
sidual air pressure of 1021 Torr. The ellipsometric
parameters for stepped ion action on the films is shown
points18258 in Figs. 1 and 2. The process of etchinga-C : H
on Si essentially follows the growth curve, and such
method can probably be used to decrease the thickness o
film. At the same time, fora-C : H films on quartz the pro-
cess takes an unexpected course: after the first few min
an abrupt deviation toward low refractive indices is o
served. This apparently means that what takes place is
layer-by-layer etching, but an abrupt strong loosening o
significant part of the thickness of the layer.

Growth of a-C : H layers on glass-ceramic substrat
proceeds quite differently than on substrates of silicon
quartz. We used ready-made commercial wafers of gla
ceramic with a mirror-smooth surface. Figure 4 plots t
experimental points in thec–D plane for two angles of inci-
dencew550 and 55°. For visual convenience these two s
of points are plotted separately. Both sets of points co
spond to short deposition times, namely, 30 min or less.
emphasize that the considered samples~points1–6 and6a in
Fig. 4! were grown simultaneously, in the same growth sh
with the corresponding samples on quartz and silicon~points
1–6 and 6a in Figs. 1 and 2!. In Fig. 4 the points lie on
curves with a salient point and a maximum. It is impossib
to describe such curves inc–D coordinates in the model of a
uniform dielectric layer or in the model of a uniform laye
with nonzero extinction. The form of the curves indicat
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that at this stage a layer whose optical parameters cha
during growth is formed. It is entirely probable that the d
posited carbon interacts with components of the gla
ceramic substrate. After the salient point~point 5,
t517 min!, which is especially visible forw555° ~Fig. 4a!, a
tendency toward smooth variation of the curve is se
Therefore it may be assumed that att517 min formation of
the intermediate or transitional layer comes to an end
growth of thea-C : H layer itself commences. On this bas
we attempted to compare the available experimental poin
growth timest.17 min with the calculation for a uniform
dielectric layer using as our calculational parameter for
starting point of layer growth the complex refractive index
some effective substrateNeff51.7462 i0.1 corresponding to
point 5 in the c2D plane~see Fig. 5!. Replacing the optica
parameters of the actual structure at which layer growth
gins ~which is in essence the glass-ceramic substrate wi

FIG. 4. Experimental values of the ellipsometric parameters forw555° ~a!
and 50°~b! for a-C : H layers obtained for short deposition times, on gla
ceramic substrates. Notation of points the same as in Figs. 1 and 2.
point for glass-ceramic~G! was obtained experimentally.

FIG. 5. Comparison of experimental points fora-C : H layers deposited on
glass-ceramic~G! with calculatedc2D nomogram forw555°. Notation of
points the same as in Figs. 1 and 2. Calculation parameters: complex re
tive index of the effective substrate, corresponding to point5 (t517 min! in
thec2D plane,Neff51.7462 i0.1; refractive indices of the growing dielec
tric layer n51.5, 1.6, 1.7, 1.9~indicated!; lines of constant thickness ar
drawn for the thickness equal to 50 and 150 nm.
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nonuniform transitional layer! by parameters of an effectiv
homogeneous substrate corresponding to the same poi
the c2D plane is an approximation. However, analogo
curves, almost indistinguishable from those in Fig. 5, we
obtained by calculating in another way, where the tran
tional layer was modeled by a set of layers with differe
complex refractive indices. Of course, when there is no
formation about the composition or structure of the tran
tional layer, any model is of necessity speculative in natu
therefore, we do not present modeling results here. At
same time, the coincidence of the ellipsometric nomogra
for the two variants of the calculation suggest that the use
an effective substrate is permissible, and therefore we
consider to what extent the experimental points corresp
to this calculation. As can be seen from Fig. 5, forw555° the
experimental points for the samples obtained under lo
deposition times do not lie on a calculated curve with a d
nite index of refraction, and the difference is large:n51.5
21.6 for t530 min, 1 h~points6, 6a, and7! andn'1.9 for
t55 h 15 min ~point 9!. For w550° point 9 corresponds in
the analogous calculation to a curve with a still larger refr
tive index — n'2.1. Both of these interrelated facts—th
displacement of the experimental points toward largern with
increase of the growth time of thea-C : H layer and the dif-
ference in the values ofn obtained by comparing with cal
culation for different angles of incidence—imply that th
model of a homogeneous dielectric layer is inapplicable
describing not only thin layers on a glass-ceramic substr
but also the layer after 17 min of growth. Thus, thea-C : H
layers that form on a glass-ceramic substrate are highly n
uniform, and questions about whether we are talking abo
transitional layer, at what stage in the deposition proc
does growth of a uniform layer begin, and what are its op
cal characteristics remain unresolved.

To sum up, the study reported here allows us to draw
following conclusions.

1. Substrate materials strongly influence the growth r
and optical characteristics of a depositeda-C : H layer.

2. On a silicon substrate a uniform layer is formed up
thicknesses;7000 Å.

3. The a-C : H layers on fused-quartz and silicon su
strates have similar, only slightly different refractive indic
for l56328 Å: 1.6021.65 and 1.6521.72, respectively.

4. For growth times up to 30 min~thicknesses,1000 Å!
the growth rate on quartz is substantially greater~by a factor
of ;1.3! than on silicon.

5. A nonuniform layer is formed on a glass-ceramic su
strate.
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Photosensitivity of GaAlAs/GaAs heterophotoelements in linearly polarized light
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The polarization photosensitivity of two types of GaAlAs/GaAs heterophotoelements has been
investigated. It has been shown that in heterophotoelements without an antireflection
coating the induced photopleochroism is governed by optical processes at the air–GaAlAs
surface boundary, and the angular dependence of the short-circuit photocurrents is described by
the Fresnel relations. It was found that the angular dependence of the photocurrents fors
andp polarizations are similar in heterophotoelements with an antireflection coating and exhibits
growth with increase of the angle of incidence. In the cleared region the induced
photopleochroism is observed to fall to zero. It has been shown that heterophotoelements without
an antireflection coating can be used as wideband photoanalyzers with a maximum azimuthal
photosensitivity of up to 0.1 A/W•deg for an angle of incidence of 75°, while polarization
photosensitivity spectroscopy makes it possible to carry out express diagnostics of the
clearing effect in thin-film solar cells. ©1999 American Institute of Physics.
@S1063-7826~99!02606-X#
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Efforts to fabricate GaAlAs/GaAs heterophotoeleme
and investigate photoelectric phenomena in them have tr
tionally been oriented toward achieving a high quantum
ficiency of photoconversion of solar radiation.1–4 For this
reason, the photoelectric properties of heterojunctions ba
on the isotropic semiconductors GaAs and GaAlAs are u
ally examined using unpolarized light. In the present pa
we report the results of experimental studies of the photos
sitivity of GaAlAs/GaAs heterophotoelements in linearly p
larized light~LPL!, which, as a result, has made it possible
uncover new potential applications of polarization photoel
tric spectroscopy for diagnostics of the quality of prepa
structures and point to a new area of application of th
heterophotoelements.

The investigated heterophotoelements were grown
temperature'5502750 °C by liquid-phase epitaxy from
solution–melts of the system Ga–Al–As. As the substra
we used~100! oriented wafers of GaAs : Sn with free ele
tron density up to 1018cm23 at T5300 K. The as-grown
layers, according to microprobe studies, had composi
Ga0.15Al0.85As and thicknessd1'0.15mm. The hole density
in the wideband layers reached 1018cm23 due to magnesium
impurity doping. Efficiencies of 24.6%~AMO, 100 Suns!
and 27.5%~AM 1.5, 100 Suns! were attained in solar cell
based on such heterophotoelements.4

Photoelectric measurements were performed on
types of heterophotoelements. In one of them the incid
radiation fell directly on the surface of the Ga0.15Al0.85As
epitaxial layer~A type!. In the other type~B type!, with the
6891063-7826/99/33(6)/4/$15.00
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aim of reducing reflection losses, the surface of the wideb
layer was subjected to anode oxidation in a neutral mediu5

As a result, a single-layer antireflection coating was form
on the surface of the wideband layer. The area of the inv
tigated heterophotoelements was'502100 mm2.

1. In unpolarized light the spectral dependence of
current photosensitivitySi of both types of heterophotoele
ments is rather similar for the most part, as can be seen f
Fig. 1. Indeed, the long-wavelength photosensitivity edge
identical and is described by an exponential law, from wh
it follows that its slopes5d(ln Si)/d(\v) in such heteropho-
toelements corresponds to direct optical transitions in
substrate material. The energy position of the lon
wavelength photosensitivity edge and salient point\v1 cor-
respond to interband absorption in GaAs, but the sprea
values of\v1 in the range 1.40–1.44 eV is probably due
some solubility of Al in the active region of the heteroph
toelement. The observed differences in the full-width at ha
maximum~FWHM! of the photosensitivity spectrad1/2 and
in the range of the maximum photosensitivityD\vm and its
short-wavelength falloff for the investigated structures a
governed by recombination in the region of the interface a
by optical losses in the anode-oxide layers. This sho
wavelength falloff is represented in Table I as the ratio of
short-circuit photocurrent at\v52.5 eV, I 2.5, to the maxi-
mum short-circuit photocurrentI m . The highest maximum
photosensitivitySi

m is observed in heterophotoelements ofA
type ~Fig. 1 and Table I!, whereas there is a significan
spread in the photoelectric parameters in the heterophoto
© 1999 American Institute of Physics
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690 Semiconductors 33 (6), June 1999 Rud’ et al.
ments ofB type due mainly to fluctuations in the properti
of the oxide layer and active region of the heterophotoe
ment.

It can also be seen from Fig. 1 that the spectral dep
dence of the photosensitivity does not exhibit marked os
lations in either type of heterophotoelement.6,7 Such marked
oscillations usually accompany interference of the incid
radiation in high-quality thin layers.

2. When a heterophotoelement was illuminated by l
early polarized light along the normal to the plane of t
wideband layer, the photosensitivity of neither type of stru
tures possessed an explicit dependence on the orientatio
the light-wave electric field vectorE relative to the principal
crystallographic axes in the GaAs substrates, which co
lates with the isotropic nature of the optical processes
cubic semiconductors and at once indicates the absenc
substantial uniaxial deformations of the GaAlAs epitax
layers.

FIG. 1. Spectral dependence of the current photosensitivity of GaA
GaAs ~1! and Ox/GaAlAs/GaAs heterophotoelements~2 — sample 3,3 —
sample 4! at T5300 K in natural light.

TABLE I. Photoelectric properties ofp-type Ga0.15Al0.85As heterophotoele-
ments atT5300 K.

Sample \v1, s, d1/2 , D\vm , Si
m ,

Type of HP No. eV eV21 eV eV I 2.5/I m mA/W

A 1 1.40 190 1.45 1.40–1.68 0.65 80
B 2 1.40 115 1.10 1.55–1.65 0.53 10
B 3 1.40 190 0.88 1.40–1.63 0.32 48
B 4 1.44 80 1.17 1.55–1.72 0.67 33
B 5 1.40 90 1.04 1.50–1.65 0.41 58
-
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-
of
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n
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l

Polarization photosensitivity is observed only for i
clined incidence of linearly polarized light on the~001! re-
ceiver plane of the heterophotoelement. During the cours
these studies we found out that while the trends of the p
toelectric processes are similar for both types of heterop
toelements in unpolarized light~Fig. 1!, in linearly polarized
light the photoelectric phenomena depend explicitly on
type of heterophotoelement.

Figure 2 shows typical curves forA-type heterophotoele
ments of the short-circuit photocurrenti P, where the electric
field vectorE lies in the plane of incidence~PI! of the LPL
(EiPI) and the short-circuit photocurrenti S, where the elec-
tric field vectorE is perpendicular to the plane of incidenc
(E'PI), as functions of the angle of incidenceQ for fixed
photon energy in the photosensitivity region of the stru
tures. It can be seen that forQ.0° the inequalityi P. i S

takes hold, accompanied by substantial differences in the
gular dependences ofi P(Q) and i S(Q). Indeed, the photo-
current i P at first grows, reaches a maximum nearQ.55°,
and then falls. At the same time, the photocurrenti S exhibits
a smooth falloff with growth ofQ in the range from 0 to 90°.
Such behavior is as expected from an analysis of transm
sion ofs- andp-polarized light across the air–receiver pla
boundary of the structure on the basis of the Fres
relations,8,9 as was noted earlier in studies of the polarizati
photosensitivity of Schottky barriers.10,11 According to these

/

FIG. 2. Short-circuit photocurrents (i P — 1, i S — 2! and induced pho-
topleochroism~3, 38! of a GaAlAs/GaAs heterophotoelement versus an
of incidence of linearly polarized light on the surface of the GaAlAs lay
~\v51.41 eV,T5300 K, sample1!.
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studies, the increase ini P is linked with the elimination of
reflection losses of thep-polarized light, whereas fo
s-polarized light such an effect is absent. The induced p
topleochroism coefficient

PI5$~ i P2 i S!/~ i P1 i S!%3100% ~1!

for anA-type heterophotoelement, as can be seen from Fi
~curves3 and38!, increases quadratically with growth of th
angle of incidence of the LPL:PI;Q2, in complete agree-
ment with Ref. 12. The above trends in the angular dep
dence of the photocurrents and the induced photopleoc
ism coefficient are characteristic of A-type
heterophotoelements over the entire region of their photo
sitivity.

According to a theoretical treatment, the induced ph
topleochroism is proportional to the refractive indexn of the
medium onto which the LPL is incident.12 Therefore, we can
estimate the refractive index for a wideband layer in
A-type heterophotoelement from the valuePI.56258% at
Q580° on the basis of Ref. 12. We findn.3.2 for \v
51.40 eV, in good agreement with the ellipsometric data13

In B-type structures equipped with a single anode-ox
layer antireflection coating in the wavelength ran
0.520.75mm, the angular dependences of the photocurre
and of PI turn out to be completely different in relation t
the case forA-type heterophotoelements. Typical examp
of such dependences are shown in Fig. 3 for several wa
lengths in the photosensitivity region of such heterophoto
ments. The trends in these dependences are as follows.

The angular dependences of the photocurrents for b
polarizations of the incident LPL are similar and indica
simultaneous elimination of reflection losses for bothp ands
polarizations, which is not in agreement with the results
analysis of the transmission of LPL across the boundary
two media based on the Fresnel relations.8,9 From Fig. 3 it
can also be seen that as the energy of the incident photo
varied, the angleQ at which the maxima in the dependenc
i P(Q) and i S(Q) are reached also varies, as well as t
spacing between these curves at identical values ofQ. Since
the inequalityi P. i S is preserved over the entire photosen
tivity range of theB-type heterophotoelement, the induc
photopleochroism remains positive (PI.0), but its magni-
tude, contrary to Ref. 12, begins to depend explicitly on
photon energy. Therefore, it can be asserted that the sin
valued relationPI;n predicted by the theory is lost.12 Such
behavior of the photopleochroism is a consequence6,7 of in-
terference clearing, which was generally disregarded in
analysis in Ref. 12.

Figure 4 plots typical spectral curves ofPI for A-type
~curve1! andB-type ~curves2 and3! heterophotoelements
Let us turn our attention to the fundamental difference in
nature of the spectral curves of the polarization photose
tivity in these two types of heterophotoelements.

In the case of heterophotoelements without an ano
oxide layer~A type! the induced photopleochroism atQ575°
in the long-wavelength spectral region~1–2 eV! varies
slightly within the limits 48–50%, then grows smoothly
60%, remaining nearly constant at this level in the reg
2.8–3.4 eV, and, finally, at\v.3.5 eV begins to fall to
-
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.50%. Note that the spectral dependence ofPI in anA-type
heterophotoelement correlates with the nature of the an
gous dependence ofn for epitaxial layers of the solid solu
tion AlGaAs with similar atomic composition,13 and esti-
mates of the refractive index from polarizatio
photosensitivity measurements, based on the treatmen
Ref. 12, agree with the experimental data.13

When we move over toB-type heterophotoelements,
characteristic ‘‘dip’’ arises on the spectral curvesPI , inside
of which the photopleochroism remains close to zero. T
disappearance of the induced photopleochroism is linked,
cording to Ref. 6, with the effect of clearing of the heter
photoelement surface by the anode-oxide single layer
should be emphasized that the spectral range in which
criterionPI→0 is satisfied coincides with that obtained fro
measurements of the reflection coefficient (R→0) of the
same layers. Differences in the spectral range, where
minimum of PI is reached, along with differences in th
magnitude ofPI in the region of this minimum for two dif-
ferent B-type heterophotoelements~Fig. 4, curves2 and 3!

FIG. 3. Short-circuit photocurrents (i P — 1–3, i S — 18–38! and induced
photopleochroism~4–6! of an Ox/GaAlAs/GaAs heterophotoelement vers
angle of incidence of linearly polarized light on the surface of the an
oxide — Ox. ~Sample 4;T5300 K; \v, eV: 1, 18, 4 — 1.41, 2, 28, 5 —
2.07,3, 38, 6 — 2.75!.
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FIG. 4. Spectral dependence of the in
duced photopleochroism of heterophoto
elements~1–3! and the refractive index
of Ga0.3Al0.7As ~4 — data from Ref. 13!
at T5300 K ~type of heterophotoele-
ment: 1 — GaAlAs/GaAs, sample 1;
2 — Ox/GaAlAs/GaAs, sample 4;3 —
Ox/GaAlAs/GaAs, sample 2!.
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demonstrate the possibilities of polarization spectroscopy
diagnostics of the spectral contour and magnitude of
clearing effect in prepared solar cells with a contact g
deposited on their receiver plane. It can also be seen f
Fig. 4 that outside the clearing range the induced photop
chroism increases, tending to the values ofPI characteristic
of heterophotoelements without an antireflection coating.

Thus, in the absence of an antireflection coating a
without any changes in the fabrication of GaAlAs/GaAs h
erophotoelements, which has already been brought to a
level of perfection,4 these heterophotoelements are suita
for use as high-sensitivity photoanalyzers of linearly pol
ized light with maximum azimuthal photosensitivityF I

m

.0.1 A/W•deg (T5300 K, Q575°! over the wide spectra
range extending from 1 to 3.5 eV. On the other hand, we a
point out that polarization photosensitivity spectroscopy
solar cells equipped with an antireflection coating~e.g., Ox/
GaAlAs/GaAs! allows express nondestructive diagnostics
the clearing effect in prepared solar cells, thereby afford
an increase in the level of perfection of the fabrication p
cess, and also the choice of material and parameters o
antireflection coatings, which is especially important for t
case of multilayer coatings. The high locality of the propos
photoelectric technique~diameter of the light probe abou
0.2 mm! makes it possible to monitor the uniformity of th
clearing effect over the entire photodetector surface of
solar cell in the presence of a contact grid and regardles
the structure of the surface of the frontal layer of the pho
converter.
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Increasing the power of broad-waveguide lasers by additional selection of transverse
modes
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A new method is proposed for transverse mode selection in high-power, broad-waveguide,
separate-confinement, heterostructure quantum-well lasers by orienting the front mirror at an angle
other than normal to the direction of radiation propagation. The dependence of the mode
reflection coefficients on the laser mirror parameters is investigated. Optimal values are found for
the mirror inclination angles and the thicknesses and refractive indices of the dielectric
coating at which the fundamental guide mode dominates. The possibility of a 1.2-fold increase in
the output power of a broad-waveguide, separate-confinement, heterostructure quantum-well
diode laser is demonstrated. ©1999 American Institute of Physics.@S1063-7826~99!02706-4#
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INTRODUCTION

Recent progress in the fabrication of high-power inje
tion lasers has been tied to an increase in the width of
waveguide in quantum-well bilateral-heterostructure sepa
confinement~QW-BHS-SC! lasers and the fabrication o
QW-BHS-SC lasers with a broad waveguide~BW-SCH-QW
lasers!.1,2 Increasing the width of the waveguide leads to
reduction of internal losses in the laser, which makes it p
sible to fabricate long-cavity lasers, and to increase
power of catastrophic mirror damage as a result of a decr
in the power density at the mirror.3,4 This has made it pos
sible to obtain record radiative power levels in the quasic
tinuous regime~14.3 W! in broad-waveguide lasers.1 How-
ever, a further increase in the width of the waveguide w
the aim of increasing the limiting power of single-mod
emission is bounded by the width of the waveguide
which generation of the second transverse mode is obser
Obviously, this is accompanied by a decrease in the dif
ential quantum efficiency and total efficiency of the laser

The literature describes a means for suppressing hig
order modes by clearing the front mirror of the laser.5 It has
been experimentally shown that the mode makeup of
laser emission is affected by the thickness and refractive
dex of the antireflection coating. In this case, suppressio
the second mode is that much stronger the better the f
mirror is cleared. However, such a selection method due
the clearing has a natural limitation associated with grow
of the threshold current density of the laser.

We propose a fundamentally new means of suppres
higher-order modes in an expanded waveguide. This me
consists in orienting the output mirror at some angleu in-
stead of perpendicular to the direction of propagation~see
Fig. 1!. Such a configuration of the mirrors can be eas
achieved by shearing a laser structure grown on a~001! vici-
nal substrate.

Our goal in this study was to theoretically investigate t
possibility of fabricating a single-mode stripe laser with e
6931063-7826/99/33(6)/7/$15.00
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hanced radiative power achieved by inclining the front m
ror of the laser.

We have investigated the effect of the inclination angleu
on the magnitude of the losses due to radiation extraction
the zeroth and second modes. We base our treatment o
fact that modes of different order have different angles
incidence on the cavity mirror and consequently have diff
ent losses to radiation extraction. Therefore, varying
angle of incidence of the mode on the mirror can lead t
change in the ratio of losses to radiation extraction for d
ferent modes, and consequently to mode selection.

In this paper we theoretically investigate the depende
of the output losses for various laser modes on the mi
parameters.

We investigate in detail the reflection of modes~1! from
the front mirror, obtained by shearing;~2! from a mirror with
a dielectric coating; and~3! from the inclined front cavity
mirror. We show that mode losses upon reflection depend
the thickness of the dielectric coating, the inclination an
of the front mirror, and the index of refraction of the diele
tric coating.

We obtain optimal values of the inclination angle of th
front mirror and the thickness and refractive index of t
dielectric coating for which the fundamental mode dom
nates. We demonstrate the possibility of an increase in
width of the waveguide afforded by optimization of the ca
ity parameters, which in turn makes it possible to increa
the power of single-mode emission.

1. REFLECTION FROM A COATED MIRROR

We consider an ordinary semiconductor laser with
three-layer symmetric planar dielectric waveguide. The m
ror of such a laser is the face perpendicular to thez axis. We
assume the dielectric constant of the regions to be cons
for each layer, and we consider heterostructures in which
jump in the refractive indexn is large enough that the imag
nary part of the complex refractive indexN̄5n2 i k̄ may be
© 1999 American Institute of Physics
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ignored (k̄ is the extinction coefficient!. Note that within the
framework of our model it is also possible to take into a
count the extinction coefficient.

To find the reflection coefficients, we employed
method expounded in Ref. 6. We assume that the mod
orderm is incident upon thez50 plane. The amplitude of its
electric field isEy

(m) , and of its magnetic field isHx
(m) . The

reflected wave is the sum of the total set ofN11 waveguide
modes and emitted waves.6,7 We obtain boundary condition
on theTE mode of orderm incident upon thez50 plane,
from the condition of continuity of the tangential comp
nents of the electric and magnetic fields at the dielectr
vacuum interface (z50):

Ey
(m)1 (

n50

N

CnEy
(n)1E

0

`

CpEy
(r)dr5E

2`

`

CvEy
(v)dkvx , ~1!

Hx
(m)1 (

n50

N

CnHx
(n)1E

0

`

CrHx
(r)dr5E

2`

`

CvHx
(v)dkvx . ~2!

HereEy
(n) is the amplitude of the electric field for the mod

of ordern ~Ref. 7!; Ey
(r) is the amplitude of the electric field

for the emitted waves;Ey
(v)5exp(2ikvxx); Cn is the ampli-

tude reflection coefficient for the mode of ordern, n
50,1 . . .N; Cr is the coefficient for the emitted waves7; kvx

is the propagation constant of the wave in vacuum in thx
direction, which is related to the propagation constant in
z direction by the relationkvx

2 5k0
22kvz

2 , 2`,kvz,`; and
r is the propagation constant of the emitted waves in thx
direction.

EliminatingCv from system~1!–~2!, we obtain a system
of equations in the amplitude reflection coefficientCm , the
i th equation of which (i 50,1 . . .N) has the form

FIG. 1. Diagram of a BW-SCH-QW laser with inclined mirror.
-

of

–

e

kzidmi2Cikzi5
kzi*

2pk0
E

2`

`
Ak0

22kvx
2 dkvx

3E
2`

`

Ey
( i )* ~x!exp~2 ikvxx!dx

3F E
2`

`

Ey
(m)~x!exp~ ikvxx!dx

1 (
n50

N

CnE
2`

`

Ey
(m)~x!exp~ ikvxx!dx

1E
0

`E
2`

`

CrEy
(r)~x!exp~ ikvxx!dxdrG ,

~3!

wherek05v/c, v is the angular frequency of the radiatio
c is the speed of light, andkzi are the propagation constan
of modes of ordersi in the z direction, which are found
numerically by solving the transcendental dispers
relations.7

Determining the amplitude reflection coefficient for th
mode of orderm, Cm , from system~3!, we find the intensity
reflection coefficient

Rm5uCmu2. ~4!

Let us consider reflection of the mode of orderm from a
mirror with a coating whose refractive index is equal tonc ,
where the thickness of the dielectric coating is equal tol. The
field in the coating consists of the refracted wave, who
amplitude isCcov

t , and the wave reflected from the air
vacuum boundary, with amplitudeCcov

r .
The propagation constants of the wave in the layer in

x and z directions are interrelated as follows:kcx
2 5nc

2k0
2

2kcz
2 . The boundary conditions in thez50 plane are written

as follows:

Ey
(m)1 (

n50

N

CnEy
(n)1E

0

`

CrEy
(r)dr

5E
2`

`

Ccov
t Ey

t,covdkcx1E
2`

`

Ccov
r Ey

r ,covdkcx , ~5!

Hx
(m)1 (

n50

N

CnHx
(n)1E

0

`

CrHy
(r)dr

5E
2`

`

Ccov
t Hx

t,covdkcx1E
2`

`

Ccov
r Hx

r ,covdkcx . ~6!

We multiply Eq.~5! by exp(ikcx8 x) and Eq.~6! by Ey
( i )(x),

where i can take the valuesi 50,1 . . .N, and integrate inx
within the limits 2`,x,`. Simplifying the equations, we
obtain a system of equations in which, in addition toCi , the
quantitiesCcov

t andCcov
r are also unknown
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Ccov
t ~kcx!1Ccov

r ~kcx!

5
1

2p F E
2`

`

Ey
(m)~x!exp~ ikcxx!dx

1 (
n50

N

CcE
2`

`

Ey
(n)~x!exp~ ikcxx!dx

1E
0

`E
2`

`

CrEy
(r)~x!exp~ ikcxx!dxdrG , ~7!

kzidmi2Cikzi5
kzi*

k0
E

2`

`

kczdkcxE
2`

`

Ey
( i )* ~x!

3exp~2 ikcxx!dx@Ccov
t ~kcx!2Ccov

r ~kcx!#.

~8!

On the other hand, the boundary conditions for the t
gential components of the electric and magnetic fields
reflection of the wave from the coating–vacuum bound
have the form

E
2`

`

Ccov
t ~kcx!exp~2 ikcxx2 ikczl !dkcx

1E
2`

`

Ccov
r ~kcx!exp~2 ikcxx1 ikczl !dkcx

5E
2`

`

Cv~kvx!exp~2 ikvxx2 ikvzl !dkvx , ~9!

E
2`

`

Ccov
t ~kcx!exp~ ikcxx2 ikczl !S 2

kcz

k0
Ddkcx

1E
2`

`

Ccov
r ~kcx!exp~2 ikcxx1 ikczl !S kcz

k0
Ddkcx

5E
2`

`

Cv~kvx!exp~2 ikvxx2 ikvzl !S 2
kvz

k0
Ddkvx ,

~10!

where C0 is the amplitude of the transmitted wave
vacuum. Solving system~9!–~10!, we obtain an equation tha
links Ccov

i andCcov
r

Ccov
r ~kcx!5Ccov

t ~kcx!exp~22ikczl !
kcz2kvz

kcz1kvz
. ~11!

Employing Eq.~11!, we eliminateCcov
t and Ccov

r from
system~7!–~8!. Finally, the system of equations for findin
the reflection coefficient for the coated mirror takes the fo
-
r
y

kzidmi2Cikzi5
kzi*

2pk0
E

2`

`
Ak0

22kcx
2 dkcxE

2`

`

Ey
( i )* ~x!

3exp~2 ikcxx!dx

3F E
2`

`

Ey
(m)~x!exp~ ikcxx!dx

1 (
n50

N

CnE
2`

`

Ey
(m)~x!exp~ ikcxx!dx

1E
0

`E
2`

`

CrEy
(r)~x!exp~ ikcxx!dxdrG3K,

~12!

where

K5

12
Ak0

2nc
22kcx

2 2Ak0
22kcx

2

Ak0
2nc

22kcx
2 1Ak0

22kcx
2

exp$22iAk0
2nc

22kcx
2 l %

11
Ak0

2nc
22kcx

2 2Ak0
22kcx

2

Ak0
2nc

22kcx
2 1Ak0

22kcx
2

exp$22iAk0
2nc

22kcx
2 l %

.

~13!

The factorK corresponds to reflection from the coatin
Indeed, if the layer thickness is equal to zero, then sys
~12! reduces to the system derived above for the mirror w
out a coating~3! sinceK in this case isK5kvz /kcz . Simi-
larly, if n51, then kcz5kvz and K51, which also corre-
sponds to system~3!.

2. DEPENDENCE OF THE REFLECTION COEFFICIENT ON
THE MIRROR INCLINATION ANGLE

Let us consider the laser shown in Fig. 1. The fro
mirror in it is not oriented perpendicular to the light prop
gation direction, but at an angle to it. We denote the an
between the normal to the active layer and the end-face bu.
The waveguide mode is incident on this mirror at an an
that differs from the angle of incidence of the mode in a la
with an ordinary mirror by the angleu. To analyze the re-
flection coefficient for the mirror, we rotate the system
coordinates in thexz plane about they axis by the angleu, as
shown in Fig. 1. Then, expressing the old coordinatesx and
z in terms of the new coordinatesx8 andz8, we have

H z5z8 cosu1x8 sin u,

x52z8 sin u1x8 cosu. ~14!

The expressions for the electric field amplitudes for t
TE modes atz850 are replaced in a laser with incline
mirror by the following expressions:

For the evenTE modes
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Ey~x8!5Ae cos~kxx̃ cosu!

3exp$2 ikzx8 sin u%, ux8u cosu<
d

2
;

Ey~x8!5Ae cos~kxd/2!

3expH 2gS Ux8U cosu2
d

2D J
3exp$2 ikzx8 sin u%, ux8u cosu>

d

2
. ~15!

For the oddTE modes:

Ey~x8!5A0 sin ~kxx8 cosu!

3exp$2 ikzx8 sin u%, ux8u cosu<
d

2
;

Ey~x8!5A0

ux8u

x8
sin ~kxd/2!

3expH 2gS Ux8U cosu2
d

2D J
3exp$2 ikzx8 sin u%, ux8u cosu>

d

2
. ~16!

We replace the old coordinatesx and z by the new co-
ordinatesx8 andz8 ~14! in system of equations~12! and in
the expressions for the electric field amplitudesEy for the
TE modes7 (x5x8cosu2z8sinu, z5x8sinu2z8cosu). In
what follows, it is convenient to introduce the notatio
x8cosu5x, z85z. Then the obtained system of equations
finding the reflection coefficients for the inclined mirro
takes the form of system~12!, and the expressions enterin
into it for the amplitudesEy of the TE modes have the fol-
lowing dependence on the angleu for the evenTE modes:

Ey~x!5Ae cos~kxx!exp$2 ikzx tan u%, uxu<
d

2
;

Ey~x!5Ae cos~kxd/2!expH 2gS UxU2 d

2D J
3exp$2 ikzx tan u%, uxu>

d

2
. ~17!

For the oddTE modes:

Ey~x!5A0 sin ~kxx!exp$2 ikzx tan u%, uxu<
d

2
;

Ey~x!5A0

uxu
x

sin ~kxd/2!expH 2gS UxU2 d

2D J
3exp$2 ikzx tan u%, uxu>

d

2
. ~18!

3. SELECTION CONDITION FOR THE FUNDAMENTAL MODE

The reduced losses of the waveguide mode for reflec
from the end-face are defined by the expression
r

n

a rm5
1

2L
ln

1

Rm
, ~19!

whereL is the length of the waveguide.
For the generation to take place in the laser, it is nec

sary that the gain exceed the losses. The threshold cond
for generation for the waveguide mode of orderm has the
form

g̃m5Gmg5a i1a rm
1 1a rm

2 , ~20!

where Gm is the optical confinement coefficientG for the
mode of orderm; g is the gain coefficient in the active me
dium; g̃m is the modal gain coefficient;a rm

1 anda rm
2 are the

losses of the waveguide mode upon reflection from the m
rors, defined by expression~19!; and a i are the internal
losses in the waveguide.

For selection of the fundamental mode it is necess
that the threshold condition for the fundamental mode (g̃0

5G0g>a i1a r0
1 1a r0

2 ) be satisfied for some pump curre
and that it not be satisfied for the mode of order 2 (g̃2

5G2g,a i1a r2
1 1a r2

2 ). It follows from Eq.~20! that the se-
lection condition for the fundamental mode has the form

~a r0
1 G22a r2

1 G0!1~a r0
2 G22a r2

2 G0!,0. ~21!

Assuming that the reflection coefficients for the back mir
are close to unity for all the modes, we considered o
reflection from the front mirror. Then the selection conditio
for the fundamental mode takes the form

Da8[a r2
1 G02a r0

1 G2.0. ~22!

We introduce the dimensionless discrimination coefficie
for the fundamental mode Da[Da8L5 ln 1/R2 G0

2 ln 1/R0 G2. The difference in the threshold current den
ties for the fundamental and second modes increases
increasing value ofDa for the front mirror of the waveguide

4. RESULTS AND DISCUSSION

Calculations were performed for a GaAs–AlxGa12xAs
BW-SCH-QW laser with waveguide and emitter refracti
indices n153.404 and n253.080, which corresponds t
compositionsx50.27 andx50.8, respectively, thickness o
active medium d50.01mm and radiation wavelength
l50.86mm; in this case the width of the waveguide w
varied within the limitsD50.620.8mm. In a waveguide
with these parameters there are only three waveguide mo
the fundamental mode, and the first- and second-or
modes. To find the reflection coefficients for the modes fr
the front mirror, we solved system~12! numerically.

In an ordinary laser with a wide waveguide~u50°! the
emitted modes make only a small contribution to the
flected wave.6 Obviously, in a cavity with an inclined mirror
~Fig. 1! the contribution of the emitted modes depends on
angleu. Following the method described in Ref. 7, we es
mated the mode losses to emission as a function of the in
nation angle of the front mirroru. As the angleu is in-
creased, the mode losses to emission grow, but reach
only atu517°. For small mirror inclination anglesu,8° the
fraction of emitted modes in the reflected wave is sm
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~,3%!. Therefore, in our calculations@in the solution of sys-
tem ~12!# we have ignored the emitted modes.

Note that we did not make use of the behavior of t
first-order mode as a function of the waveguide parame
and the parameters of the dielectric coating of the front m
ror since the optical confinement coefficientGm for the odd
modes is substantially less than for the even modes. We
ignored the effect of mutual transformation of the fundam
tal and second mode during reflection onRm .

Figure 2 plots the dependence of the power reflect
coefficient on the mirror inclination angle for the zerot
order R0 and second-orderR2 mode. The reflection coeffi
cient for the fundamental mode increases withu while the
reflection coefficient for the second-order mode decrea
The dependence of the reflection coefficients on the incl
tion angle of the front mirroru can be explained as follows
It is well known that the reflection coefficient depends on
angle of incidence at the reflecting surface, and the high
order modes in the zigzag wave model propagate in a wa
guide at larger angles to the plane of the waveguide in c
parison with the fundamental mode. It can thus be conclu
that the reflection coefficients for the inclined mirror have
different dependence onu for the fundamental mode and fo
the higher-order modes.

Figure 2 also plots the dependence of the quan
ln 1/Rm that enters into the mode selection condition~22! on
the inclination angleu for the fundamental mode and th
second-order mode. Reflection losses for the fundame
mode are maximum foru50 and decrease with growth ofu.
It is obvious that by increasingu it is possible to decreas
losses of the fundamental mode and increase losses o
second mode and, consequently, facilitate generation of
fundamental mode.

Figure 3 plots the dependence of the dimensionl
mode discrimination coefficientDa on the angleu for lasers
with a coating (l'l/4nc and without a coating (l 50). In the

FIG. 2. Reflection coefficientRm and the quantity ln 1/Rm @see Eq.~19!# for
the fundamental mode (m50) and the second-order mode (m52) as func-
tions of the facet inclination angle.
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absence of a coating the discrimination coefficientDa de-
pends only weakly on the inclination angleu and the selec-
tion condition for the fundamental mode~22! is satisfied for
u.7.5°. However, in the presence of a coating with thic
ness l 50.22l/nc and refractive indexnc52.0 the depen-
dence of the coefficientDa on the inclination angle is non
monotonic, andDa grows steeply in the angle interval 4°,u
,7°; condition~22! is satisfied foru.4.5°. With increase of
u for coating thicknessl 50.22l/nc and refractive index
nc52.4 Da increases and becomes positive already
u53.5°, which cannot be attained without the use of a co
ing.

The dependences obtained by us indicate that both
presence of a dielectric antireflection coating and increas
the inclination angle of the front mirror lead to an improv
ment in selection of the fundamental mode.

Clearly, the above-described means of fundamen
mode selection in the range of mirror inclination angles
,0,8° should provide new possibilities for increasing t
width of the waveguide.

Figure 4 plots the regions of maximum positive valu
of Da as functions of two parameters: the coating refract
index nc and the coating thicknessl for a laser with
D50.8mm andu56°. Such diagrams allow one to find op
timal values for the thickness and refractive index of t
dielectric coating. The optimal values for the given laser
nc.2.1 andl .0.22l/nc .

Figure 5 plots the dependence ofDa on the inclination
angle u for various widths of the waveguideD ( l
50.22l/nc , nc52.0, l50.86mm!. For example, for a
waveguide of widthD50.8mm the quantityDa attains
larger values for the front-mirror inclination angleu.6° than
in a waveguide of widthD50.7mm for u50°. It is therefore
legitimate to speak of fundamental mode selection in a la
with waveguide widthD50.8mm attained by inclining the
front mirror. By the right choice of the thicknessl and re-
fractive indexnc of the coating, one can expand the wav

FIG. 3. Dimensionless discrimination coefficient of the fundamental mo
Da5Da8L @see Eq.~22!# plotted as a function of the mirror inclination
angle for several values of the refractive index of the insulating coatingnc .
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guide and yet obtain the same value ofDa as for a laser with
a narrower waveguide but without an inclined mirror. Thu
inclining the front mirror facilitates selection of the fund
mental mode by compensating for the increase in the w
of the waveguide.

Figure 6 plots the dependence ofDa on the waveguide
width D for u50° andu57°. Because of the inclination o
the front mirror (nc52.0, l 50.22l/nc ,) the value ofDa for
a laser with a wide waveguide (D50.65mm! and u50° is
equal to its value for the same laser but with an inclin
mirror D50.8mm andu57°, which obviously makes it pos
sible to lower the power density on the mirror by a factor
1.2. We may add here that for the chosen coating the re

FIG. 4. Regions of values of the dimensionless mode discrimination c
ficient Da5Da8L @see Eq.~22!# versus the refractive index and width o
the coating on the front mirror of the laser (D50.8mm!.

FIG. 5. Dimensionless discrimination coefficient of the fundamental m
Da5Da8L @see Eq.~22!# plotted as a function of the mirror inclination
angle for several values of the waveguide thicknessD ~mm!.
,

th

d

f
c-

tion coefficient for the fundamental mode foru50° is
R056%, and foru57° R0512%, which makes it possible
to significantly lower the threshold current density for t
fundamental mode.

Our calculations show that thanks to inclining the mirr
of a laser similar in design to the laser investigated in Ref
it is possible to increase the reflection coefficient fro
R050.02 to R050.07 while preserving the discriminatio
coefficientDa of the second mode, which makes it possib
to decrease the length of the laser diode by roughly a fa
of 1.5. Clearly, decreasing the length and consequently
area of the laser diode will lead to an increase in the yield
serviceable lasers and to an increase in the total numbe
lasers that can be obtained from an epitaxial wafer.

Another important result of the application of incline
mirrors is the possibility of a further increase in the width
the waveguide in high-power lasers while preserving
single-mode lasing regime. Obviously, increasing the are
the emitting region substantially~nearly linearly in our case!
lowers the power density on the mirror. At the same tim
increasing the linear dimensions of the emitting region n
rows the far-field of the laser, which is governed by t
diffraction limit.

Among the additional advantages of using a laser w
inclined mirrors, we point out that the outgoing light prop
gates at an angle to the plane of the layers and leaves
larger angle to the heat sink than in lasers with ordin
coatings, and this in turn facilitates the mounting of su
lasers on the heat sink.

CONCLUSIONS

We have proposed a new means of additional selec
of transverse modes in separate-confinement, bilateral
erostructure, quantum-well lasers which works by inclini
the front mirror and allows a significant increase in the wid
of the waveguide while preserving generation of the fun
mental transverse mode.

f-

e

FIG. 6. Dimensionless discrimination coefficient of the fundamental mo
Da5Da8L @see Eq.~22!# plotted as a function of the waveguide widthD
~mm! for two values of the mirror inclination angleu.
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In this work we have considered a laser with thickness
the active medium such that selection of the fundame
waveguide mode is controlled only by its losses upon refl
tion from the end-face. We have delineated the depende
of the reflection losses on the facet~end-face! inclination
angle. We have investigated reflection ofTE modes from
mirrors obtained by facet cleavage and from mirrors with
insulating coating. Numerical values of losses upon refl
tion from an inclined facet for a GaAs–AlGaAs BW SC
QW laser were obtained by the method of normal modes

Optimal values of the facet inclination angles, thic
nesses and refractive indices of the insulating coating of
mirror for BW SCH QW lasers with an inclined mirror, fo
which the fundamental mode of the emitted radiation do
nates have been found for the first time. We have shown
depositing an insulating coating on the front mirror and
creasing the facet inclination angle lead to an improvem
in fundamental mode selection.

We have demonstrated the possibility of lowering t
power density on the mirror by a factor of 1.2 while prese
ing generation of the fundamental mode and thereby incr
ing the power of the fundamental mode in BW SCH Q
f
al
-
ce

n
-

e

i-
at
-
nt

-
s-

lasers by a factor of 1.2. We have proposed a suita
method for obtaining inclined mirrors in BW SCH QW la
sers by cleaving structures grown on~001! vicinal surfaces.

This work was funded in part by the Russian Fund
Fundamental Research~Grants No. 98-07-90336, 97-02
18151, and 97-02-18153!.

* !E-mail: zegrya@theory.ioffe.rssi.ru; Fax~812! 247-1017.
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Gain and internal losses in InGaAsSb/InAsSbP double-heterostructure lasers
M. A daraliev, N. V. Zotova, S. A. Karandashev, B. A. Matveev, M. A. Remenny ,
N. M. Stus’, and G. N. Talalakin

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted October 30, 1998; accepted for publication November 5, 1998!
Fiz. Tekh. Poluprovodn.33, 759–763~June 1999!

We report on a study characterizing internal losses and the gain in InGaAsSb/InAsSbP diode-
heterostructure lasers emitting in the mid-infrared~324mm!. Numerical simulations of
the current dependence of the intensity of spontaneous emission above the laser threshold and of
the differential quantum efficiency allowed us to determine the intraband absorptionk0

'5.6310216cm2. The cavity-length dependence of the threshold current is used to estimate the
internal losses at zero injection currenta0'5 cm21. Calculations of the internal losses at
laser threshold showed that they increase more than fourfold when the cavity length is decreased
from 500mm to 100mm. The temperature dependence of the differential quantum efficiency
is explained on the assumption that intraband absorption with hole transitions into a split-off band
occurs. It is shown that the maximum operating temperature of ‘‘short-cavity’’ lasers is
determined by the intraband absorption rather than by Auger recombination. The internal losses
are shown to have a linear current dependence. The separation of the quasi-Fermi levels
as a function of current demonstrates an absence of voltage saturation of thep2n junction above
threshold. ©1999 American Institute of Physics.@S1063-7826~99!02806-9#
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1. INTRODUCTION

At present, injection lasers are in wide use
spectroscopy,1 in atmospheric pollution monitoring, and i
fiber-optic transmission lines.2 The wavelength range
324mm subtends the absorption bands of many indust
and natural gases, the most interesting of which are meth
CH4 and formaldehyde H2CO. In view of this circumstance
to advance the state of the art of spectroscopy in this spe
range, studies of loss mechanisms are needed to guide
development of low-threshold diode lasers, in particular,
sers based on InAs and solid solutions similar to it in co
position.

One peculiarity of the band structure of InAs and so
solutions similar to it in composition is similarity of the va
ues of the band gapEg and spin-orbit splitting energyD.
Therefore, the generated radiation undergoes strong abs
tion by holes which are excited into the spin-detached ba
In Ref. 3 a microscopic analysis was carried out for t
above-mentioned intraband absorption~IA !, where it was
shown that intraband absorption can be comparable with
gain for interband transitions from the conduction band
the valence band, and peculiarities in the temperature de
dence of the differential quantum efficiencies were predict
The internal losses in type-II lasers based on InAs/Ga
InGaSb/GaSb superlattices~l53.02mm! were measured in
Ref. 4. It was shown there that the internal losses incre
rapidly with increasing temperature and limit the operat
of the laser at high temperatures more strongly than Au
recombination or device heating.

In this study we continue the investigation beg
earlier5,6 on mesa-stripe lasers based on InGaAsSb/InAs
double heterostructures~DHS! emitting in the spectral rang
3.023.6mm. We experimentally estimate the intraband a
7001063-7826/99/33(6)/4/$15.00
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sorption and internal losses at threshold and obtain the s
tral dependence of the gain. We show that intraband abs
tion leads to a number of peculiarities of the las
characteristics.

2. OBJECTS OF STUDY AND EXPERIMENTAL PROCEDURE

Double heterostructures, consisting of an undop
n-InAs ~111!A substrate (n512231016cm23) and three
epitaxial layers, were grown by liquid-phase epitaxy: a wid
band cladding layer adjacent to the substrate, consistin
n-InAs12x2ySbxPy (0.05<x<0.09, 0.09<y<0.18), the ac-
tive layer of the laser, consisting ofn-In12vGavAs12wSbw

(v<0.07, w<0.07), and a wideband contact layer/emitte
consisting of p-~Zn!-InAs12x2ySbxPy (0.05<x<0.09,
0.09<y<0.18). The thicknesses of the wideband laye
ranged from 4 to 6mm, and of the active layerd, from 1 to
4mm. The lasers had a deep mesa-stripe design with st
widths w510 and 20mm.

Electroluminescence spectra and current–power cha
teristics were measured in the temperature range 772160 K
using a technique described earlier in Ref. 5.

The gain spectra were obtained by processing the sp
taneous emission spectra using values of the laser w
length and internal losses at laser threshold.7,8 ‘‘Net’’ gain
spectra were obtained from the relation between the max
and minima of the Fabry–Perot resonances in the spont
ous emission spectra.9

3. EXPERIMENTAL RESULTS AND DISCUSSION

A. Internal losses and differential quantum efficiency

The current–power characteristics of the lasers w
sublinear~Fig. 1!. We associated the decrease in the diff
ential quantum efficiencyhd with the increase in the interna
lossesa i :
© 1999 American Institute of Physics
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d~1/hd!

dI
5

L

h ln ~1/R!

da i

dI
,

whereL is the cavity length,R is the reflection coefficient
andh is the internal quantum yield~h50.75, Ref. 10!,

a i5G~a01aFC1k0N!1~12G!ac ,

wherea0 are the ‘‘intrinsic’’ losses~losses in the active re
gion in the absence of injection!, aFC is absorption on free
carriers (aFC;122 cm21, Ref. 11!, k0 is the intraband ab-
sorption coefficient,N is the injection carrier density,G is the
optical confinement parameter~G50.6!, and ac is the ab-
sorption in the cladding layers (ac;a0). As the current in-
creases beyond the laser threshold, the intensity of spont
ous emissionPSP was found to increase with simultaneo
decrease ofhd ~Fig. 1!. This increase is approximated by th
dependence12

dPSP

dI
52

PSP~ I th!

Nth

dN

dI
,

where PSP(I th) is the intensity of spontaneous emission
laser threshold, andNth is the threshold concentration (Nth

5231017cm23). Using the relation

k05
1

G

da i

dN
5

1

G

da i

dI

dI

dN
,

we obtain a value for the intraband absorption coefficie
k0'5.6310216cm2. The latter exceeds by more than an o
der of magnitude the value for lasers with an InGaAsP ac
region~l51.55mm! ~Ref. 12!, in which resonance ofEg and
D is absent.

The magnitude of the intrinsic lossesa0 was determined
from the dependence of the threshold current densityJth on
the inverse cavity length 1/L ~Fig. 2a! ~Ref. 13!:

Jth5
J0d

h
1

d

hGb S a i1
1

L
ln

1

RD ,

where J0 is the nominal current density at the ‘‘inversio
threshold,’’ d is the thickness of the active region, andb is
the differential gain. We obtained the valuea0'5 cm21.

FIG. 1. Current dependence of the total intensity of spontaneousPSP and
laserPLAS emission (T577 K, L5300mm!; the inset plots the differentia
quantum efficiency as a function of the current.
ne-

t

t:
-
e

The low value ofa0 reflects the structural perfection of th
quaternary solid solution InGaAsSb, well matched with t
substrate.14

With decreasing cavity length, the increase in the thre
old carrier density as a result of the increase in the out
losses leads to an increase in the intraband absorption a
a steeper dependence ofJth(1/L) than in the absence of in
traband absorption. For lasers withL5100, 200, 300, and
500mm andT577 K, Table I lists threshold current densitie
Jth ; threshold currentsI th , threshold carrier densities calcu
lated using the relationNth5Jtht/ed (t51028 s!; the inter-
nal losses at laser thresholdGk0Nth due to intraband absorp
tion; the internal losses at laser thresholda i

th ; the differential
quantum efficiencies, calculated in accordance witha i

th , and
the increase in the internal losses above the laser thres
for the current above the laser threshold byDI 510 mA. As
can be seen, the intraband absorption increases with incr
ing carrier density, and forL5100mm is comparable with
the gain attained in semiconductor lasers. This explains
similarity in the values ofhd in lasers with differentL, where

FIG. 2. Threshold current density versus inverse cavity length~a!; spectral-
threshold characteristic~b! (T577 K!.

TABLE I.

L,
mm

Jth ,
A/cm2

I th ,
mA

Nth ,
cm23

Gk0Nth ,
cm21

a i
th ,

cm21 hd

Da i
10mA ,

cm21

100 750 15 531017 169 174 0.3 45
200 360 14 2.431017 81 86 0.31 23
300 235 14 1.631017 54 59 0.3 15
500 172 17 1.131017 37 42 0.27 9
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an increase in the losses due to intraband absorption
decreasing cavity lengthL exceeds the increase in the outp
losses with decreasingL. The obtained values ofa i (L
5300mm! turned out to be similar to values given for lase
based on the double heterostructure InAsSbP/InAs
InAsSbP, studied in the same spectral range (a i580
2130 cm21) ~Ref. 15!. The experimental values of the di
ferential quantum efficiency (hd57215%! are 223 times
lower than those shown in the table. This is apparently du
the exaggerated value of the internal quantum yield~h
50.75! used in the calculation.

Figure 2b shows the spectral–threshold character
obtained from measurements of homotypic lasers with
ferent cavity lengths. With growth of the threshold curre
density, the gain spectrum shifts toward shorter waveleng
as is reflected in a shift of the laser line. The relatively lar
range over which the laser wave number varies (Dñ
'100 cm21) is apparently due to the fact that lasing tak
place between states in the tails of the bands, where t
densities are relatively small.

Figure 3 shows the temperature dependence of the
ferential quantum efficiency of lasers withL5125, 200, and
300mm. Raising the temperature causes the internal quan
yield to decrease due to an increase in the Auger recomb
tion rate, which is reflected in the segments of approxima
identical slope ofhd(T) for lasers with different values ofL.
A further increase in the temperature gives rise to a situa
in which, with decreasing cavity length,hd falls off steeply,
indicating that in this temperature region the slope ofhd(T)
is determined by the increase in internal losses. It is lik
that atT51202130 K the photon energyhn is close to the
spin–orbit splitting energyD, and that intraband absorptio
is maximum. As a consequence of temperature narrowin
the band gap atT.130 K, the photon energyhn becomes
less thanD, intraband absorption saturates, and an inflect
point appears. In this case, the slope ofhd(T) is determined
by Auger recombination and above-barrier leakage curre

B. Gain

Figure 4 plots spontaneous emission spectra~a! and gain
spectra~b! obtained from them7,8 (T580 K, L5300mm!.
The spontaneous emission spectrum, i.e., the spectrum o
spontaneous emission leaving the cavity through the mi

FIG. 3. Temperature dependence of the differential quantum efficienc
lasers with cavity lengthsL5125, 200, and 300mm.
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facets, can deform with increasing current because of
gain, with its shape approaching a Gaussian centered on
maximum of the gain line; therefore, in our analysis of t
data we fitted the spectra on segments far removed from
laser line. In the laser regime the condition of equality of t
gain and the total lossesg5a i1a r is satisfied. With growth
of the current from 85 to 150 mA, the spectral maximum
the gain was found to increase from 110 to 210 cm21, which,
taking a r;40 cm21 into account, gives the result thata i

increases from 70 to 170 cm21. The growth ofa i with cur-
rent and, correspondingly, with minority carrier density~see
inset! is linear, consistent with the conclusion that intraba
absorption is responsible for the increase in the inter
losses.

In the calculation of the gain spectra we obtained a va
for the separation of the Fermi quasilevels (DF) equal to
DF5381 meV at the laser threshold for the laser photon
ergy hn5373 meV and voltage drop across the structu
U5546 mV. As the current is increased from 85 to 150 m
the separation of the Fermi quasilevels increases
DF5386 meV.

Figure 5 plots net gain spectra~a!, the current depen-
dence of the spectral gain maximum and of the gain itsel
different wave numbers~b!, obtained from the relation be
tween the maxima and minima of the Fabry–Perot re
nances. The net gain spectra were obtained for curr
I 51402220 mA (I th5192 mA, G50.6, a r544 cm21). For
I<I th the current dependence of the gain at fixed wave nu
ber and of the wave number of the maximum gain is nea

of

FIG. 4. Spontaneous emission spectra~a! and gain spectra~b! for currents,
mA: I1 — 74, I2 — 80, I3 — 88, I4 — 104, I5 — 146; the inset plots the
current dependence of the total losses (T580 K!.
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linear, which suggests that doping of the active region
light.16 The gain above laser threshold does not saturate c
pletely, spreading toward large energies and increasing a
laser wave number, probably because of a degradation o
optical confinement caused by a decrease in the differenc
refractive indices due to an increase in the minority car
density above laser threshold. With increase of the w
number, the rate of growth of the gain with current grows,
could be expected, if the gain is associated with states wh
density grows with energy.

C. Effect of intraband absorption on the laser parameters

The linear dependence of the internal losses on the
nority carrier density and the saturation of the internal los
indicate that the main loss mechanism is intraband abs
tion. Its presence leads to a number of peculiarities cha
teristic of the given lasers: 1! an increase in the threshol
current density with decreasing cavity length, which tak
place more rapidly than if it were associated only with
increase in output losses; 2! a decrease in the differentia
quantum efficiency with decreasing cavity length; 3! limita-
tion of the maximum working temperature of short-cav
lasers; 4! a sublinear current–power characteristic; 5! an in-
crease in the separation of the Fermi quasilevels ab
threshold, manifested in an absence of saturation of volt
in the current–voltage characteristics; 6! a growth in the in-
tensity of spontaneous emission above threshold and a
radation of optical confinement due to an increase in
minority carrier density.

It is clear that the increase in the minority carrier dens
above threshold, which is caused by an increase in the in

FIG. 5. ‘‘Net’’ gain spectrum~a!, current dependence of the maximu
spectral gain and the gain at different wave numbers~b! (T580 K!.
s
-

he
he
of
r
e
s
se

i-
s
p-
c-

s

ve
ge

g-
e

r-

nal losses, decreases the refractive index of the active re
and can thus lead to a large current retuning of the la
wavelength. This question goes beyond the scope of
present paper and will be discussed in a separate paper

4. CONCLUSIONS

In summary, we have shown that the main loss mec
nism in InGaAsSb/InAsSbP-based lasers that emit in
spectral range 324mm is intraband absorption by holes wit
their transition to the spin-orbit-split band. The intraband a
sorption coefficientk0'5.6310216cm2 turned out to be
more than an order of magnitude larger than the publis
values for InGaAsP~l51.55mm!, which is due to the close
ness of the band-gap energy and the spin–orbit splitting
ergy in solid solutions based on InAs. At the same time,
internal losses in the absence of injection amounted toa0

'5 cm21, which is evidence of a high level of crystallin
perfection of the fabricated structures. In short-cavity las
the internal losses at threshold become comparable with
gain attained in semiconductor lasers; therefore, the m
mum working temperature is governed by intraband abso
tion rather than by Auger recombination.
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On January 28, 1999 Professor Vadim Fedorovich M
terov, distinguished scientist in the field of solid state ph
ics, chairman of the experimental physics department
St. Petersburg State Technical University and doctor
physical and mathematical sciences, passed away unex
edly at the age of 58.

Vadim Fedorovich was born December 17, 1941 in
city of Arkhangelsk. In 1959 after completing seconda
school, he entered Leningrad Polytechnical Institute~LPI!.
From that time on without interruption, his entire life wa
connected with LPI, which was later renamed St. Petersb
State Technical University~SPbSTU!. First, he was admitted
into the department of mechanics and machine building
later, because of his great interest in physics, he transfe
to the department of physics and mechanics. After grad
ing from the institute in 1964 with specialization in met
physics and metallurgy, he was admitted into the departm
of physics and mechanics of LPI to pursue work inexpe
mental physics. There he consecutively undertook the du
of a junior scientist~1965–1966!, senior engineer~1966–
1975!, senior scientist and deputy chairman of the dep
ment in charge of scientific work~1975–1982!, and then
professor~1982–1991!. Starting in 1991, Masterov assume
the position of chairman of the department. In 1971 he
fended his dissertation in pursuit of the candidate’s deg
and in 1979 he became doctor of physical and mathema
sciences.

The area of scientific interests of Masterov includ
solid state physics~the physics of semiconductors, high
temperature superconductivity, and the physics
fullerenes!. In these fields he published more than 200 ori
nal scientific papers in domestic and foreign journals, t
monographs, and five review articles in the journalsPhysics
and Technology of SemiconductorsandSolid State Physics.

His experimental and theoretical studies of the electro
structure of deep multielectron centers in semiconduc
won him international acclaim, and the results of these st
ies were incorporated into monographs and review artic
by Soviet and foreign authors. In 1980, Masterov and
workers were the first to record photoluminescence, and
1982 electroluminescence on intracenter transitions in III
semiconductors doped with rare-earth elements. In th
years they used the method of electron spin resonanc
investigate the structure of a series of impurity centers c
ated by rare-earth elements in indium phosphide. His stu
of the electronic structure of iron group and rare-earth im
rities in semiconductors have become classics. In those s
7041063-7826/99/33(6)/2/$15.00
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ies, in particular, he demonstrated the potential of using ra
earth-doped semiconductors to create coherent
incoherent infrared sources. At present, work in this dir
tion has advanced in the scientific centers of many countr
and two volumes of conference papers on ‘‘Rare-Ear
Doped Semiconductors,’’ which include papers presented
Masterov, have been published~in the Proceedings of the
Materials Research Society, USA, 1993 and 1996!. In 1993
he proposed and laid the groundwork for the use of lo
dimensional semiconductor structures for enhancing the
ciency of f 2 f emission. In 1996 he~together with G. G.
Zegrya! theoretically demonstrated the possibility of creati
a laser emitting at 1.54mm based on the erbium-doped he
erostructure InP / InGaAsP / InP with two types of quantu
wells.

From 1987 onward, Masterov took an active part in t
study of high-temperature superconductivity of compl
copper metal-oxides, and in 1992 the superconductivity
metal fullerenes. He was one of the first to suggest that h
© 1999 American Institute of Physics
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temperature superconductors be treated as a multiple Jos
son medium. The phenomenon of microwave absorption
superconductors containing internal Josephson junctions
discovered in his laboratory, simultaneously with its disco
ery by other research groups in Russia and abroad and i
pendently of them. Together with A. G. Aronov, he propos
and developed an original method for investigating vio
tions of time reversal symmetry in high-temperature sup
conductors. Masterov and coworkers developed a n
method for investigating the charge-density spatial distri
tion in complex copper metal-oxides based on emiss
Mössbauer spectroscopy. The most interesting result in
field of fullerene physics may be considered to be the d
covery of a high-temperature superconducting phase
copper-based metal fullerene with a record superconduc
transition temperature of 120 K for fullerenes.

On Masterov’s initiative, a laboratory for electron spe
troscopy was created in the department of experime
physics ~under the direction of Prof. Yu. A. Mamaev!, in
which unique high-vacuum experimental setups were de
oped and built for studying solids by slow-electron polariz
tion spectroscopy. Under Masterov’s direction, a theoret
group was organized in his laboratory in which such we
known physicists—including professors and departm
chairmen—as V. K. Ivanov, V. G. Karpov, D. A. Parshi
A. V. Subashiev, and V. A. Kharchenko continue to work

Masterov’s scientific activity was inseparably associa
with the leading scientific centers of Russia and several
eign countries. He carried out scientific research toge
with scientists at the A. F. Ioffe Physicotechnical Institu
~RAS!, the S. I. Vavilov State Optical Institute, the St. P
tersburg Institute of Nuclear Physics~RAS!, the Institute of
Silicate Chemistry~RAS!, the Scientific-Research Institut
‘‘Domain,’’ and also with scientists in the USA, German
Holland, and Italy. Starting in 1994, Masterov was a cons
ant for the University of Arizona~Tucson, USA!, in 1995–
1996 he held a contract with the European Office of Ae
space Research and Development~London, UK!, and he
took part in projects funded by a grant from INTAS–RFB
together with scientists of the Physicotechnical Instit
~RAS!, the Physical Institute~RAS!, SPbSTU, the University
of Milan ~Italy!, and the University of Amsterdam~Holland!.

Masterov was a member of the organizing committe
and program committees of many international and natio
conferences and seminars. He was a member of the edit
board of the journalPhysics and Technology of Semicon
ductors, and was a member of the Scientific Committee
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Fullerenes and Atomic Clusters, the State Program ‘‘Curr
Problems in Condensed-Matter Physics,’’ and the scien
committee and the scientific-technical committee
SPbSTU. He was a member of the Materials Research S
ety ~USA! and the International Society of Researchers
Electron Spin Resonance in Semiconductors~Holland!.

Masterov took an active part in the scientifi
methodological work of SPbSTU. He was the author of
studies on scientific methodology and methods of instr
tion, including six textbooks. On his initiative, with the sup
port of the dean of the graduate school, and under his le
ership and with direct active participation, the instruction
physics laboratory of the university was modernized at
end of the 1970s. The practical work in physics at LPI b
came one of the best in the country, for which it received
Diploma of First Rank in VDNKh of the USSR in 1979
Together with I. P. Ipatova, Masterov revised the gene
physics curriculum and prepared a textbook for it for pub
cation. In 1992–1997 he was a member of the scienti
methodological committee on physics for the Ministry
Higher Education and joined the scientific-methodologi
committe of SPbSTU. In 1994, on his initiative a new pr
gram granting bachelor’s and master’s degrees with spe
ization in physics~in the field of condensed-matter physic!
was opened in the department of experimental physic
plan was developed and a series of special courses was
pared for students with this specialization.

Masterov did a great service in the preparation of hig
qualified scientific professionals. Sixteen Candidate’s Diss
tations were successfully defended under his direct scien
guidance, and four Doctor’s Dissertations were successf
defended with his support.

The shining memory of Vadim Fedorovich Mastero
who dedicated himself fully to science and education, w
forever be preserved in the hearts of his many stude
friends, and colleagues.

Zh. I. Alferov, Yu. S. Vasil’ev, A. G. Zabrodski�, B. P.
Zakharchenya, I. P. Ipatova, F. P. Kesamanly, V.
Kozlovski�, V. N. Kolgatin, V. I. Perel’, V. V. Emtsev, C. A.
J. Ammerlaan, and S. Pizzini.

Editorial Board of the Journal Physics and Technolo
of Semiconductors.

Translated by Paul F. Schippnick
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