Atomic diffusion induced by stress relaxation in InGaAs/GaAs
epitaxial layers

P. Roura® )
GRM, Dept. Enginyeria Industrial, Escola Politeica Superior, Universitat de Girona,
Av. Llus Santalos/n, E17071 Girona, Catalonia, Spain

A. Vila, J. Bosch, M. Lopez, A. Cornet, and J. R. Morante
E.M.E., Dept. Fsica Aplicada i Electraica, Facultat de fica, Universitat de Barcelona,
Diagonal 645, E08028 Barcelona, Catalonia, Spain

D. I. Westwood
Department of Physics and Astronomy, University of Wales, College of Cardiff, P.O. Box 913, Cardiff,
CF2 3YB, Wales, United Kingdom

(Received 11 December 1996; accepted for publication 23 April 1997

The origin of the microscopic inhomogeneities in@® _,As layers grown on GaAs by molecular

beam epitaxy is analyzed through the optical absorption spectra near the band gap. It is seen that,
for relaxed thick layers of about 28m, composition inhomogeneities are responsible for the band
edge smoothing into the whole compositional range (€.905.0.8). On the other hand, in thin
enough layers strain inhomogeneities are dominant. This evolution in line with layer thickness is
due to the atomic diffusion at the surface during growth, induced by the strain inhomogeneities that
arise from stress relaxation. In consequence, the strain variations present in the layer are converted
into composition variations during growth. This process is energetically favorable as it diminishes
elastic energy. An additional support to this hypothesis is given by a clear proportionality between
the magnitude of the composition variations and the mean strain19€ry American Institute of
Physics[S0021-897@®7)03715-9

I. INTRODUCTION instabilities of the alloy that tends to break it down into its
componentgspinodal decompositior?
The need of reliable high-quality devices for high fre- Of course, these two cases do not cover all possible situ-

guency and optoelectronic applications requires the growtlations. For instance, linked with structural defects such as
of lI-V epitaxial layers, usually grown on InP and GaAs dislocations or stacking faults the exciton peak broadens.
substrates. The layer composition was chosen so that its lathis broadening is usually taken as a quick evaluation of the
tice parameter was the same as that of the substrate. Thayer quality and is a routine test. However, the lack of a
lattice-matched layers avoided the problems linked with théechnique which is sensitive to the microscopic origin of the
strain that develops when the lattice parameter is differentroadening prevents a detailed analysis.
However, as strained layers of good quality are available Recently, we have developed a technique that enables
through advanced epitaxial techniques, they are extensiveki€ question of whether the broadening is related to compo-
studied because of their potential advantages. sition or strain inhomogeneities to be solVett. has been

In any caséstrained or matchegdthe layers are usually Successfully applied to the case of partially relaxed'InGaAs
alloys of binary Il-V semiconductors. This means that com-layers grown on Inf.We have been able to quantify the
positional homogeneity is not ensured. In fact, even withstrain field due to local deviations from the mean density of

macroscopic homogeneous growing conditions over théislocations. Now we propose to analyze the case of highly
whole wafer, microscopic compositional inhomogeneities'®/2xed layers, namely, InGaAs/GaAs layers with <0x

are always present. In the literature, one can find two well=0-9. Contrary to what we expectedpriori, the great den-

documented origins of it. Apparently, even the best IayersSity of dislocg?ions does not result .in a Ia_yer with grea}t.strain
cannot avoid local statistical fluctuations of compositidn. Inhomogeneities; rather, the dominant inhomogeneities are

This leads to local variations of the band gap reflected in thgomposnu_)r_\al. The analysis shows that, dl_mng growth,'the
toms arriving at the layer surface diffuse in order to mini-

broadening .Of the free exciton peak observed by optmafmze the elastic energy. The result is the diminution of the
spectroscopies. Several authors have proposed that these . . o -
. L ! ._“Strain inhomogeneities and the appearance of composition
fluctuations are the origin of a hyperfine contrast modulation _ . ..
) - . variations.
(of the scale of a few ninin transmission electron micros-
copy (TEM).* Yet TEM observations often reveal a contrast

modulation with periodicity of hundreds of nm usually Il. EXPERIMENT
known as coarse modulatiGriThe origin of these composi- We have analyzed two sets of InGaAs epitaxial layers

tional inhomogeneities is usually related to thermodynamic%rown by molecular beam epitaxy on GaAs at 350 °C. The

growth conditions are detailed in Ref. 9. The first set is a
dElectronic mail: pereng@El.udg.es series of thick layers with thickness of about Zué and
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FIG. 1. OA spectra of thick layer&.8 um width) measured at low tem-
perature. The horizontal bar indicates the energy scale.

o= 11meV

Absorbance (a.u.)

indium molar compositions varying from aboxt 0.05 up
to x=0.8. In the second set, the composition is constant (
=0.18) but the thickness varies from 0.06 to 2. O e L A —

The optical absorptiofOA) spectra were measured at 1230 1260 1290 1320 1350
low temperature £10K) with the samples inside a Energy (me\/)
continuous-flow He cryostat. The transmitted light was de-

tected with an InAs or an InSb photodiode depending on th IG. 3. Experimentalsolid line) and calculatedbroken ling OA spectra
or a sample with dominant compositional inhomogeneities. The contribu-

spectral region. tions of the HH and LH subbands are indicated to show that their energetic
dispersions are equal.

7 Ogy= 11meV

Ill. RESULTS

A. Optical absorption measurements whereE is the value of the unstrained band gap. However,

For every layer, we have measured its optical absorptiorjjs the layers are strained, there is an additional shift due to

near the band gap. The resulting spectra are shown in Fig.
for the thick layers and in Fig. 2 for the layers of variable AE 4=A qe, 2)
thickness. In Fig. 1 the great energetic shift of the absorption
edge is mainly due to the dependence of the band gap ener
on the indium molar compositior, (Ref. 10 Ay(X)=1.5%+6.261—X). 3

Ego=1.519- 1.60&+0.5¢*(eV) (4 K), (1) The subindex LH stands for “light hole” because, as the
layers are compressed, the band gap is determined by this
subband whereas the subband of the heavy HblEd lies at
higher energy. The existence of a strain is clearly revealed by
x= 18 the splitting of the band edge absorption that can be observed

d=0.5um 0.2um 0.06um in every spectrum. In Fig. 2, as the composition of the

™ " samples is held constant, the built-up strain is the only pa-

rameter that induces the shift and splitting of the band edge.
We can observe in Fig2 a progressive diminution of both
the band gap and the splitting. This indicates that, as thick-
ness increases, the strain relaxes. In every sample the strain
can be easily quantified from the splitting E, becaus#

AE=(ALh—Ann)e, 4
where

App=9.0&+12.741—X). (5)

e biaxial straine that can be quantified according‘to

Absorbance (a.u.)

So, the molar compositior and the mean straia can be
obtained from the band gap ener@y and the splitting
AE, which, in turn, are directly extracted from the OA spec-
tra by fitting. The procedure is detailed in Ref. 11. Here we
just want to show the good agreement between the experi-
mental and the calculated spectfigs. 3 and 4 In both

FIG. 2. OA spectra of layers with different thicknesses and similar compofigures we have detailed the structure of the spectrum by
sition. plotting the HH and LH subbands separately. The results of
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local variations of strain did not affect its biaxial character.
However, a detailed work that analyzed by cathodolumines-
cence the local stress relaxation in InGaAs/GaAs epitaxial
layers? clearly showed the existence of regions with a great
uniaxial character. This somewhat more complicated situa-
tion can be addressed both theoretically and experimentally.
It can be simply demonstrated that the tetragonal distortion is
more important with a uniaxial strain. As this distortion has a
different effect on the energy of the HH and LH subbands,
the resultingoyy /oy ratio would be even greater than with
a pure biaxial strain. From the experimental point of view,
our results on partially relaxed InGaAs layeronfirm this
theoretical analysis. On samples C and D the dislocation
densities along th¢110] directions were twice the density
H / along the perpendicular direction. This anisotropic relaxation
ow= SmeV ~F— would imply, as shown in Ref. 12, a local uniaxial character
_f¥ o/ Ow= 12meV of the strain. Even in these samples, the valuergf /oy
1270 1310 1350 1390 1430 remained clearly greater than 1.
Energy (meV) Now, from Table | we conclude that the dominant inho-
mogeneities in the thick layers are compositional(/o 4
FIG. 4. Experimenta(solid line) and calculatedbroken ling OA spectra  ~1). Furthermore, fronw | we can obtain the standard

for the thinnest sample of this study. Its dominant microscopic inhomogedeviation of the composition distributios,. From the de-

neities are of strain. It is clearly seen that the energetic dispersion of the H : ;
subband is much greater than that of the LH subband. I—bendence OEQO with x [Eq' (1)]’ it follows
oe=(—1.608+X) 0. (6)

This equation has been applied in those samples where

the fitting are summarized in Tables | and Il for the two SetSUHH/ULHil- In the remaining sample@r,y, /oL, slightly

Absorbance (a.u.)

of samples. greater than Jla correction has been introduced to account
- o - for the small contribution of the strain inhomogeneities. The
Local variations of strain or composition involve local In the case of the set of variable thickné¢Zable 1l) we

variations of band gap energy. This is reflected as a smoottfee that composition mhomogen_emes dqmlnate in the thicker
ing of the optical absorption edge. To take this effect intoSamPples §u/o1=1), whereas in the thinner one the spec-
account, the HH and LH subbands of the calculated spectrufial shapgFig. 4) is in line with the existence of strain varia-
are convoluted with Gaussian distributions characterized b§ions (oun/oLy=2.4). This result agrees with the measure-
its standard deviationssy and o, . The values needed to Ments done on InGaAs/GaAs thin layers of different origin
obtain good fitting are detailed in Tables | and IL. where dominant inhomogeneous strain variations were also

We have demonstrated in a previous wotlkat the na-  found.
ture of microscopic inhomogeneities can be easily fOUI’lqv_ ANALYSIS: THE ORIGIN OF THE COMPOSITION
through the value obryy /o y. If oyn/oin<1, they corre- |NHOMOGENEITIES
spond to compositional variations; whereawify, /o 4>1
(in fact O-HH/O-LH:AHH/ALH! e.g., 2.0 forx~0 and 5.9 for
x=~1), they are due to local variations of strain. To be more  Here the origin of the compositional inhomogeneities
exact, this criterium was established by considering that thebserved in thick layers will be analyzédables | and I).

A. Problem statement

TABLE |. Layer parameters of thick samples: In molar compositigp pand gap energysj), valence band
splitting (AE), standard deviation of the heavy-hole and light-hole subbaads,t 1), mean strair(e), and
standard deviation of the molar compositiom,]. The energies are given in meV.

x(%) Eq AE O ounloy €(107%) o (%)
4.0 1455.7 12.0 35 11 1.85 0.22
11.2 13455 10.0 35 1.0 157 0.23
16.9 1261.2 11.8 3.2 1.0 1.88 0.22
23.9 1164.0 16.0 4.0 1.0 2,57 0.29
34.1 1029.5 20.0 6.0 1.0 3.26 0.47
43.7 911.5 215 6.2 1.0 3.57 0.54
53.2 805.0 27.0 8.0 1.0 4.56 0.75
63.2 702.0 19.0 5.8 0.9 3.25 0.61
71.6 623.8 15.0 45 14 2.61 0.42
81.1 543.7 11.7 3.9 1.2 2.07 0.46
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TABLE II. Layer parameters of samples with various thicknesses: In molar composijorafyer thickness
(d), band gap energyH;), valence band splittingXE), standard deviation of the heavy-hole and light-hole
subbands ¢y ,014), mean biaxial strairfe), standard deviation of the molar composition, and sttaipand
o). The energies are given in meV.

X(%) d(pnm) Eq AE OLH Oy loiy €(107%) oy(%) o(10°%)
18.4 0.06 1293.5 68 5.0 2.4 10.8 - 0.76
191 0.2 1262.5 40 11.0 1.0 6.4 0.78 -
17.9 0.5 1250.0 20 8.0 1.0 3.2 0.56 -
16.9 2.8 1261.2 11.8 3.2 1.0 1.9 0.23 -

The high values ofr ;; mean that it cannot be due to statis- observed as the layer thickness increases. We think that the
tical fluctuations. Maximum fluctuations would be at Strain inhomogeneities detected in the thinnest sample are
=0.5 and for InGaAs would giver, ;~0.69 meV3 which ~ responsible for the composition inhomogeneities that de-
is much less than the values of Tables | and 1. On the otheyelop as the growth proceeds. The mechanism would be the
hand TEM observations have not revealed any contragttomic diffusion induced by strain gradients at the layer sur-
modulation that would suggest the existence of spinodal deface. The driving force of this process, as will be shown, is
composition. So, we have to find an alternative mechanisrthe reduction of the elastic energy of the layer. To under-
to explain the composition inhomogeneities. stand this, let us describe the ideal structure of highly relaxed
In fact, there is a more striking question still unresolved:layers. From the molar composition, we can easily calculate
why are the dominant inhomogeneities not due to strain?he maximum strain of an J&a, - As layer grown on GaAs
Samples are relaxed and the remaining strain could change
locally due to local deviations from the mean density of dis- MwO.O?ZXM K), )

: . . e . EMAX =
locations. This effect has been identified in partially relaxed AinGaas

InGaAs layer§ and, presumably, is the origin of the strain . .
: " : Y . .where ag,ss and a are the lattice parametets. This
inhomogeneities observed in the thinnest sample of this Gahs InGals P

. o would be the strain of layers thin enough to prevent relax-
ls,;;g?/;;rable Il. So, why does it not appear in highly relaxed ation. In the case of the set of thick layers, the remaining

strain, e (Table |, is less than 20% ofeyax. TEM
observationSshow a great density of dislocations in a sub-
layer near the interface, whereas it diminishes in the remain-
The key to identifying a mechanism that gives rise to theing upper layer. This means that most of the strain relaxes
dominant composition variations is probably the evolutionbefore growth has finished. This is supported by the evolu-
tion of strain in the layers of increasing thickng$ség. 5
and by the theories on the relaxation mechaniss.
12 The relaxed sublayer will have a strain distribution
-3 due to local variations in the dislocations density. Now, if the
ewax ~ 13.10 upper layer were homogeneous in composition, it would re-
produce the strain variations of the sublayer. This would re-
sult in an excess of elastic energyJ q,siic compared to a
layer with homogeneous strain

B. Atomic diffusion induced by strain

_3)
03]
1

AU gjasic* 0’5- (8

This excess of energy can be avoided if the atoms arriving
onto the surface migrate in order to compensate for the strain
variations. So, the initially more compressed regions will
become enriched in GaAs and the strain distribution of the
sublayer will become converted into composition variations
i in the upper layefmost of the layer volume
' In view of the real evolution observed in the layers of
increasing thickness, some refinements can be introduced
0 . —r into the above description. The relaxed sublayer does not
0 1 2 3 have a homogeneous composition through its entire thick-
Layer thickness (um) ness. We see in Fig. 5 that the thinnest la§@06 um) has
relaxed only around 20% of the maximum strain and that the
FIG. 5. Evolution of str_ain with layer thickness. For the thickest laze8 fo"owing |ayer in the serieg0.2 Ium) a|ready has dominant
,um)_most of th_e relaxation has occurred at a sublayer of aboutz@5The composition inhomogeneities, although it is far from being
maximum strain quoted correspondsxte 0.18. It has to be taken as only - L. .
approximate because the composition changes slightly from sample t§0Mpletely relaxed. So, below a certain critical thickness, the
sample. atomic diffusion is not activated because the density of dis-

Strain (10
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5 0.8 throughout the whole composition ranghis relationship is
remarkably well followed belowx=0.6). At this point it
should be noted that, although both parameters are obtained
through the fitting of the OA spectra, their effects on the

i spectral shape are quite independent. Consequently, their re-
lationship is not an artifact due to the fitting procedure.

|
e ']q-\ Additionally, we have tried to find a correlation with the
\; L g4 = density of dislocations or the broadening of the x-ray diffrac-
S \b? tion peak® Although those parameters also have a maximum
g around x=0.5, no quantitative relationship can be estab-
lished witho, . They are simply complementary evaluations
= of the layer quality.
The correlation betweea, and strain was not expected.
In fact, from the hypothesis of atomic diffusion we can only
establish an upper limit far, [Eq. (10)]. The proportionality
0 0 20 40 60 80 1000'0 found with € is similar to that found in partially relaxed
In molar composition (%) sample® whereo, was proportional and nearly equal to the

relaxed strain. Apparently, when the layers are slightly or
FIG. 6. Evolution of the mean strainand the composition standard devia- highly relaxed, there is a relationship between the mean
tion o with the molar composition. strain ando, that would convert equatiofi0) into

0~ A€gyplayer Where a<l. (17

locations has not yet developed. Up to this thickness thei-he value ofa depends on the smoothing effect of the exci-

Iayer'ls hom(.)gerleous |n, composition. Abpve this th'CI.(r.]esston. Short range variations of the strain are smoothed by the
atomic diffusion(“erases”) both the strain inhomogeneities finite volume of the exciton as it occurs in quantum wéfls.
related to the initial relaxation and those related with the.l-his is the case of dislocations in the sublayierour case

continuous increase in relaxation that develops as the Iay%{% 1/7). On the other hand, this smoothing effect is absent

grows. : . . with a low density of dislocations. This is the case of the
A simple test can be proposed into this hypothesis. As ?)artially relaxed layers of Ref. 8 wheee~1

compressed layer cannot become tensed due to relaxation, Independently of why these two parameters are propor-

we can establish an upper limit for the standard deviation OIionaI, the good correlation between them indicates dhzs

the straino related to the remaining strain. This relationship is not sur-
©) prising if o, arises from the strain inhomogeneities in the

relaxed sublayer. So, this relationship reinforces the hypoth-
esis of atomic diffusion induced by strain.

0 < Egyplayen

Where € pjayeriS the mean strain in the sublayer. It will be
similar to the value of the whole layeg, As the strain dis-
tribution is converted into a composition distribution, the re-
sulting value ofo, will be related too,. From the variation
of the lattice parameter witk and Eq.(7) we can establish We have reported optical absorption measurements on
an upper limit foro highly relaxed InGa _,As (0.05<x<0.8) layers grown on
GaAs and layers af~0.18 with various thicknesses ranging

_ ] (100  from 0.06 to 2.8um.

0.072 The relative energy dispersion of the HH and LH sub-
In all layers this condition is largely fulfilled. The value of bands indicates that the dominant inhomogeneities in highly
oy in the thick layers(Table |) is about ten times smaller relaxed layers are due to composition variations. To explain

than the upper valuer,(€). For the other layer§Table Il)  this, it is proposed that during growth the atoms diffuse over
the ratio is even greater. the free surface in order to minimize the elastic energy. This

Up to this point, we can simply state that the experimen-nechanism would convert the initial strain inhomogeneities
tal evolution of microscopic inhomogeneities with layer into composition variations. This hypothesis is supported by:
thickness is as expected with the mechanism proposed af@ the absence of strain inhomogeneities in samples with a
that the value of the composition variations is not in contra-great density of dislocationgb) the change from strain into
diction with it. However, proof that the composition inhomo- composition inhomogeneities as the layers get thicker, and
geneities are really linked with the relaxati¢or the strain ~ (¢) the correlation between the composition variations and

in the layers is required. This will be given in the next sec-the mean strain.
tion. Diffusion induced by strain is a well-known mechanism

in Materials Science that accounts for deformation at high
temperaturegthe phenomenon known as créépLike any
diffusion mechanism, its dynamics is governed by a gradient
In Fig. 6 we have plottedr, and the mean strair, and is thermally activated. This means that in the case of
versus molar composition. They are roughly proportionalepitaxial layers, as described in this paper, the conversion of

V. CONCLUSIONS

€

ox<oy(€)=

C. Correlation between o, and strain
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