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We have measured the lattice relaxation of varicus strained Ga, _ , In, As layers which are
thicker than the equilibrium critical thickness. Samples with a thickness near the energy
balance model critical thickness exhibited a large relaxation. We have analyzed the strain
relaxation data in a GalnAs/GaAs system using the Dodson-Tsao plastic flow model [ Appl.
Phys. Lett. 32, 852 (1988) ]. It was found that the model provides a reasonably good fit to the
data, however, the mode! parameters have widely different values for the GalnAs/GaAs
samples with different mismatches, One parameter of the model shows an approximate
inverse-square-law dependence on the misfit. The rocking-curve linewidths are presented for
the GalnAs layers. The measured linewidths are discussed in terms of the theoretical
linewidth, dynamical x-ray diffraction, and defect density depth distribution.

i INTRODUCTION

Lattice relaxation of strained epitaxial layers which are
thicker than the equilibrium critical thickness has been a
subject of several recent publications.'™ Most of these re-
ports have focused on correct determination of the critical
layer thickness {( CLT), experimentally ' or theoretically.*?
The experimentai data obtained using techniques insensitive
to a low dislocation density [such as x-ray rocking-curve
(XRC) and Raman techniques] indicated that the apparent
CLTs are greater than the equilibrium CLTs.>® In an at-
tempt to resolve the discrepancies in various experimental
data, Fritz® argued that the finite resolution of the experi-
mental technigue causes measured CLTs to be greater than
the equilibrium CLTs.” The experimental data obtained us-
ing techniques sensitive to a very low dislocation density
(such as photoluminescence microscopy™® and low-tem-
perature Hall measurements®) agreed with the Matthews’
equilibrinm theory, showing the onset of dislocation genera-
tion at a thickness close to the equilibrium CLT. Although
insensitive to a low dislocation density, the XRC technique
is capable of measuring the lattice relaxation when the relax-
ation is sufficiently high (greater than 107 ). In this paper,
we present the experimental data on lattice relaxation and on
rocking-curve broadening of single Ga; _ ,In, As layers on
GaAs{001) substrates. We apply to the strain relaxation
data the nonequilibrium model of strain relaxation which
was recently introduced by Dodson and Tsac.®

H. EXPERIMENT

The GalnAs layers were grown at 550 °C by molecular-
beam epitaxy (MBE) or at 650 °C by metalorganic chemical
vapor deposition (MOCVD ). All the GalnAs layers were
grown on (001) face GaAs substrates. The GalnAs layers
were grown on a GaAs buffer layer except for the thickest
layer (about 7 em) which was grown on a §.8-um strained
layer superlattice (SLS} buffer. A double-crystal x-ray rock-
ing-curve system, equipped with a conventional copper x-
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ray tube, was used for the measurements. The [0011] lattice
spacings were obtained, relative to the substrate, from the
two symmetric 004 rocking curves which differed in the azi-
muthal angle by 180° with respect to the surface normal. The
in-plane lattice spacings, in the two {110) directions, were
measured from the four 224 rocking curves.'” The measured
lattice spacings can be written as €, = (d,; —d,)/d,,
where d,;, is the lattice spacing of the (jk) planes of the
deformed GalnAs crystal, 4, is the (k) lattice spacing of
the undeformed GaAs substrate, and the €7, s the so-called
x-ray strain. Using the rocking-curve technigue, the in-plane
lattice mismatch €]}, can be obtained if it is greater than
0.01%. This minimum lattice mismatch corresponds to an
average spacing of 2 gm or an average density of 500C/cm
for the 60° misfit dislocations. In this paper, the strained
layers, which have an in-plane mismatch of less than 0.01%,
are referred to as pseudomorphic layers.

The bulk-equivalent latiice constant, a4, for the film or
the misfit, €, can be calculated from the x-ray strains using
the linear elasticity theory,

€= (a, —a}/a,

= fvell, + vel, + (1 —wey, /(1 +v), (1)
where a, is the substrate lattice constant and v is the Poisson
ratio for the film. The indium content x in the Ga,  ,In, As
film can be obtained from the film lattice constant ¢, of Eq.
(1) wsing Vegard’s law. The indium content x estimated in
this way tends to be smaller than the nominal indium con-
tent or the x value obtained using other technigues such as
energy-dispersive x-ray analysis.'® The underestimation of x
in the rocking-curve technique is roughly 0.01-0.03 for a
sample with x<0.2 and 2 thickness of 400 A~7 zm. Perhaps
this is because of a difference in the elastic properties (such
as the Poisson ratio] between the thin-film and the bulk
semiconductors. However, according o our experience, the
lattice relaxation never exceeds the €, obtained from Eq.
(1). Hence we use the x value estimated from Eq. (1) when
plotting the relaxation data.
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iil. STRAIN RELAXATION OF Ga,_,In As/GaAs
The lattice relaxation is defined as
R=(e; —a,)/{(a;,—a,) = (€/6)100%, (2)

where a is the film lattice constant in the [ 100] direction in
the sample plane and €] is the average in-plane mismatch
(€77, + €5, }/2. R is zero for a pseudomorphic layer and 1
for a completely relaxed layer. In Fig. 1, we plot the layer
thickness!’ as a function of layer composition which is in
turn calculated from the x-ray data. The “x” data symbols
represent the MBE-grown samples and the “y”’ data symbols
represent the MOCVD-grown sampies. The number given
for each data point is the relaxation R in percent. In Fig. 1,
the four “x” data points without any number had the in-
plane mismatch € less than 0.01%. Figure 1 shows the equi-
fibrium CLT, curve d is calculated from the equilibrium the-
ory’ using the anisotropic elastic moduli, and curve a is
calculated from the energy balance model of People and
Bean.'? Curves b and ¢ in Fig. ! will be discussed later. It is
seen in Fig. 1 that a substantial relaxation (10%-60%) oc-
curs below the critical thickness given by the energy balance
model. For samples thicker than the energy balance model
critical thickness, the relaxation approaches 70%-100%.
it is not difficult to understand the role of the energy
balance model critical thickness in the lattice relaxation pro-
cess from the basic assumptions made in the original deriva-
tion.!?> The assumption was that the areal density of the
strain energy equals, at the critical thickness, the areal den-
sity of the dislocation energy. As pointed out by Dodson ef
al.,? the strain energy will be sufficient to nucleate disloca-
tions everywhere if the energy density is bigh enough to no-
cleate dislocations locally. This implies that a major lattice
relaxation shall occur at a thickness near the energy balance
model CLT, which we observe in Fig. 1. This, along with the
jow sensitivity of the XRC technigue in measuring the
change in €] {(minimum i07*), may be the reason behind
the observation by Orders and Usher that the XRC-mea-
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F1G. 1. Curve d is the equilibrium critical thickness and curve a is the ener-
gy balance model critical thickness. The “x" symbols are data points for the
MBE-grown samples and the “y” symbols are for MOCVD-grown samples.
The number near each data point is the lattice relaxation given by Eq. (2).
Curves b and ¢ are the Dodson~Tsao critical thicknesses at 550 and 650 °C,
respectively.
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sured critical thickness was consistent with the energy bal-
ance model.’

Recently, there has been a rapid advancement in under-
standing the structural relaxation in strained-layer struc-
tures.>!® The nonequilibrium model,® recently introduced
by Dodson and Tsac based on the plastic flow driven by the
excess stress in the strained layer, successfully explained the
strain relaxation data for SiGe/Si of Bean et al.'” and of
Kasper, Herzog, and Kibbel.'® We shall apply the Dodson—
Tsao plastic flow model to our data.

First, we briefly outline the Dodson-Tsac plastic flow
model. In their model, the time dependence of strain relief »
is described by a nonlinear ordinary differential equation

f]"l/-(-—i)—=C<21)‘[~/(t) + 7l > (3)
dt 7

where C is a constant to be determined by fitting Eq. (3} to
the experimental data, g is the shear modulus, 7, represents
a source term for misfit dislocation, and o, is the excess
siress which is the driving force of the strain relaxation.
Equation (3) is based on the Alexander—Hassen model for
plastic deformation in bulk semiconductors.'® The right-
hand side of Eq. (3) inctudes both the kinetics of dislocation
motion and the increase of dislocation density via disloca-
tion multiplication. The excess stress ¢, for asingle strained
overlayer is

O, =2ul {1 +)e/(1 —v) — (1 —vcos’B)
Xn(4h /b)Y / 4w (1 — Y (B /B)], (4)

where v is the Poisson’s ratio, € is the {instantaneous) unre-
lieved portion of strain which equals €, — y{#), fisthe angle
between the dislocation line and the Burgers vector, & is the
magnitude of the Burgers vector, and 4 is the thickness of the
strained overlayer. The strain relief y(¢) in the Dodson~
Tsao model is identified as the average in-plane mismatch €
in cur data.

Second, our strain relaxation data in Fig. 1 need to be
converted to an equivalent data set, corresponding to a single
composition. This is because the fit guality may be best
judged by plotting the theoretical and experimental dataasa
function of layer thickness for a given composition. We con-
verted the MBE-sample data, which have x values between
0.07 and 0.11 in Fig. 1, to the eguivalent in-plane mismatch
€” = Re, by using the values for R which are given in Fig. 1
and using the value of £, which is calculated for the x value of
0.095 for Ga, _,In, As/GaAs using Vegard’s law. The re-
suiting in-plane mismatches are ploited as “x” in Fig. 2 as a
function of the layer thickness.

Third, the in-plane mismatch data (or the strain relief
data) are fit with Eq. (3) by numerically integrating the
equation. Figure 2 shows the best fit to the data, which oc-
curred when the fitting parameters, C and y,,, were approxi-
mately 25 and 1.1 X 107 '°, respectively. These parameters
were varied over 3.4-3400 for C, and 3 X 107°-9x 10~ for
Yo until the best fit was obtained. The dislocation source
term, ¥, from the fit is reasonably small, being smaller than
any relaxation observed in the experiments. The constant C,
however, appears to be too small in view of an appropriate
bulk value.?® Apart from the small value of the phenomeno-
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FIG. 2. Strain relief (or in-plane mismatch) vs Ga, _ In, As layer thick-
ness. The solid curve is a calculation usieg Eq. (3} with C'=25 and
¥o = 1.1 X 107 for x = 0.095. Data points are the MBE sample data with
x = 0.07-0.11 which are converted to an eqnivalent relaxation correspond-
ing to x = 0.095.

logical constant C, the Dodson-Tsac plastic flow model
gives a good fit to the experimental data for the layer thick-
nesses up to 2500 A.

Finally, curves b and c in Fig. 1 are predictions of the
Bodson-Tsao model for the critical thickness which would
be observed in the Ga, _ . In, As/GaAs(100) system, given
an experimental sensitivity to the strain relief of 107 for the
rocking-curve technique. Curve b in Fig. 1 is a calculation,
based on Eq. (3) with C= 25 and 7, = 1.1 X 1079, of the
observable critical thickness for the MBE samples which
were grown at a substrate temperature of 550 °C. Curvecisa
similar calculation for the MOCVD samples grown at
630 °C, taking into account the temperature dependence,
exp( — U/kT), for C'° and assuming U = 1.62 eV as the
activation energy of dislocation glide in GaAs. Curve b fits
reasonably to the MBE data points (“x” symbols) in the
neighborhood of x = 0.1. Curve c is not directly comparable
to the MOCVD data points.

However, from Figs. 1 and 2 and from calculations of
the strain relief for each data point in Fig. 1, the following
features could be observed: (1)} The calculated strain relief
agrees reasonably well with the data in Fig. 1, except for the
high mismatch (x = 0.17), small thickness (4 = 400 A)
MBE szmple and the low mismatch (x = 0.012), large
thickness (## = 2.5 zm) MOCVD sample. (2} For the for-
mer, Bq. {3} drastically overestimates the strain relief (cal-
culated 8§ X 1073, measured < 107%), and for the latter, it
drasticaily underestimates the strain relief (calculated
2.3 X 1073, measured 5.5 x 107%), which are also implied in
Fig. 1 by the critical thickness curves b and ¢. (3} For sam-
ples thicker than 0.5 um (except for the already mentioned
MOCVD sample), Eq. (3) consistently predicts the strain
relief, which is higher than the experimental results, but
agrees within 3%-20%. (4) Figure 2 shows that the strain
relief for the GalnAs/GaAs system {(misfit=0.7%) in-
creases rapidly in the thickness range of 1500-3500 A,
whereas the Siy;Gey:/Si system (misfit=2%) shows a
rapid increase in the thickness range 100-500 A (see Ref. 3).
The above observations appear to indicate that the phenom-
enological parameters, C and y,, may assume very different

2269 J. Appl. Phys., Vol. 68, No. 8, 15 March 1988

1.7 F — . e
€ T ¥025 'g j
1.4 ¢ /“—' [ —1
o~ £ 1‘
g i1t -]
=z / - —
an : I *=0.14 1
2 o8t / s
£ /
'é 0.5 // e, “'1
& F o e T T T E
& ' -«
0.2 - I/ /a// j
2 =7 j
o e ]
0 2000 4000 8000 8000 10000

Ga, In As layer thickness (A)

FIG. 3. The fit of the Dodson-Tsao plastic fiow model [Eq. (3)] to the
strain relief data, plotted as*‘a” forx = 0.07,as*5 " forx = 0.14, and as “¢”
for x == 0.25. The strain relief data are calculated from the perpendicuiar
lattice constants of QOrders and Usher (Ref. 5).

values for different lattice mismatches, even for samples
grown under similar conditions. Even though this conclu-
sion is tentative and needs further investigation, it may have
important implications in interpreting the parameters Cand
¥, (2s in the recent publication by Dodson'®) and in under-
standing the dynamics of strain relaxation.

The above conclusion is reinforced by the results of fit-
ting Eq. (3) to the data by Orders and Usher.” Figure 3
shows the fit of the three different data sets with x = 0.07,
0.14, and 0.25 for Ga; _ . In, As/GaAs which was grown at
a substrate temperature of 530 °C and at a growth rate of
about 3 A/s. The parameter values, C and Ve are 25.2,
5x107 % forx = 0.07, 11.1, 3 10~ forx = 0.14,and 2.72,
1.5 107° for x = (.25, respectively. Thus, the ftting pa-
rameter values are widely different for the GalnAs/GaAs
system with different misfits. Figure 4 shows a plotof Cas a
function of the misfit €,. Figure 4 shows that the parameter
C is approximately proportional to €,/ . It is interesting to
note that the parameter C for Sig ; Ge, 5 /81 also agrees with
this dependence. Without an attempt to explain this depen-
dence, we tentatively conclude that the more appropriate
model parameter is C,, where

C=Ce; (5)
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FIG. 4. Plot of the fitting parameter C as a function of the lattice misfit ¢,.
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GalnAs/GaAs system (x) and from Ref. 3 for the Si, ; Ge, 5 /Si system(s).
The solid line indicates that Cis proportional to €; °.
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V. ROCKING-CURVE BROADENING

We have also measured the rocking-curve FWHM (full
width at half maximum) for the layers at various relaxation
states and compared them against the theoretical linewidths
calculated using the dynamical x-ray diffraction theory. Fig-
ure 5 shows, as vertical bars, the rocking-curve FWHMs
measured from the symmeiric 004 rocking curves. The thin
vertical bars represent the MBE-grown samples and the
thicker bars represent the MOCY D-grown samples. The sol-
id curve is the calculated FWHM. The experimental
FWHMs are for x values of Ga, _, In, As ranging from 0.05
10 0.18. Figure 3 alsc shows the FWHM data of Kamigaki ef
al.? as k and that of Orders et al.” as r. The number near each
data point is the in-plane mismatch in units of 10 . Data
points without any number have a strain relaxation below
the XRC sensitivity limit. Figure 5 shows that the experi-
mental FWHM increases by a factor greater than 2 as the
film relaxes from the pseudomorphic state. However, as dis-
cussed in the previous section, this increase in FWHM 1s not
a sign of the onset of misfit dislocation generation (or the
initial strain relaxation}, but rather a sign of a major strain
relaxation. The measured linewidths initially increase with
thickness, reflecting the deteriorating crystal quality near
the interface as the layer-strain relaxes further. However, for
samples thicker than about 1 zm, the linewidths become less
sensitive to the quality of the near-interface region, as Fig. §
indicates. The MOCVD-grown samples (represented by the
thicker bars in Fig. 5) had relatively poor layer qualities,
which were cbserved from the Nomarski micrographs'® and
from the cross-section transmission electron micrographs
(XTEM). These MOCVD layers have different buffer lay-
ers'® and exhibit the poor layer qualities by the relatively
large FWHM (see Fig. 5) for a small strain relaxation and a
large thickness.

An important point of Fig. 4 is that, for samples with a
strain relaxation less than the XRC sensitivity iimit (1074},
the rocking-curve linewidth is close to the theoretical
linewidth of the ideal crystal. In other words, the crystal
quality in the near-interface region is as good as the perfectly
lattice-matched layer as far as the rocking-curve technique
can see. The theoretical curve showing the monotonically
decreasing linewidth with thickness is a result of the dynami-
cal x-ray diffraction. For a thickness below 0.3 um, the ex-
perimental linewidth scales approximately with the in-plane
mismatch (see Fig. 5). For thicker layers, the linewidth at a
given thickness is greater for a higher in-plane mismaich; at
a similar mismatch, it is smaller for thicker films (the
MOCVD samples do not follow this trend because of the
poor growth quality). As a measure of the crystal quality in
lattice-mismatched epitaxial layers, the rocking-curve
FWHM depends on two aspects which are discussed below.

First, in the rocking curves, the x-ray intensity diffract-
ed from different depths is weighted, due to the normal ab-
sorption and extinction. For layers thinner than ~ 3000 A,
the kinematical x-ray diffraction theory is 2 good approxi-
mation to the dynamical theory for the GaAs crystals with
CuKa, radiation.?! If extinction is ignored and only the nor-
mal absorption is considered in the kinematical diffraction
theory, the weighting effect in the x-ray intensity from differ-
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FIG. 5. The rocking-curve broadening is plotted as a function of the
GalnAs layer thickness. The thin bars are the MBE-grown samples and the
thicker bars are the MOCVD-grown samples. The solid curve is the
FWHM calculated using the Eq. (5) for an ideal crystal. Also plotted as
“k 7 are Kamigaki’s data {Ref. 15) and as *“»” are Orders’ data (Ref. 5). The
number near each dats point is the strain relicf in vnits of 1072,

ent depths is nearly uniform for layers thinner than 0.3 ym,
because the absorption length is about 29 pm. Therefore, the
rocking-curve linewidth should scale with " for these thin
tayers (if the growth technique is the same). Figure 5 shows
that the linewidth increases with an increasing in-plane mis-
match. For fayers thicker than ~ 3000 A, the weighting ef-
fect in the reflected x-ray intensity (originating from differ-
ent depth) is stronger because extinction plays an
increasingly important role in the diffraction process.

Second, the defect density caused by the lattice relaxa-
tion decreases as the distance from the interface increases.
The XTEM micrographs of some of the samples studied here
showed a decreasing line defect density as the distance from
the interface increased. Other XTEM work on GaAs/Si he-
teroepitaxial samples showed a sharply decreasing line de-
fect density as the distance from the GaAs/Si interface in-
creased (on the order of 1 gm). In addition, there is evidence
that the dislocation density in epitaxial GaAs decreases at 2
faster rate in strained epitaxial layers than in unstrained ho-
moepitaxial layers.”” Therefore, the defect density distribu-
tion in the lattice-relaxed strained epitaxial layers and the
weighting effect in the reflected x-ray intensity due to the
dynamical diffraction will determine the rocking-curve
linewidth observed for the thicker layers in Fig. 5 (i.e., films
thicker than 1 gm). For the thick films, the linewidth at a
given mismatch will increase with an increasing in-plane
mismatch and the linewidth at a given in-plane mismatch
will decrease with an increasing layer thickness. Depen-
dence of the ideal crystal FWHM on the layer thickness is
significant only for layers thinner than about 1000 A as the
solid curve in Fig. 5 shows.

Last, we briefly discuss the substrate effect in the rock-
ing-curve FWHM. The plane-wave solution to the Takagi~
Taupin equation'” for 2 single-crystal plate is

X = —iBtan{s4)/[s — iCtan(s4)] . (6)
where the sampleis a (001) face cubic crystal, X = the scat-
tering amplitude,
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B=1+4ik, C=y+ig,

§ = \F((‘:T:Ef)s k= FZI/FE'U

g= —FJ/Fy, Fou=Fiuy+iFgy

A=r AF,t/{V, sin Gp),

y=17V,sin(20;)(A® + C &y + Ci65y0 + £}/

(A% Fiy,

F o 5 is the structure factor for the incident and diffracted
beams, », = 2.814 x 10" A, ¢ is the film thickness, ¥, is the
unit cell volume, €, , is the geometrical constant,” @ isthe
Bragg angle, and |X | is the reflecting power of the crystal
plate. Equation (6) was obtained by letting the substrate
scattering amplitude equal zero in Eq. (5) in Ref. 15. The
solid carve in Fig. 6 was obtained from Eq. (6) by plotting
|X|? as a function of ®. The film was taken to be
Gag o Ing ; As. When the faver thickness is small and under
the presence of 2 substrate crystal, the actual FWHM devi-
ates from that calculated from Eq. (6). This is due to an
additional scattering amplitude produced by the substirate at
the layer Bragg angle. In Fig. 6, the FWHM ratio for a
GalnAs layer with and without the GaAs substrate crystal is
plotted as a function of the layer thickness for several
GalnAs compositions. For the film thicknesses studied in
this paper, the substraie effect in the FWHM is small and
can be ignored.

Y. CONCLUSION

In conclusion, we presented the lattice-relaxation data
for Ga, _ . In, As single strained layers on GaAs(001) sub-
strates. For samples with a thickness near the energy balance
maodel critical thickness, major lattice relaxations cecur. The
Dodson-Tsao plastic flow model was used to fit the strain
relaxation data for the GalnAs/GaAs system. We tentative-
ty conclude that 2 more appropriate model parameter is C,
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given by Eq. (3). An approximately constant value for C,
and different values for the dislocation source term 7, may
fit the strain relaxation data for the GalnAs/GaAs system
and the 8iGe/Si system. For the films with a relaxation be-
low the XRC sensitivity limit, the experimental rocking-
curve FWHM was close to the calculaied FWHM for an
ideal crystal. A substantial increase in the experimental
FWHM occurs when the strain relaxes beyond the XRC
sensitivity limit. We discussed the experimental data on
rocking-curve FWHM for the lattice-mismatched epitaxial
layers, in terms of the dynamical x-ray diffraction process,
the defect density depth distribution, and the theoretical
FWHM of an ideal crystal.
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