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Abstract

The interfacial coherency of InGaP/GaAs heterostructure wafers grown by the metal-organic chemical vapor
deposition technique is examined and its effects on the X-ray line broadening of the GaAs substrate are investigated.
Lattice mismatches are measured using both (400) symmetric and {511} asymmetric reflections. The strain-free chemical
lattice misfit and the elastic strain are also calculated. The X-ray full width at half maximum (FWHM) of the substrate is
measured, and its dependence on the degree of lattice mismatch is found. In order to understand this observation,
measurements of lattice curvature are carried out using the automatic Bragg angle control method. It is found that the
radius of curvature varies with the elastic strain and the substrate FWHM. Using the results obtained, the misfit stress is
also determined. Various contributions to the substrate line broadening are separated out. Calculated line widths are
shown to be in good agreement with measured values. It is thus concluded that the primary factor affecting the X-ray line
width of the substrate is misfit stress induced lattice curvature. The results presented demonstrate that interfacial
coherency is of major importance in influencing the structural properties of InGaP/GaAs heterostructures through elastic

167

strain and lattice curvature.

1. Introduction

InGaP/GaAs heterostructures have attracted
extensive interest because they can be used for fabrica-
tion of visible laser diodes [1,2] and high speed devices
[3]. One of the major requirements in the fabrication of
perfect heterostructures is minimization of the misfit
stress and strain which are caused by lattice mismatch
between the epilayer and the substrate. Large lattice
mismatch is readily introduced particularly in the
InGaP/GaAs system due to large differences in lattice
parameters among InP, GaP and GaAs. Misfit stress of
the heterostructures has been shown to be one of the
factors influencing wafer properties such as lattice
curvature and device reliability [4,5]. Thus, precise
determination of stress is needed to improve material
quality and device performance.

It is well known [6-8] that double crystal X-ray
diffractometry (DXRD) is a powerful and sensitive
technique for evaluating the elastic response of
materials. DXRD profiles provide a wealth of informa-
tion on the structural properties of the crystal. For
example, lattice mismatch between the epilayer and the
substrate, line width, and elastic curvature can be
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determined by DXRD. Among these features, the
shape and line width of the epilayer peak obtained
from the DXRD profile have been investigated exten-
sively [7,9-11] because they can be used as an indirect
measure of epilayer quality. However, the X-ray line
broadening of the substrate has not attracted as much
attention, in spite of the fact that it also provides some
important structural features including misfit stress and
lattice curvature. It is thus important to systematically
calculate the stress acting on the wafer, and to deter-
mine the contribution from misfit stress to total
substrate line broadening.

A series of In,Ga,_,P epilayers with a relatively
large range of lattice mismatches have been grown on
(100) GaAs substrate by metal-organic chemical vapor
deposition (MOCVD) and have been examined by
DXRD. In this study, the influence of lattice coherency
and misfit stress on the X-ray line broadening of the
GaAs substrate is investigated. Firstly, various inter-
facial parameters such as lattice mismatch and elastic
strain are determined. Secondly, dependence of the
substrate line width and lattice curvature on the lattice
coherency is discussed. Also, misfit stress caused by
lattice misfit is calculated. Finally, based on the results
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obtained, the dominant factor for substrate line
broadening is determined.

2. Experimental details

InGaP/GaAs single heterostructure wafers grown by
MOCYVD were examined in this study. They consist of
two layers: an undoped InGaP epilayer (~ 1 um)and a
n-GaAs buffer layer ( ~ 0.2 um, n(Si}~1x10'® cm~3)
on a (100) GaAs substrate { ~ 350 um). The reactants
for MOCVD growth were triethylgallium, trimethyl-
indium, and phosphine at a temperature of 640 °C. The
layer thickness was determined by direct measurement
on a scanning electron microscope. Alloy composition
was varied such that the lattice mismatch ranged from
about —1.9x1077 to 1.2x 1073 The composition of
each sample was determined by the peak separation in
the DXRD profile. Indium content ranged from 45.8 to
50.1 for the samples used in this investigation.
Measurements of interfacial coherency were
performed using a Bede DXRD (model 200) using Cu
Ka, radiation (1 =0.154056 nm). The (220) reflection
from the Si first crystal was used to provide a highly
parallel incident beam. The X-ray beam was con-
ditioned using a channel cut collimator. (400) and
{511} reflections were employed to calculate both
normal and parallel mismatches. The presence of misfit
dislocations was examined by X-ray double crystal
topography.

3. Results and discussion
3.1. Lattice coherency measurement

In order to investigate the lattice coherency between
the InGaP epilayer and the GaAs substrate, mismatch
measurements were extensively performed for all the
specimens used in this study. The normal mismatch
Aa,*[a, (where Aa,* = a,* —a,) and the parallel mis-
match Aa,!/a, (where Aa'=a- a,) were calculated
using both (400) symmetric and {511} asymmetric
reflections. The quantities, a,* and a/, are the lattice
parameters of the InGaP epilayer normal and parallel
to the wafer surface, respectively, and a,, is the lattice
constant of the GaAs substrate.

The angular separation, A6, between the epilayer
and the substrate peak in the {(400) reflection is caused
by tetragonal distortion of the InGaP epilayer normal
to the wafer surface. The normal mismatch in the (400)
symmetric reflection was calculated by noting the
difference in peak positions of the substrate and the
epilayer. This is calculated by [12]

Aa,*/a,= — A6/tan 6y (1)
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where 6y is the Bragg angle of the (400) reflection and
A# is the angular separation in (400).

As mentioned elsewhere [13,14], Af, and A#6, in
(511) and (—511) setting can be obtained by rotating
the specimen by 180° around the axis parallel to [511]
direction such that the incoming X-ray beam in one
setting becomes the outgoing beam in the other setting,
The quantities, A6 and A in the {511} reflection are
due to different d-spacing and different tilt angle of
reflecting planes in the epilayer and the substrate,
respectively. These can be calculated by

AG=(AB, +A6,)/2

Using the experimentally obtained quantities, the
normal and the parallel mismatches were calculated as
shown in Table 1. The normal and the parallel mis-
matches in the {511] setting were calculated by

(2)

Aa,*[a,= —(tanz Az +cot § A6) (3)
Aaa,=cotm Am—cotf A6

where 6 is the Bragg angle for the {511} reflection and
7 is the angle between the {511} planes and the wafer
surface. It should be noted from the results in Table 1
that the normal mismatches determined by the (400)
and {511} reflections are virtually identical, indicating
the internal consistency of the two reflections. It is also
found that the normal mismatches are more than 25
times larger than the parallel mismatches. This
illustrates that, for all the samples used in this study, the
composition induced lattice misfit is accommodated
almost entirely by elastic strain (tetragonal distortion)
and that the heterointerface between the epilayer and
the substrate is coherent.

In order to experimentally verify the existence of
dislocations in the samples, X-ray double crystal reflec-
tion topography was performed for all the specimens
using the (400) reflection [15-17]. Fig. 1 shows, for

Table 1
Normal and parallel mismatches determined from (400) and
{511} reflections

Sample  (400) Normal {511} Normal {511} Parallel
(x1073) (x1073) (x10°%)
1 243 2.34 >0.1
2 1.82 1.75 >0.1
3 0.97 0.95 >0.1
4 0.95 0.94 >0.1
5 —0.61 -0.67 >-0.1
6 -1.64 -1.57 >-0.1
7 —1.68 -1.76 >-0.1
8 -1.89 -1.93 > =01
9 —-3.14 -3.72 >-0.2
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(a) Sample 5 (b) Sample 9

Fig. 1. Double crystal reflection X-ray topographs taken at the
Bragg angle of the InGaP epilayer. (a) Sample 5; (b) sample 9. In
both figures, the sample dimension traversed is 0.7 mm.

example, two double crystal reflection X-ray topo-
graphs obtained from sample 5 (Fig. 1(a)) and sample 9
(Fig. 1(b)). Note that these two samples have the
smallest and the largest lattice mismatches among the
samples used in this study. It can be seen that no struc-
tural defects are present in both samples, indicating
that dislocations are absent. Provided that dislocations
were present in the specimen, these would give rise to
reflecting power differences, which in turn lead to
contrasting differences in the photographic image.
Thus, dislocations would have been readily imaged, if
present, using this topographic method. In the topo-
graphic images in Fig. 1, a uniform greyness is
observed. There are two different ways to interpret this
observation: (a) there are no dislocations present; (b)
there are dislocations whose density exceeds the upper
limit for resolvable observation of individual disloca-
tions. Note that the latter includes the possibility that
although the dislocations may be present, the X-ray
penetration depth is insufficient to reach the strain field
of the dislocations.

A calculation was made to estimate the X-ray
penetration depth into the sample using the following
equation [18]:

}I—=exp(i —,uiati) (4)

0 i=1

where [/, is the ratio of the diffracted and incident
beam, u; is the mass absorption coefficient of the ith
layer, n is the number of layers, a is a geometrical con-
stant, and ¢, is the thickness of each layer. The structure
is 1.5 um thick and the absorption depth calculated
from the linear absorption coefficients is larger than
10 pm, so it is expected that reflections from all layers
and the substrate will be detected when using Cu Ka,
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radiation with the (400) reflection. According to this
calculation, the penetration depth into the specimen is
large enough that the dislocated region is reached. The
possibility of case (b) mentioned above is thus
eliminated. Therefore, the dislocations are absent in
our samples in the range of mismatch values under this
investigation. This is in good agreement with another
result [19] that the transition from elastic to plastic
deformation occurs at the lattice misfit value of
~2.5x1073. Note that the largest lattice misfit value
in our samples is ~ 1.8 X 1073, as seen in Table 2. It is
thus expected that the lattice misfit in all the specimens
should be accommodated elastically in the range of
lattice misfit values in this study.

For further investigation of lattice coherency, the
strain-free lattice parameter of the epilayer, the lattice
misfit, and the elastic strain were calculated as shown
in Table 2. Once the lattice mismatches are determined
by symmetric and asymmetric reflections, it is relatively
simple to calculate the lattice misfit induced by com-
positional change alone. The lattice mismatch between
the epilayer and the substrate in the absence of epitaxy
is called lattice misfit hereafter. When the parallel
mismatch is nearly equal to 0 as shown in Table 1, the
lattice misfit (Aa/a), can be defined by [20]

Aa =1—v Aagl (5)
aj, 1tvy\ a

where v is Poisson’s ratio (assumed to be 1/3).

The strain-free lattice parameter of the epilayer can
be directly determined from the lattice misfit. For this
calculation, the lattice misfit is redefined by

(Aa/a)y=(a,; "~ a,)/a, (6)

where a,*" is the strain-free lattice parameter of the
InGaP epilayer in the absence of epitaxy. The lattice
parameter of the GaAs substrate is assumed to be
0.56532 nm [21].

Whereas the lattice misfit is defined in relation to the
substrate, the elastic strain ¢ is defined by the parallel
strain of the epilayer alone:

e=(a)—aj ") azst (7)

Note from Table 2 that the elastic strain increases
along with the lattice misfit as the value of the lattice
mismatch changes. This indicates that the elastic strain
is proportional to the magnitude of the lattice misfit
within an elastic limit.

The anisotropy of strain and relaxation has been
reported recently [22,23]. In order to examine the
possible presence of this phenomena in our samples,
the parallel mismatches and strains were measured not
only along the [110] direction (results in Table 1) but
also along the [—110] direction. We observed no
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Table 2
Normal mismatch, strain free lattice parameter of epilayer,
lattice misfit, and in plane elastic strain parallel to the interface

Sample Normal Strain free Lattice misfit Elastic
mismatch lattice (Aafa), strain
Aa ' [a,  parameterof (x1077) e{x107%)
{x1073)  epilayer
aq.\',f. (nm>
1 2.34 0.5660 1.17 -1.11
2 1.75 0.5658 0.88 -0.85
3 0.95 0.5656 0.48 —0.46
4 0.94 0.5656 0.47 -0.46
5 -0.67 0.5651 -0.33 0.32
6 —-1.57 0.4549 -0.79 0.76
7 -1.76 0.5648 —0.88 0.85
8 -1.93 0.5648 -0.96 0.92
9 -3.72 0.5642 -1.86 1.76

difference in the two directions, in agreement with the
finding in ref. [22] that anisotropy of relaxation (i.e.
orthorhombic nature) is observed only for substantially
relaxed samples.

In Fig. 2, a | calculated from the parallel mismatch is
plotted as a function of a,* calculated from the normal
mismatch. The dotted lines represent the lattice
parameters of the GaAs substrate for reference. The
five samples to the left side of the GaAs line are in
tension because a,' is smaller than a./. The other
samples are in compression because a,* is larger than
a . 1t is clear from this figure that Ag * (distance
between the triangle and GaAs*) is considerably
smaller than Aqg,* (distance between the triangle and
GaAs*! line) as a result of tetragonal distortion, and
that the heterointerface between the InGaP epilayer
and the GaAs substrate is coherent, as evidenced by

the high tetragonality factor of the samples.
3.2. Substrate X-ray line broadening

It is generally accepted that after epitaxial growth,
the X-ray full width at half maximum (FWHM) of the
substrate becomes larger than that of bare substrate. A
similar trend was observed in our experiments. Three
major factors are thought to lead to the substrate line
broadening [24]: (i) presence of structural defects; (ii)
inhomogeneity of chemical composition; (iii) elastic
curvature of Bragg planes. The first hypothesis is
excluded in our samples, since the X-ray topographs
revealed no structural defects at the interface as
mentioned earlier. We have performed Auger electron
spectroscopy, and have observed no evidence of inter-
diffusion between the epilayer and the substrate. Com-
position gradients are thus unimportant in our samples.
It is therefore thought that the line broadening
observed in the GaAs substrate is caused by the misfit
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Fig. 2. Epilayer lattice parameter normal and parallel to the
wafer surface, aql and aq“, respectively. The dotted lines show
the GaAs lattice parameters for reference.

induced lattice curvature alone. Based on this, the sub-
strate FWHM was measured and plotted as a function
of the lattice misfit as shown in Fig. 3. The GaAs
FWHM was measured from the (400) symmetric
rocking curve using raps (Rocking curve Analysis by
Dynamic Simulation) program developed by Bede.
Measurements were performed three times on three
arbitrary points on the sample. Scatter was less than
* 3%, showing good uniformity of the crystal across
the sample. It can be seen from the figure that the lower
FWHM, in general, is obtained for samples with the
smaller lattice misfit. This dependence of the GaAs
FWHM on the lattice misfit is attributed to the wafer
curvature observed as described in the next section.

3.3. Misfit stress induced lattice curvature

If the lattice mismatched layers are bonded together,
the wafer generally assumes an overall lattice curvature
as a result of misfit stress [20,25]. Among various
methods, the X-ray technique is very sensitive to small
orientation differences in the crystal lattice. Con-
sequently, it can be used to quantitatively measure the
lattice curvature. A technique for measuring the
curvature has been reported [26] in which the radius of
curvature is directly calculated from the distance
between diffraction lines recorded on a photographic
film. However, due to the difficulty in precisely
measuring the separation between diffraction lines, the
automatic Bragg angle control technique was chosen as
an alternative. A full description of this method is given
elsewhere [27]. Briefly, if some part of the sample is
brought into the reflecting position, other regions will
not diffract properly, if the crystal is bent. Thus, the
diffracted intensity will be lower, unless the specimen is
rotated to restore the proper diffracting conditions.
Hence, one can determine the radius of curvature by
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Fig. 3. Substrate X-ray FWHM plotted as a function of lattice
misfit. A continuous line is drawn from the data points.

monitoring how much the crystal is rotated to bring it
back into the reflecting position as one translates the
specimen past the incident beam. The radius of
curvature, R, is defined by

R=s/d (8)

where s is the distance travelled on the specimen and ¢
is the amount of angular rotation to bring the specimen
back into the diffracting condition. In all our samples,
lattice planes are found to be deformed to spherical
shape within experimental error.

Radii of curvature of all the samples were measured
using this technique and plotted as a function of the
lattice misfit as shown in Fig. 4(a). R ranges from 10 to
55 m depending on the degree of misfit. The larger R is
obtained for the samples with the smaller lattice misfit.
Note that R goes to infinity when the misfit approaches
zero. In Fig. 4(b), R is plotted as a function of the
elastic strain. It is evident from the figure that R is also
dependent on the degree of elastic strain. R decreases
with an increase in elastic strain in a non-linear fashion.
It initially decreases substantially with a small increase
in strain, and subsequently decreases to a lesser extent.

It is worthwhile to check the consistency of the
measured R using the misfit stress model. R can be
calculated by [20]

6 1 1-y
1 Lit) 1+

)

where ¢, and ¢, correspond to epilayer and substrate
thickness, respectively. The calculated R using this
equation is compared with the measured value in Fig.
5. The theoretical data are seen to agree fairly well with

1
R
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Fig. 5. Calculated radius of curvature and measured radius of
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the experimental data. One important point to note
from Eq. (9) is that when the parallel mismatch is com-
parable with the normal mismatch (as in the case of
substantially relaxed specimen), the bent lattice relaxes
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back to a flatter shape (Aa//a, —~Aa,*/a,, R~ ).
This means that samples containing dislocations would
have relatively large R even when they had large lattice
misfit. No such trend is observed in our case as shown
in Fig. 4(a), indicating the coherent nature of our
samples.

3.4. Determination of misfit stresses

One of the important problems in the layered
heterostructures is the presence of misfit stress intro-
duced by lattice mismatch. Stress in the heterostruc-
tures depends not only on the mismatch, but also on
the growth conditions such as growth temperature,
growth rate, and the thickness of film and substrate.
Thus, precise determination of the stress is essential to
improve growth conditions and wafer quality [28]. If
the radius of curvature of the sample is known, the
stress can readily be estimated. This can be achieved
using the following equation [20,28,29]

E 1

6(1-v) ¢ R (10)

OR=

where E is the elastic modulus. In this equation, og
represents the stress calculated from the radius of
curvature. In determining the misfit stress using this
equation, E/6(1 — v) is assumed to be 3.166 X 10!! dyn
cm~2 [30]. ¢, and ¢, are 1 and 350 um, respectively.
Eq. (10) can then be simplified for our samples:

0r=(3.88x10'?)/R (dyn cm~2) (11)

There is an independent way to determine the misfit
stress of the heterostructures using the linear elasticity.
In this analysis, the misfit stress in the lateral direction,
0,, can be calculated assuming plane stress conditions
(0.\'.'( = 0_\[\'7 Ozz = 0).

o, ={E/(1-v)le (12)

Using the known values of ¢ (see Table 2), o, can be
easily calculated. In Eq. (12), o, represents the stress
calculated from the elastic strain. The misfit stresses in
our samples calculated by Egs. (11) and (12) are com-
pared in Fig. 6. As can be seen, the misfit stress ranges
from 8% 10% to 4% 10° dyn cm™? depending on the
lattice misfit.

3.5. Curvature induced substrate line broadening

Once the radius of curvature is determined, it is a
relatively simple matter to calculate the X-ray line
broadening. It is well known that lattice curvature leads
to line broadening (25]. This would be expected to
arise from interaction of the misfit induced curvature
with the finite width of the parallel X-ray beam. The
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X-ray line broadening caused by lattice curvature
alone, By, is calculated using [9,31]

Br’=(W?/R? sin’ 6) (13)

where Sy is the curvature contribution to the X-ray line
width, W is the X-ray beam width (0.5 mm in our case),
and 0 is the Bragg angle. This calculation is shown as a
continuous line in Fig. 7. In this figure, X-ray line
widths of the substrate are correlated with the lattice
curvature. The intrinsic components such as natural
broadening determined by structure factor and the
instrumental broadening are also incorporated into the
calculation as a common factor such that the con-
tinuous line is a function of the curvature induced
broadening only. Based on this, it can be shown that
the continuous line in Fig, 7 is a function of curvature
induced broadening alone as mentioned above. Good
correlation between the measured and the calculated
line width of the substrate demonstrates that the sub-
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strate line broadening in the elastic range is determined
essentially by the lattice curvature induced by the
elastic strain.

3.6. Model for X-ray line broadening of substrate

Assuming a Gaussian shape of the X-ray rocking
curve and a Gaussian distribution of the intensity of the
rocking curve components [31], it may be assumed,
especially for the substrate of single crystal hetero-
structures, that the X-ray line width consists of intrinsic
broadening such as the natural line broadening and
instrumental broadening, and misfit strain induced
curvature:

Be=(B*+ B+ Be?)? (14)
where S is the total calculated line width, By is the
natural line width of GaAs (9 s) [12], §; is the instru-
mental broadening which can be determined by
examining the X-ray spectrum of a high quality crystal
whose half-width is known. Sy is the broadening due to

curvature as mentioned above. The radius of curvature
can also be determined by a misfit stress model [20]

166 1 (A
R toz 1+6(t1/t0) aje

(15)
From Eqgs. (13) and (15), the theoretical value of S
can be calculated by

61 1
Pu= l(?) 1+6(¢,/t,) <Aa/a)01

x (16)
sin @
Combining Eq. (16) with Eq. (14), the estimate of
the total rocking curve half width of the substrate of
layered heterostructures can be obtained:

2 2 % —1— ég
ﬁc=\/; +h +[(,02) 1+6(1/t,) ( a )n

A critical comparison is made between the
calculated line width, B, and the measured line width,
B This is summarized in Table 3. Some deviation of
the measured FWHM from the calculated FWHM can
be seen in the figure. This may be due to the presence
of impurities and low density dislocations which are
not detectable with X-ray topography. It is known [20)]
that the interfacial defects such as dislocations relax the
wafer curvature, which in turn lead to variation of the
broadening mechanism. Nevertheless, good agreement

2 W2
sin® 6

(17)

| InGaP|GaAs heterostructures 173

Table 3
Components for substrate FWHM, and calculated and
measured FWHM of substrate

Sample B B Br Bc Bu

1 9 8.8 11.1 15.8 17.6
2 9 8.8 83 15.1 16.8
3 9 8.8 4.5 134 14.7
4 9 8.8 44 13.3 153
5 9 8.8 31 12.9 16

6 9 8.8 7.4 14.6 17.2
7 9 8.8 84 15.1 17.5
8 9 8.8 9.1 15.5 18.7
9 9 8.8 17.9 21.8 19.8

Br, curvature induced broadening; §;, instrumental broadening;
By, natural broadening of GaAs substrate; S, calculated
FWHM; 8y, measured FWHM.

between the measured and the calculated values
demonstrates that the major contribution to X-ray line
broadening of strained substrate is stress-induced
lattice curvature.

4. Concluding remarks

InGaP/GaAs, single heterostructure wafers are
grown by MOCVD, and their interfacial coherency
effects on the substrate line broadening are examined
by DXRD. Lattice mismatches in both growth and
parallel directions are determined. Elastic strain and
strain-free  lattice misfit are also calculated.
Dependence of the substrate X-ray FWHM on lattice
coherency is observed, and it is found that the lower
FWHM is obtained for the sample with the smalier
lattice misfit. This dependence is attributed to misfit
stress induced lattice curvature, and the radius of
curvature of the wafer is determined by the automatic
Bragg angle control technique. The radius of curvature
varies with the lattice misfit and the elastic strain,
indicating that lattice curvature is responsible for the
substrate line broadening. Misfit stresses calculated
from curvature measurements are compared with
those from linear elasticity. The substrate line broaden-
ing due to lattice curvature is calculated and is in good
agreement with the measured value. Therefore, it is
concluded that the major parameter influencing the
line width of the substrate is strain-induced lattice
curvature.
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