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AbstractÐThe strain relaxation of a series of In0.25Ga0.75As ®lms grown on (100) InP substrates (lattice
mismatch=2%) has been studied by electron microscopy. The mechanisms of strain relief (in the ®rst


stages of growth) occurred by cracking on 011,
and by twinning on (111) and 111
planes. Cracking was
a transitory process with the density of cracks being highest in a 20 nm thick ®lm, while a 500 nm thick
®lm was crack-free. These results are discussed in the context of dierent cracking and crack-healing
models. # 1999 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
Keywords: Compound semiconductors; Fracture; Analytical electron microscopy

1. INTRODUCTION

The growth of highly perfect, planar, strained epitaxial ®lms oers a number of interesting materials
processing challenges in semiconductor device fabrication. One of the problems encountered in the
growth of lattice-mismatched materials of high
structural quality is strain relaxation. The most
extensively studied strain relaxation mechanism is
plastic ¯owÐthe development of dislocations along
the substrate±®lm interface and the formation of
microtwins [1±4]. Recently, a purely elastic strain
relaxation mechanism has been demonstrated, both
theoretically and experimentallyÐthe strain energy
stored in the ®lm can be relaxed by creating surface
instabilities [5±7]. A third strain relief mechanism in
tensile strained layers is cracking. Although strain
relaxation by cracking was ®rst reported in 1972 [8],
very few studies have been carried out on the cracking mechanism. Only recently has cracking in III±V
epilayers attracted more attention due to the
increasing technological interest in growing highly
strained structures [9±11].
Matthews and Klokholm [8] ®rst obtained the
critical thickness (hc) for the formation of a crack
as hc  g 1 ÿ n2 =pm 1  n f2 (g is the surface
energy, m is the shear modulus, n is Poisson's ratio
and f is the mis®t), using the Grith criterion. This
prediction agreed well with the experimental results
of yttrium iron garnet ®lms grown on rare earth±
gallium or aluminium garnet substrates [12].
Murray et al. [10] studied crack formation in
Inx(GaAl)1ÿxAs epilayers grown under tension on
InP (001) substrates. They proposed a simple theor{To whom all correspondence should be addressed.

etical model based on an energy balance criterion
to predict the critical layer thickness for crack initiation, ®nding that hc  g 1 ÿ n=m 1  n f2 . This
result was subsequently used by Dieguez et al. [11],
who studied strain relaxation in the tensile
InxGa1ÿxAs/InP (001) system.
The fracture of ®lms has also been widely studied, both theoretically and experimentally, in the
context of cracking induced by thermal mismatch
strains [13±16]. The ®lm is assumed to be unconstrained as deposited, but a biaxial stress develops
in the plane of the ®lm on cooling. There is often a
marked dierence in the elastic constants of the
®lm and substrate, and this can play an important
role in the fracture behaviour [15±17]. However, the
elastic constants of the ®lm and substrate are
usually very similar in III±V compound deposition.
Another important distinction lies in the dynamic
behaviour of cracking and crack-healing in the III±
V compound situation, which probably occurs
during ®lm growth rather than on cooling to ambient temperature after growth.
In this paper, we report on a study of the cracking mechanisms in III±V heteroepitaxial strained
layers. Two per cent tensile strained In0.25Ga0.75As
layers with thicknesses of 10, 20, 100, 200 and
500 nm grown on (100) InP substrates were chosen
for this study. The results are analysed using
models ®rst developed to describe cracking associated with strain induced by a thermal mismatch
[13±17].
2. EXPERIMENTAL PROCEDURE

Lattice-mismatched In0.25Ga0.75As layers with a
2% tensile strain were grown on an n-type (100)
3383
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InP substrate at 4808C using gas-source molecular
beam epitaxy (MBE) [7]. [011] and 01 1 cross-sections and (100) plan-view transmission electron microscopy (TEM) samples were prepared following
standard procedures and examined in a Philips
CM12 operating at 120 kV and a JEOL 2010F ®eld
emission source TEM operating at 200 kV.
Scanning electron microscopy (SEM) observations
were conducted with a Philips 515 operating at
20 kV.
3. RESULTS

Figure 1(a) is a [011] cross-section TEM image of
a 20 nm thick sample taken with g  02 2. V-shaped
cracks are visible. These cracks apparently
nucleated at the edge or surface of the strained
layer and penetrated into the substrate along the
[100] growth direction. A TEM image of the same
area taken with g  200 clearly shows that the
strain relaxation by cracking is not homogeneous
[Fig. 1(b)]. In this image the band of dark contrast
in the substrate is a measure of the residual strains
in the epilayer. The origin of this contrast, which
arises because of surface relaxation of the stresses

in the epilayer during TEM sample preparation, is
discussed by Perovic et al. [18]. Only the strain at
the crack tips has been relaxed while the areas
between the crack tips are still strained. Figure 1(c)
is a HRTEM image of a V-shaped crack, lying on
the vertical 01 1 plane in the strained layer. This
crack has propagated about 10 nm into the substrate, before deviating on to an inclined {111}
plane and ®nally terminating at a sharp tip. A close
inspection of the lattice image of Fig. 1(c) shows
terminating lattice-fringes near the crack tip,
suggesting that there has been dislocation activity
accompanying the ®nal stage of crack propagation.
This was con®rmed by plan-view images. A (100)
plan-view TEM image of the 20 nm thick layer
sample (Fig. 2) revealed dislocations emanating
from the crack tips.
The TEM image of the 01 1 cross-section for the
same layer (Fig. 3) shows a totally dierent structure from that observed in the [011] cross-section.
Instead of cracks, an array of planar defects (microtwins or stacking faults) was observed in this crosssection.
The density of cracking as growth proceeded was
followed by both SEM and XTEM. In the SEM

Fig. 1(a) and (b).
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Fig. 1. Cracks in [011] cross-section of 20 nm layer sample. (a) g  02 2 image showing V-shaped cracks.
(b) g  200 image showing that the strain was relaxed at the tips of cracks but the areas between the
crack tips are still strained. (c) HRTEM image of a crack showing that the crack deviates from the
{011} plane on to the {111} plane after penetrating a distance of 10±15 nm into the substrate.

images (Fig. 4), the lines running along the [011]
direction are the contrast from cracks, while the
contrast along the 01 1 direction comes from surface roughness. [The crack opening displacement of
the cracks (in the 20 nm thick ®lm) lies below the
resolution of the SEM (05 nm). The cracks must be
seen by topographic contrast, as the surface is
slightly relaxed next to the cracks [10].] The SEM
observations revealed that the crack spacing
increases with an increase in layer thickness. No
cracks were observed in the 10 and 500 nm thick
samples (note that the 10 nm thick sample is not
shown in Fig. 4). The TEM observations (Fig. 5)
con®rmed the SEM results: the crack spacing
increases with an increase in layer thickness and no
cracks were observed in either 10 or 500 nm thick
layer samples. Table 1 summarizes the SEM and
TEM observations of the crack dimensions with
®lm thickness. The total crack length (c) and crack
opening displacement (d0) are de®ned in Fig. 6, a

STEM image from the 100 nm thick sample. This
®gure also displays part of an energy dispersive Xray (EDX) analysis of the crack region (marked by
an arrow in the ®gure). This is discussed in Section
4.4.
4. DISCUSSION

There are several interesting experimental observations which warrant further scrutiny: the critical
thickness at which cracks nucleate (020 nm in this
study); a crack density that decreases as ®lm growth
proceeds beyond the critical thickness; the disappearance of cracks in the thickest ®lm (500 nm); the
anisotropy of cracking, and the penetration of
cracks into the substrate, accompanied by the deviation of the crack plane from {011} to {111}.
Table 2 summarizes some of the relevant properties of the III±V compounds, which are used in the
discussion that follows. The properties of

3386
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Fig. 2. (100) plan-view image with g  022 of 20 nm layer sample showing dislocations emanating from
the crack tips. The dark±light contrast associated with the cracks is caused by surface strain relaxation
eects.

Fig. 3. g  200 dark ®eld image showing planar defects (twins and stacking faults) in 01 1 cross-section
of 20 nm layer sample.

In0.25Ga0.75As have been estimated from data for
InAs and GaAs, assuming Vegard's law behaviour.
As noted in Section 1, the elastic properties of the
®lm and substrate are similar. The two Dundurs
parameters [19], a and b, are ÿ0.103 and ÿ0.003, re{Note that the value of g has only been measured for
GaAs. The values for the other compounds were estimated
from the trends calculated by Cahn and Hanneman for all
the Group III±V compounds.

spectively. Since these are both 10 the eect of elastic mismatch can be ignored. The thermal mismatch
strain on cooling from the growth temperature to
room temperature, 6  10ÿ4 , is very much smaller
than the growth strains, 2  10ÿ2 , so this eect too
can be safely ignored. Finally the estimated room
temperature values of the surface energy of InP and
In0.25Ga0.75As are very similar, so the fracture resistance of the ®lm and substrate are probably of
the same order of magnitude (see Table 2).{
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Fig. 4. SEM images of epilayer surface showing cracks and roughness contrast. The density of cracks
decreases with an increase in layer thickness. No cracks were observed in the 500 nm thick layer: (a)
h  20 nm; (b) h  100 nm; (c) h  200 nm; (d) h  500 nm.

planar, this condition can be written as

4.1. Single crack behaviour
Prior to the introduction of any dislocations
(twins), cracks or surface roughening, the epitaxial
®lm is in a state of balanced biaxial tension, while
the substrate is under compression. If we ignore
wafer bending [this is a valid approximation here as
the substrate thickness (hs)w®lm thickness (h)], the
stresses in the ®lm and substrate are given by
sfyy  sfzz  2m
ssyy  sszz  ÿ2m

1n
hs
f
1 ÿ n h  hs

1n
h
f
1 ÿ n h  hs

film

substrate

1a

1b

where the x-, y- and z-axes are parallel to 1 00,
01 1 and [011], respectively.
In these expressions, f is the mis®t Da/a between
the lattice parameters of In0.25Ga0.75As and InP
(f  0:02 in this study), and identical elastic constants are assumed for the ®lm and substrate. Two
conditions have to be satis®ed for crack nucleation.
A necessary condition is that the stress at the surface of the ®lm is at least equal to the (011) cleavage stress (sc). If hs wh, and the surface remains

2m

1n
frsc :
1ÿn

In a surface roughened ®lm this expression will
underestimate the value of sc as the maximum
stress will be highest at the valleys of the roughened
surface. If this eect is ignored, a value of sc RE=34
is obtained by substituting E (Young's modulus) for
2m 1  n, 0.02 for f and 0.32 for n.
A second and sucient condition for crack formation, leading to the critical thickness concept, is
that the energy of the system should be lowered by
the introduction of a crack [13±17]. The analysis
given by Thouless [13] and Thouless et al. [14] can
be adapted to the plane stress situation described
by equations (1a) and (1b), yielding a critical thickness given by
hc 

Gf 1 ÿ n2
1:26pm 1  n f 2

2

where Gf is the fracture resistance of the ®lm.
Substituting in values for m and n from Table 2,
0.02 for f, and knowing that hc lies between 10 and

3388
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Fig. 5. The change of the structure with the change in layer thickness: (a) h  10 nm, g  200; (b)
h  100 nm, g  02 2; (c) h  200 nm, g  02 2; (d) h  500 nm, g  02 2. Note the increased dislocation
activity seen in [011] cross-sections as the ®lm thickness increases.
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Table 1. Summary of measurements of crack dimensions with dierent layer thickness
Layer thickness, h (nm)
Crack spacing, d (nm) (SEM)
Crack spacing, d (nm) (TEM)
Crack length, c (nm) (TEM)
Crack opening displacement, d0 (nm) (TEM)

20
6002190
6302230
4421.2
5.820.4

20 nm, we ®nd that
1:32 J=m2 <Gf <2:64 J=m2 :
For a purely elastic fracture Gf  2g: at room temperature 2g is estimated to be 1.54 J/m2 for
In0.25Ga0.75As (Table 2). At the growth temperature
(4808C), the surface energy will be slightly lower
than this. Assuming a temperature dependence
@ g=@ T  ÿ0:1 mJ=m2 8Cÿ1 [20], 2g  1:45 J=m2 at
the growth temperature. This value lies within the
range for Gf found experimentally, suggesting that
the initial fracture process is essentially elastic
in nature. Neither of the Matthews and Klokholm
[8] nor Murray et al. [10] values for hc, discussed
in
Section
1
[Gf 1 ÿ n2 = 2pm 1  n f 2 
or
Gf 1 ÿ n= 2m 1  n f 2 , respectively] gives as good
agreement with the experimental data as does
equation (2).

100
20402580
21902470
300260
1020.7

200
498021320
490021660
560280
1522.3

substrate [13±17]. Cracks start to interact when the
ratio of the crack spacing (d) to ®lm thickness (h) is
less than about 8 [13, 14], and an equilibrium spacing (<8 h) can be achieved by minimizing the
total energy of the system, including the crack±
crack interaction energy terms [14]. In our experiments, d/h lies between about 20 and 30, so crack
interactions can be neglected. Nevertheless, a
further reduction in energy can be achieved by
allowing the crack to penetrate into the substrate.
Although Ye et al. [17] state that crack penetration
into the substrate is negligible when Gs =Gf 11 (Gs is
the fracture resistance of the substrate), our results
suggest otherwise. The total strain energy (G)
released by substrate cracking can be estimated
from the stress-intensity factors given by Tada et al.
[21]. The approach is described in the Appendix.
For a crack of total length c, G is given by
equations (A4) and (A5) in the Appendix, i.e.

4.2. Multiple cracking and substrate cracking
G

The classical analyses of ®lm cracking assume
that arrays of parallel cracks spread across the ®lm
with little or no penetration of the crack into the
G

1:98s2 c2
,
E

1:98s2 h2 4s2

E
pE

cRh

   2

h
h
F
dx,
x sinÿ1
x
x
h
3
c

crh:
The total change in energy of the system is
DE  ÿG  Gf c,

cRh

DE  ÿG  Gf h  Gh c ÿ h  ÿG  Gc, if Gf
 Gh  G,

4

crh:

Fig. 6. STEM image of crack in 100 nm thick sample,
showing the total crack length (c) and crack opening displacement (d0). The EDX spectrum from the crack region
in the substrate of 100 nm thick sample, showing Ga and
As signals.

In order to compare the experimental observations with the predictions of equations (3) and
(4), we should note that the stress in the ®lm is progressively relaxed as growth proceeds by four competing processes: cracking, twinning, 608 dislocation
formation and surface roughening. Since it is dicult to calculate the stress we have chosen to estimate s from the experimental observations of c and
d0 (the crack opening displacement) as a function of
h (see Table 1). The method of calculation is indicated in Fig. 7(a), which shows DE plotted as a
function of c/h for a ®lm of thickness h  20 nm at
three stress values (1.8, 2 and 2.2 GPa). DE is initially positive but becomes negative at the critical
thickness given by equation (2) with Gf  1:45 J=m2 .
The energy released passes through a minimum position before slowly rising to become zero again. It
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Table 2. Properties of III±V compounds

Shear modulus, m (GPa)
Poisson's ratio, n
Thermal expansion coecient (10ÿ6/K)
Surface energy, g (J/m2)
{110}
{111}

InP

GaAs

InAs

In0.25Ga0.75As

22.3a
0.360a
4.5b

32.5a
0.312a
6.0b

19.0a
0.352a
5.2b

29.1
0.322
5.8

0.75c
0.65c

0.86d
0.75c

0.57c
0.48c

0.77
0.68

a

Adachi, S., J. appl. Phys., 1982, 53, 8775.
Neuberger, M., Handbook of Electronic Materials, Vol. 2. IFI/Plenum, New York, 1972.
c
Estimated values from Cahn, J. W. and Hanneman, R. E., Surf. Sci., 1964, 1, 387 (see text).
d
Messmer, C. and Bilello, J. C., J. appl. Phys., 1982, 52, 4623.
b

seems reasonable to assume that the stable crack
position in the substrate corresponds to this minimum. For the 20 nm thick ®lm, c=h  2 and a stress
level of 2.2 GPa provides a good ®t to the data.
The stress in the uncracked ®lm (E/34) is 2.26 GPa
so this estimate appears plausible. The predicted

value of d0 from equation (A2) in the Appendix,
5.4 nm, also compares favourably with the experimental measurement of 5.8 nm (see Table 1).
The same procedures were followed for the 100
and 200 nm thick ®lms (c=h  3 and 2.8, respectively). Stress levels of 1.2 GPa [Fig. 7(b)] and

Fig. 7. Plots of DE [equation (4)] vs c/h at dierent stress levels for ®lm thicknesses: (a) h  20 nm; (b)
h  100 nm; (c) h  200 nm.
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0.85 GPa [Fig. 7(c)] were estimated for the eective
stress acting in these ®lms. Again these numbers
appear reasonable, and point to the progressive
relaxation of the ®lm stress by plastic ¯ow and surface roughening. The predicted crack opening displacements, 16 and 22 nm, respectively, are slightly
greater than the average measured values, 10 and
15 nm. However, given the various assumptions
made (isotropic elasticity, isotropic surface energies
in the ®lm and substrate and a uniform far ®eld
stress acting on each crack), the agreement is still
satisfactory.
Two factors probably contribute to the deviation
of the crack path from {110} to {111} in the substrate. The {111} surface energy of III±V compounds is about 13% lower than the {110} values
(see Table 2). Secondly the ``T-stress'', that is the

3391

stress acting parallel to the crack when it penetrates
into the substrate, can in¯uence the crack path [16,
17].
4.3. Anisotropy of cracking
The InGaAs/InP system studied in this work represents an extreme case where stress relief in one of
the two orthogonal h011i directions ®rst occurs by
twinning (Fig. 3), while in the other direction it
occurs by cracking (Fig. 1). Similar observations
have been reported by Olsen et al. [22] and Murray
et al. [10]. The critical thickness for the nucleation
of stacking faults or twins [23] in this system is very
similar to the critical thickness for crack formation
calculated above, equation (2). Given the approximate nature of these calculations, it is impossible to
decide whether one mechanism would be favoured

Fig. 8. Weak beam dark ®eld images showing a high density of stacking faults and perfect dislocations
in the 500 nm thick layer: (a) g  11 1; (b) g  02 2.
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Fig. 9. SEM image of the surface of the 200 nm thick
layer showing short cracks and crack terminations.

over another. The probable explanation for the
observed asymmetry lies in the dierent nucleation
characteristics of a and b dislocations [24, 25], and
the role played by surface roughening in both stacking fault (twin) nucleation and cracking.
4.4. Crack healing
The single most intriguing observation of this
study was the progressive drop in the density of
cracks as ®lm growth proceeds in the range from 20
to 200 nm, followed by the total elimination of
cracks in the 500 nm thick ®lm. These were such
unexpected observations that a number of repeat
growths and cross-checks were carried out to ensure
that the results were reproducible and representative. The data presented in Table 1 demonstrate
that a destructive sample preparation technique,
cross-sectional transmission electron microscopy,
and a non-destructive technique, scanning electron
microscopy, give essentially identical crack densities
at each thickness. Similar results (not presented
here) were observed with atomic force microscopy.
The cross-sectional work also showed that the
cracks were not being ``buried'' during growth, as
reported by Murray et al. [26].
The initial stage of stress relief in 20 nm thick
®lm occurred by cracking along 01 1 planes, and
by twinning on (111) and 1 11 planes. As growth
of the ®lm continued, both perfect a=2h011i dislocations and stacking faults bounded by a=6h112i
partial dislocations were observed in the [011] crosssections (see Fig. 8). Strain relief by plastic ¯ow
becomes a competitive mechanism to crack formation in this direction. The details of this process
are unclear, but it might be associated with the formation of the dislocations at the crack tips (Fig. 2),
interacting and multiplying as growth proceeds.
Whatever the origin of the dislocations seen in Fig.
8, they must reduce the residual elastic strain (and
stress) acting on the cracks in the epilayer, as noted
earlier.
The crack healing process itself is a discontinuous
one, i.e. there is not a spontaneous healing at the
crack front that simply reverses the interatomic

bond breaking that must accompany crack formation. Instead the cracks appear to heal from the
ends of the sample (or at discrete locations along
the crack front). This is most obvious on comparing
the crack morphology in the 20 nm thick ®lm,
where long continuous cracks are observed, with
the 200 nm thick ®lm where short crack segments
or crack terminations are frequently observed (Fig.
9). Crack healing is probably driven by surface diffusion. As plastic ¯ow starts to relieve the stresses
acting on the cracks, the capillary stress at the
crack tip (0gk, where g is the surface energy and
k  1=r1  1=r2 with ri the principal radii of curvature) could become greater than the residual elastic
stress. There would then be a driving force for surface diusion of atoms to the crack tip and crack
healing. The extreme purity of the atmosphere of
the growth chamber in the molecular beam epitaxy
process, and the constant supply of atoms from the
surrounding atmosphere during growth would both
aid crack healing.
Support for this hypothesis comes from energy
dispersive X-ray analysis of the crack tips in TEM
cross-sections. Figure 6 shows the X-ray spectrum
from the crack tip region in the substrate at some
distance from the epilayer. Both Ga and As were
detected at this location in the 100 and 200 nm
thick samples, but not in the 20 nm thick sample.
These atoms could only come from the MBE
growth atmosphere.
If crack healing turns out to be commonly found
in the growth of III±V compounds, it highlights the
pitfalls in relying solely on an energy criterion [8,
10, 13±17] to derive the critical ®lm thickness for
cracking. One might conclude from the observation
of ®lms whose thickness whc that cracking had not
occurred, whereas (as shown here) the ®lms have
®rst cracked and then the cracks have healed on
further ®lm growth.

5. CONCLUSIONS

1. Strain relief in epitaxial In0.25Ga0.75As ®lms (mis®t=2%) grown on (100) InP substrates is highly
anisotropic. In the ®rst stages of ®lm growth, the
strain was relieved by cracking on 01 1, while it
occurred by (111) and 1 11 twinning in the orthogonal direction.
2. Cracking was a transitory phenomenon. The 10
and 500 nm thick ®lms were crack free, while a
decreasing crack density was observed in the ®lm
thickness range from 20 to 200 nm.
3. The critical ®lm thickness for cracking (020 nm)
corresponded to a condition where the total
energy change (the sum of the elastic and surface
energy) was zero.
4. Crack healing was observed in the 500 nm thick
®lm. This was accompanied by increased dislo-
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cation activity relieving the mis®t along 01 1.
Strain relief in this direction (by dislocation activity) must reduce the residual elastic stress acting on the 01 1 cracks, so that crack healing by
surface diusion of atoms to the sharp tip of the
crack becomes a competitive process.
5. Cracks were observed to penetrate into the substrate and deviate from an 01 1 to 11 1 or
1 1 1 planes. A critical stress intensity argument
was developed to explain substrate cracking.
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Strain Energy Release Rate for Substrate Cracking
The geometry and stress intensity factors associated
with a crack of total length c, subjected to a uniform normal stress s acting along a segment of length h (corresponding to the epilayer stress) have been given by Tada
et al. [21]. The crack opening displacement at the surface
(d0) and the interface (db), as well as the area of the crack
(in the epilayer), are shown in Fig. A1. The stress intensity
factor for this geometry is
   
p 2
h
h
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F
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In this expression s pc  2=psinÿ1 h=c is the stress intensity factor for an internal crack in an in®nite body, length
2c, loaded in tension along a length 2h, while F(h/c) represents a surface correction term. Tada et al. [21] show
that F h=c  1:3 ÿ 0:18 h=c. d0 is given by
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As the crack opens up, the work done by the stress, i.e.
the reduction in elastic strain energy of the system, can be
expressed as
1
Gÿ s
2

d0

d x dx

A3

db

where the integral is the shaded area in Fig. A1. This can
be shown to be identical to the approach used by Ye et al.
[17], where they divide G into two integrals, the ®rst (G1)
accounting for the energy released as the crack penetrates
through the epilayer, the second (G2) as it passes into and
arrests in the substrate.
G1 and G2 are given by
ÿ
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The total energy released is G1  G2 and the crack arrests
when @ =@ c G ÿ Gf c  0.
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Fig. A1. Geometry of surface crack in epilayer (after Tada et al. [21]).

