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A concept for the implementation of a compliant substrate using a buried layer of nanocavities is
presented. The purpose of this nanocavity layer is to mechanically decouple a thin substrate layer
from the rest of the substrate in order to relax stress in mismatched epilayers. The nanocavities were
created by helium implantation in InPs001d followed by thermal annealing under a phosphorous rich
atmosphere. Metalorganic vapor phase epitaxy of InAsP/ InP heterostructures grown simultaneously
on substrates with nanocavities and on conventional substrates were characterized by
high-resolution x-ray diffraction, transmission electron microscopy, and optical absorption. It is
found that strain relaxation is enhanced for heterostructures grown on substrates with nanocavities
and that the dislocations propagate partly in the compliant layer instead of the epilayer. The critical
thickness of heterostructures grown on conventional substrates is roughly double that of structures
grown on substrates containing nanocavities. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1863457g

I. INTRODUCTION

Strain can be useful for the design of semiconductor de-
vices because it can be used to modify the band structure by
changing the band gap, band-gap offset, and heavy- and
light-hole splitting.1 However, it becomes a limitation for the
growth of thick mismatched device structures, as it promotes
the formation of misfit dislocations when the elastic energy
stored in the epitaxial layer becomes too large. The thickness
at which this happens is called the critical thicknessshcd. The
misfit dislocations, located at the interface between the sub-
strate and the epitaxial layer, are accompanied by threading
dislocations which propagate through the epilayers and limit
the quality of the device.2,3

There have been numerous attempts to overcome this
limitation. One of them is to grow graded buffer layers in
which a good proportion of the threading dislocations bend
along the interfaces and do not reach the surface.4,5 However
this method requires very thick buffer layerssseveral mi-
cronsd and does not totally eliminate threading dislocations.5

An improvement of this method is to include strained super-
lattices in the graded buffer layer to further favor dislocation
bending.6,7 Another solution is to grow the epilayers on a
compliant substrate, a concept that was introduced by Lo in
1991.8 The ideal compliant substrate consists of a freestand-
ing substrate thinner than thehc value associated with the
epitaxial layer to be grown on top of it, so that it will adapt
its lattice to the overgrown layer lattice instead of relaxing
with the formation of threading dislocations. A real life com-

pliant substrate is a thin template layer separated by a
“weak” interface or intermediate layer that allows the tem-
plate to slip on the bulk substrate.9,10

Based on straightforward strain-energy considerations, it
was generally believed that a compliant substrate would in-
crease thehc value of the system, as was originally suggested
by Lo, but this hypothesis has been criticized by various
authors.11 It has been argued recently thathc could in fact be
lowered because the nucleation barrier for dislocations is
lowered, mainly because the drag force on a threading dislo-
cation in a compliant substrate is reduced compared to a
misfit dislocation.12,13 Many experimental approaches to the
creation of a weakly coupled layer have been reported in the
literature, including amorphous interlayers14,15 twist-bonded
layers,16,17 and layers of buried nanocavities, produced by
post-growth helium or hydrogen implantation.18–20

Here, we propose an approach for a compliant substrate
based on a uniform layer of buried nanocavities produced by
helium implantationbefore growth. The work previously
done with nanocavities, as in Refs. 18 and 20, was based on
ion implantation carried outafter the growth of a strained
epitaxial layer for the SiGe on Sis001d system. Thus, after
thermal annealing, a layer of nanocavities was created and
dislocations going from the interface to the nanocavities re-
laxed strain in the epilayers. This approach is limited to
metastable systems with relatively low strain since, other-
wise, the strained layer could relax during or immediately
after growth, even before the nanocavities are created. In
addition, this approach is not advisable for InP-based sys-
tems as InP is very sensitive to radiation damage. Our ap-
proach, which is more general, is to create a layer of nano-
cavities before the epitaxial growth, thus decoupling the
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virtual substrate before growth. Heterostructures were grown
simultaneously on InPs001d substrates with nanocavities and
on conventional InPs001d substrates. Relaxation and quality
of the grown structures were measured by transmission elec-
tron microscopysTEMd, high-resolution x-ray diffraction
sHRXRDd, photoluminescencesPLd, and optical absorption
measurements.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Three different methods for sample preparation before
growth were tested in this work. They involved different pa-
rameters and sequences for helium implantation, thermal an-
nealing, and surface treatment. Based on our previous work
reported in Ref. 21, the samples were implanted at room
temperature with helium at energies varying between 25 and
100 keV at doses,fHe, varying between 1 and 3
31016 cm−2, procedures known to result in 18 nm wide
cavities following a 10 min anneal at 640 °C. The helium
beam was focused and scanned over a 1.631.6 cm2 area.
The angle of incidence on the target was set to 7° to mini-
mize channeling. The beam current was about 1.5mA and no
significant heating occurred during implantation. The
samples were then annealed in a metal organic chemical va-
por depositionsMOCVDd reactor under tertiarybutylphos-
phine sTBPd atmosphere, creating a phosphorous overpres-
sure in order to avoid InP surface degradation. InP/ InAsP
multiple quantum well structures were grown by MOCVD at
600 °C using TBP, tertiarybutylarsine and trimethylindium
as phosphorous, arsenic, and indium sources respectively. A
typical InP growth rate was 0.1 nm/s.

For method 1, bare InPs001d substrates were first im-
planted. They were then thermally annealed to form helium
nanocavities. They were then degreased and etched in a
4:1:1 sulfuric acid, deionized water, and hydrogen peroxide
solution to prepare the surface for MOCVD growthsthis se-
quence is later referred to as “surface treatment”d. Multiple
quantum well structures grown on substrates prepared with
this method were of very poor quality. The resulting surface
morphology was very rough and HRXRD showed no sign of
the epilayer.

For method 2, we used InPs001d samples covered with
100 nm of SiO2 furnished by Nortel Networks in order to
protect the surface during ion implantation. After implanta-
tion, samples were dipped in a 20% hydrofluoric acid aque-
ous solution to remove the SiO2. They then received the
surface treatment before being placed in the MOCVD reactor
for high temperature annealing and growth. This method
gave better results. Surface morphology was acceptable and
the epilayers had reasonable structural quality as revealed by
HRXRD.

For method 3, the samples with the SiO2 cap layer were
first implanted and then annealed at 620 °C or 640 °C for
10 min and then at 600 °C for another 10 min without the
SiO2 cap being removed. The aim of this annealing sequence
was to first create the cavities with the higher temperature
anneal and then to reduce the remaining surface defect den-
sity with the lower temperature anneal. The SiO2 cap was

then removed by etching in HF, surface treatment was done
and samples were put back in the reactor chamber for
growth. This method gave the best results. Surface morphol-
ogy, photoluminescence intensity, and photoluminescence
full width at half maximumsFWHMd measured for struc-
tures grown on implanted substrates were comparable to
those grown on virgin substrates.

B. Characterization

The structural characterization of the heterostructures
was carried out using HRXRD and TEM. HRXRD measure-
ments were carried out using the Cu Ka1 sl=0.15406 nmd
radiation from a Philips high-resolution five-crystal diffrac-
tometer with a four-reflection Ges220d monochromator. A
0.45° receiving slit was placed in front of the detector for
v−2u rocking curves and triple-axis geometry carried out
with a two-reflection Ges220d analyzer was used for recipro-
cal space maps measurements. TEM specimens were pre-
pared in cross section withk110l surface normals using stan-
dard mechanical polishing followed by room-temperature
low-angles4°d argon ion milling at 5 keV in a Gatan preci-
sion ion polishing system. The ion energy was gradually re-
duced to 2.5 keV during the final stages of thinning to mini-
mize radiation damage to the samples. Images were recorded
at 300 kV on a Philips CM30 microscope. Optical absorption
and PL measurements were performed at 8 K using a
Bomem DA3 Fourier transform infrared spectrometer.

III. RESULTS

A. Structural properties

Figure 1 shows HRXRDv−2u curves around thes004d
reflection from samples consisting of a 53 sInP/ InAsPd het-
erostructure grown simultaneously on a substrate with nano-
cavities scurve ad and, for reference, on a virgin substrate
scurve bd. The nanocavities were created withfHe=3
31016 cm−2 at 25 keV and annealing at 620 °C for 10 min.
Those implantation and annealing parameters lead to nano-
cavities with diameters from 4 to 15 nm.21 The substrate
peaks are situated at zero relative angle. The two curves
differ notably in their zero-order superlattice peak position
srelated to the InAsP composition, indicated by arrowsd and
satellite spacingsrelated to the period of the quantum well
structured. Those differences between the two samples could
be attributed to growth nonhomogeneity in the MOCVD re-
actor. The spacing of the satellite peaks was used to deduce
the period of the structures. The composition in the InAsP
layers, as well as the relaxation of the structures, was de-
duced from reciprocal space maps. From this information,
the structure of the samples from curves a and b were deter-
mined to be 53 s10 nm InAs0.275P0.743/20 nm InPd layers
covered with a 102 nm InP cap layer, and 5
3 s9.5 nm InAs0.25P0.75/18 nm InPd layers covered with a
97 nm InP cap layer, respectively. Both samples had a
<50 nm InP buffer layer. We chose to use a small buffer
layer thickness so that the bottom of the heterostructure
would be as near as possible to the nanocavities. Simulated
HRXRD scans, based on the fully dynamical formalism of
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Tagaki22 and Taupin23 are also shown in Fig. 1 for compari-
son scurves c and dd. The simulations were carried out as-
suming perfectly abrupt and coherent interfaces with linearly
interpolated elastic constants. The simulation to curve a takes
into account the 2.3% relaxation that was measured from the
reciprocal space mapssee belowd. The measured and simu-
lated curves in Figs. 1sad and 1sbd are in excellent agreement
with respect to the angular position and relative intensities of
both the diffraction peaks and the interference fringes.

Comparing the curve from the sample grown on an im-
planted substratescurve ad to its simulated curve and to the
curve from the sample grown on a conventional substrate,
scurve bd in Fig. 1, also shows that samples grown on the
implanted substrate have broader satellite peaks and less fine
structure, i.e., the finite thickness interference fringes disap-
pear. The same situation, loss of the fine structure in the
HRXRD curve, is observed for all samples grown on im-
planted substrates, which is probably due to microscopic in-
terface roughness and significant plane bending near the
interfaces.24 A possible factor which could contribute to this
loss and to the broadening of the satellite peaks in the
HRXRD curves is the microscopic nonuniformity of the
nanocavities layer, resulting in a spatially nonuniform local
relaxation of the heterostructure strain.

In order to compare the relaxation behavior in samples
grown on substrates with and without nanocavities, we mea-
sured the relaxation ratioR for a series of samples. It is
defined by

R=
ai − as

ar − as
, s1d

whereai is the in-plane lattice parameter of the heterostruc-
ture,as is the substrate lattice parameter andar is the equiva-
lent cubic lattice parameter which corresponds to the lattice
parameter of a completely relaxed double layer. It is derived
from elasticity theory and is given by

ar = a'S1 − n

1 + n
D + 2aiS n

1 + n
D , s2d

wherea' is the average lattice parameter of a double layer
composed of one InAsP and one InP layer, andn is the
average Poisson ratio of the double layer, which is interpo-
lated between that of InPsnInP=0.361d and InAs snInAs

=0.354d for the InAsP composition expected from the
growth conditions. The in-plane and out-of-plane lattice pa-
rameters are obtained either from a reciprocal space map or

from s115d and s1̄1̄5d asymmetrical reflections. Measure-
ments in orthogonal azimuthal directions gave consistenta'

values and indicated some slight anisotropy in the relaxation
with respect tok110l directions. The average relaxation was
used.

The relaxation ratio for the sample grown on a conven-
tional substratefFig. 1sadg and that on a substrate with nano-
cavitiesfFig. 1sbdg were<0% and 2.3%, respectively, show-
ing that hc is lowered for substrates with nanocavities, in
agreement with the model of Kästner and Gösele.12,13 The
relaxation was also measured for a series of samples with
various thicknesses and mean mismatch values grown simul-
taneously on virgin substrates and on substrates with nano-
cavities placed side by side in the reactor. It is expressed as a
function of the quantitys=nfh, wheren is the number of
periods in the structure,f =sar −asd /as is the misfit strain
relative to the InP substrate andh is the thickness of one
InAsP layer. The results are shown in Fig. 2 for InAsP/ InP
heterostructures grown on virgin substratessmd and sub-
strates with nanocavitiesssd. Error bars are evaluated by
inspection of the HRXRD reciprocal space maps. Relaxation
for structures grown on implanted substrates is consistently

FIG. 1. v−2u patterns around the 004 reflection for heterostructures grown
on sad an InPs001d substrate implanted withfHe=331016 cm−2 implanta-
tion at 25 keV and preannealed 10 min at 620 °C andsbd a conventional
substrate. Arrows indicate the position of the zero-order superlattice peak
position. Simulations are also shown below the measured curvesscurves c
and dd. The curves are vertically shifted for clarity.

FIG. 2. Relaxation of heterostructures grown on InPs001d virgin substrates
smd and substrates implanted withfHe=331016 cm−2 at 25 keV and prean-
nealed 10 min at 620 °Cssd. The continuous lines are linear fits to the
nonzero values for each data set.
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2% to 5% higher than those grown on conventional sub-
strates. Linear fits of the nonzero relaxation values for each
set of datascontinuous lines shown in the figured cross thes
axis at 4.9 nm in the case of implanted substrates and at
9.1 nm in the case of conventional substrates, showing that
hc for structures grown on conventional substrates is roughly
185% of hc for structures grown on substrates containing
nanocavities. The data for the substrates with nanocavities
are not very well described by a linear fit.

A cross-sectional TEM image from the same sample as
in Fig. 1sad sgrown on a substrate with nanocavitiesd, shown
in Fig. 3 indicates that interfaces are sharp and uniform with
no evidence of dislocations in the multilayer. The imaging
conditions used in this figure prevent from viewing misfit
dislocations but inspection at other imaging conditions,
while showing dislocations in the nanocavity area, showed
no evidence of misfit dislocations. This is surprising because,
as HRXRD indicates, the structure is partially relaxed.

For samples with higher strain relaxation, dislocations
start to appear. Figure 4 shows a micrograph of a heterostruc-
ture that consists of a 50 nm InP buffer layer and 10

3 s6.4 nm InAs0.38P0.62/16 nm InPd, with s<6 nm. The
measured relaxation of this sample is 3.5% while the same
structure grown on a conventional substratefwith structure
103 s6.3 nm InAs0.378P0.622/15.8 nm InPdg is not relaxed.
The micrograph shows that the structure has relaxed by
forming dislocations threading through the heterostructure
but also between the cavities region and the bottom of the
heterostructure. The fact that in this micrograph, a disloca-
tion in the layers is located near dislocations in the buffer
layer was only observed at this position of the sample and
thus appears to be a coincidence.

B. Optical properties

The low temperature optical absorption spectra of the
samples were also measured. It was found that moderately
relaxed samples on compliant substrates retained relatively
good optical properties while they deteriorated for higher
values of relaxation. Figure 5 shows optical absorption
for structures consisting of 153 s9.2 nm InAs0.167P0.833/
12.9 nm InPd grown on a conventional substratesad and 15
3 s10.9 nm InAs0.158P0.842/12.3 nm InPd grown on an im-
planted substratesbd. The measured relaxations for those
samples were 0% and 2.3%, respectively. Optical absorption
for more relaxed structures is also shown: 15
3 s9.5 nm InAs0.30P0.70/11.6 nm InPd grown on a conven-
tional substrate scd and 153 s10.2 nm InAs0.281P0.719/
12.4 nm InPd grown on an implanted substratesdd. At least
three well-resolved transitions are observed in curvessad–scd
and two in the case of curvesdd. The peaks are labeled as

FIG. 3. TEM micrograph of same sample as in Fig. 1sad with g near the 002̄
orientation.

FIG. 4. TEM micrographsg=002̄d of a heterostructure that has relaxed by
forming a dislocation between the cavities region and the bottom of the
heterostructure.

FIG. 5. Low-temperatures8 Kd optical absorption for two different struc-
tures each grown on a conventional substrate and an implanted substrate.
The relaxation value is indicated. The samples consist ofsad 15
3 s9.2 nm InAs0.167P0.833/12.9 nm InPd grown on a conventional substrate,
sbd 153 s10.9 nm InAs0.158P0.842/12.3 nm InPd grown on an implanted sub-
strate,scd 153 s9.5 nm InAs0.30P0.70/11.6 nm InPd grown on a conventional
substrate, andsdd and 153 s10.2 nm InAs0.281P0.719/12.4 nm InPd grown on
an implanted substrate.
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follows: Enh represents a transition between thenth quan-
tized levels in the heavy-hole valence and conduction bands
and Enl represents a transition between thenth quantized
levels in the light-hole and conduction bands. The differ-
ences in peak positions for samples grown on implanted and
nonimplanted substrates stem from the differences in compo-
sition and thickness of the layers. Lower transition energies
are obtained with thicker quantum wells because the energy
levels are less confined. A higher As concentration in an
InAsP well leads to more strain and thus to a larger heavy-
and light-hole bands splitting, so that transitions involving
the heavy-hole band shift to lower energies and transitions
involving the light-hole band shift to higher energies.Relax-
ation has the effect of reducing strain and thus reducing
heavy- and light-hole bands splitting.25

The figure shows that the structures grown on compliant
substrates show excitonic absorption peaks with larger
FWHM and lower oscillator strength than those grown on
conventional substrates. The FWHM is, in general, double
the FWHM of the same structure grown on a conventional
substrate and, for example, 8 meV compared to 4 meV for
the lower energy peak of curvessad and sbd.

IV. DISCUSSION

It is seen from Fig. 2 that relaxation was more efficient
for heterostructures grown on substrates with nanocavities.
This is in agreement with the theoretical work done by
Kästner and Göselessee Refs. 12 and 23d where they argued
that the critical thickness of a structure grown on a compliant
substrate should be lower than one on a conventional sub-
strate. In their model, based on the Matthews–Blakeslee
model,26,27 misfit dislocations usually observed in plastically
relaxed conventional substrates are replaced by slip steps in
the intermediate layer between the rigid substrate and the
template. Slip steps are energetically more favorable than
misfit dislocations, which explains whyhc is lowered with
compliant substrates. In our case, the slip steps would be
located in the cavity layer and could probably not be dis-
cerned from the dislocations already present in this region.
The model of Kästner and Gösele predicts a critical thickness
reduced by a factor of the order of 2, which is in agreement
with the factor 1.8 found in this work.

Another feature of the Kästner and Gösele model is that
dislocations are attracted by an image force in the template
layer instead of being driven to the sample surface as thread-
ing dislocations.12,28 In our samples, where the nanocavity
layer played the role of the intermediate layer, dislocations
were likely to end at the surface of a nanocavity or in dislo-
cation loops. This was observed in samples with higher total
misfit strains as is seen in Fig. 4. In this figure, it appears that
strain was relieved by dislocations threading through the het-
erostructure but also going to the implanted region. The fact
that relaxation occurs partly by formation of threading dislo-
cations ending in the cavity region implies that the areal
density of threading dislocations in the heterostructure itself
is reduced, which would be beneficial for the optical proper-
ties of the quantum well structure. It is not clear what the
strain relief mechanisms were in the samples with lower

strains, as no dislocations were observed in those samples,
even if they were partially relaxed. One possible explanation
is that the InP layer between the bottom of the quantum wells
and the nanocavities layer was at least partially mechanically
decoupled from the substrate because of the nanocavity
layer. This would mean that strain was partitioned between
the InP layer and the In–AsP/ InP multiple quantum wells,
so that the strain of the heterostructure itself was reduced.
We looked for a consequence of this on the XRD near the
substrate peak, but were unable to find any clear evidence of
it, probably because the contribution for such a thin weakly
relaxed InP layer is low and spread in a wide angular span.

Finally, we note the slightly deteriorated structural and
optical quality of structures grown on implanted compliant
substrates compared to those grown on virgin substrates.
This can be seen with HRXRD measurements where the fine
structure of the curves was lost, which was attributed to mi-
croscopic interface roughness. The broader satellite peaks
from implanted samples could also stem from the nonunifor-
mity of the nanocavity layer, resulting in a spatially nonuni-
form relaxation. More evidence for this interface roughness
is found from the increased FWHM of optical absorption
peaks, although the overall optical properties remained rea-
sonably good.

V. CONCLUSION

In conclusion, we have found parameters to grow rela-
tively good quality epitaxial MQW structures on
He-implanted and annealed InPs001d compliant substrates. It
is shown that the value of the critical thickness is reduced for
structures grown on He-implanted InPs001d compliant sub-
strates compared to conventional InPs001d substrates, as pre-
dicted by the model of Kästner and Gösele. High-strain het-
erostructures grown on compliant substrates were relaxed by
threading dislocations going through the heterostructure, but
also by dislocations going to the nanocavities layer. For
moderately strained heterostructures, no dislocations are ob-
served to produce relaxation, whose mechanism remains so
far undetermined.

The overall quality of the structures grown by the
method presented in this article was inferior to equivalently
relaxed structures grown on conventional substrates, as seen
in HRXRD and optical absorption measurements. Choosing
this method to grow thick relaxed layers while minimizing
the introduction of dislocations will require further work to
understand the exact relaxation mechanism and thus achieve
higher quality heterostructures on compliant substrates.
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