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The integration of IlI-V optoelectronic devices on silicon is confronted with the challenge of heat dissipa-
tion for reliable and stable operation. A thorough understanding and characterization of thermal transport
is paramount for improved designs of, for example, viable IlI-V light sources on silicon. In this work, the
thermal conductivity of heteroepitaxial laterally overgrown InP layers on silicon is experimentally investi-
gated using microRaman thermometry. By examining InP mesa-like structures grown from trenches de-
fined by a SiO, mask, we found that the thermal conductivity decreases by about one third, compared to
the bulk thermal conductivity of InP, with decreasing width from 400 to 250 nm. The high thermal con-
ductivity of InP grown from 400 nm trenches was attributed to the lower defect density as the InP micro-
crystal becomes thicker. In this case, the thermal transport is dominated by phonon-phonon interactions
as in a low defect-density monocrystalline bulk material, whereas for thinner InP layers grown from
narrower trenches, the heat transfer is dominated by phonon scattering at the extended defects and InP/
SiO, interface. In addition to the nominally undoped sample, sulfur-doped (1 x 10*® cm™) InP grown on Si
was also studied. For the narrower doped InP microcrystals, the thermal conductivity decreased by a factor
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DOI: 10.1039/c6ce02642g of two compared to the bulk value. Sources of errors in the thermal conductivity measurements are

discussed. The experimental temperature rise was successfully simulated by the heat diffusion equation
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1 Introduction

Remarkable advances achieved in the field of silicon photo-
nics in the past decade have paved the way for an integrated
optoelectronic platform based on silicon. For example, im-
proved manufacturing paths have enabled the fabrication of
low-loss passive devices such as filters, waveguides, beam
splitters and combiners, which are now standard available
devices." ™ However, the development of active devices and, in
particular, the integration of efficient light sources remain an
open engineering challenge as far as heat dissipation is
concerned. The successful fabrication of such integrated de-
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vices holds the key to accomplishing the long-term dream of
the photonics and electronics industries: a fully integrated
II-V/Si platform.

Hybrid integration of III-V semiconductor optoelectronic
devices by wafer bonding has been successfully employed on
several devices, such as silicon-based modulators, photode-
tectors, amplifiers and coherent light sources.”® However,
monolithic approaches are preferred for long-term, large-
scale and low-cost manufacturing of devices with enhanced
yields. Yet, there are fundamental limitations to the direct
growth of III-V active devices on Si, which involve the strong
lattice mismatch and large difference in thermal expansion
coefficients between III-V semiconductors and silicon
substrates.”** These factors result in high density threading
dislocations and planar defects such as stacking faults, which
ultimately lead to material degradation and shortened device
lifetimes. The interaction of phonons with crystallographic
defects, interfaces between components and layer boundaries
results in higher temperatures in localized volumes, espe-
cially when the dimensions of the system are scaled down to
the micro and nanometric scales. Thus, the increased scatter-
ing events of heat carriers significantly reduce the thermal
conductivity and give rise to important thermal issues,
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primarily stability."*** The ability to effectively dissipate heat
is therefore a crucial limiting factor in integrated photonic
circuit design, due to the fact that device functionality and
performance strongly depend on the temperature. In particu-
lar, for semiconductor coherent light sources, the yield usu-
ally decreases above room temperature while the threshold
current increases rapidly with temperature.

To date, few studies have addressed thermal effects in
integrated III-V on silicon device-like structures and most of
them focus on hybrid (wafer-bonded) devices. Sysak et al.®
analyzed a hybrid laser integration platform from a thermal
perspective using thermal impedance measurements and fi-
nite element simulations. They conclude that the dominant
factor influencing the device thermal impedance is the bur-
ied oxide layer, which accounts for about 50% of the total
thermal resistance. Lei and co-workers proposed an AIN clad-
ding layer as a possible solution for heat spreading in a hy-
brid III-V laser on silicon, based on a multiphysics electro-
thermo-mechanical model."”'® Recently, Lucci et al.® theo-
retically investigated the thermal issues related to the mono-
lithic or heterogeneous nature of a device. They suggest that
monolithically integrated lasers dissipate heat towards the Si
substrate more efficiently than their hybrid counterparts, ar-
guing that misfit dislocations due to the III-V/Si hetero-
epitaxy do not impact significantly on the thermal properties
of GaSb/AISb/Si epitaxial layers in these lasers. Despite the in-
creasing interest in thermal management in III-V semicon-
ductor devices integrated on Si, direct thermal conductivity
measurements of the building block components of device-
like structures have not been reported so far and remain a
challenging task. The main reason is the size of such struc-
tures, which is usually in the range of few micrometers. On
this scale, traditional techniques used for bulk materials are
no longer suitable to describe thermal transport.*® Accurate
thermal conductivity determination is thus a pivotal step to-
wards realistic thermal analysis in such structures. In this
work, we report an experimental investigation of the thermal
conductivity of heteroepitaxial laterally overgrown (ELOG) InP
layers on silicon substrates. ELOG is one of the methods
among several heteroepitaxial techniques used to grow III-V
materials on Si.*'** It uses a dielectric mask (SiO, in our
case) deposited on the buffer layer patterned with trenches
through which the epilayers are grown. The buffer layer,
called the seed layer, may contain a high dislocation density,
on the order of 10° cm™. The dielectric mask between the
trenches acts as a filter for crystallographic defects, therefore
resulting in near defect-free mask-epilayer interfaces, and
thus high crystalline quality InP on Si. The dislocation den-
sity has been shown® to be reduced to 6 x 10° cm™. It can
also offer the advantage of integrating the gain medium onto
a Si0,/Si/SiO, waveguide for a monolithic evanescently
coupled silicon laser.>* Micro-Raman spectroscopy is used to
measure the thermal conductivity of the ELOG InP microcrys-
tals, as a contactless and non-destructive optical technique
particularly well suited for studying the thermal properties of
micrometric samples with irregular geometries. Since build-
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ing blocks in functional devices are doped, we extend our
study to a doped sample. A thorough analysis of errors in the
measurement techniques is presented and the results are
successfully simulated by the finite element method (FEM).
Based on the experimental results, we analyze the interplay
between the ELOG sample size and crystallographic defects
on thermal transport for undoped and sulfur-doped InP
microcrystals. The impact of our findings on coherent light
source integration on Si is discussed.

2 Experimental
2.1 Sample preparation

High quality InP microcrystals were grown on Si by epitaxial
lateral overgrowth. This approach for heterogeneous integra-
tion involves growing InP laterally from trenches in a mask
deposited on a defective InP seed layer on a Si substrate. The
patterned mask between the trenches acts as a filter for de-
fects arising from differences in the lattice constants (8%)
and thermal expansion coefficients (of about 50%) between
InP and Si. In addition, if the trench width is half as much
as the mask thickness, the so-called necking effect can filter
the defects even in the grown region above the opening
(Fig. 1).>

The specimens were prepared according to the procedure
for heteroepitaxial growth of InP on Si reported else-

where.?%”

The samples consisted of high-quality epitaxial
InP layers grown through trench openings patterned on a 600
nm thick SiO, mask. The mask was deposited, prior to the
epitaxial growth, on a highly defective InP seed layer grown
on a Si substrate to accommodate the severely lattice
mismatched materials. The width of these openings was var-
ied from 250 to 400 nm to study its influence on crystal
growth and the filtering of planar defects and dislocations.
In order to have a better understanding of thermal conductiv-
ity in device-like structures, we investigated both undoped
and sulfur-doped (~1 x 10'® em™®) samples. Furthermore, the
SiO, layer was removed by wet etching from the first set of
samples in order to evaluate its influence on thermal
diffusion.

InP seed
layer

Trench

Fig. 1 Schematic illustration of the investigated samples obtained by
heteroepitaxial growth of InP on Si using the ELOG technique.

This journal is © The Royal Society of Chemistry 2017
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2.2 Thermal conductivity measurements using the Raman
shift method

The thermal conductivity of InP microcrystals was measured
by the Raman shift method. In standard Raman thermometry
experiments, continuous visible light is partially absorbed by
a semi-opaque sample, resulting in non-homogenous heating
of the probed volume. The analyzed volume is given by V =
4nr®p, where r is the radius of the Gaussian focused beam
and p is the penetration depth of light in the solid.

By gradually increasing the excitation power, the power
absorbed at the surface increases, inducing a localized non-
homogeneous temperature rise. Simultaneously, the light that
interacts with the studied sample undergoes Raman scatter-
ing, giving rise to a spectrum where the Raman frequencies of
optical phonons are red-shifted due to the thermal expansion
of the lattice. Owing to the variations in the equilibrium posi-
tion of the atomic species, the anharmonicity of the bonds re-
sults in a variation of the interatomic forces and therefore in
the shift of the phonon frequencies.”®*® The resulting
temperature-dependent peak positions are then recorded as a
function of the absorbed power and compared to a calibration
curve that allows the estimation of the weighted average tem-
perature rise in the probed volume. The calibration curve is
obtained by externally heating the sample and registering the
corresponding vibrational frequencies of the optical phonon
modes. A schematic of the set-up used in the backscattering
geometry to carry out the thermal conductivity measurements
is shown in Fig. 2. An argon ion laser with a wavelength of
532 nm was simultaneously used as a heat source and a tem-
perature measuring probe. The laser light was focused onto
the sample surface by a 50x objective with a numerical aper-
ture of NA = 0.55. In Raman thermometry, the main sources
of uncertainty on the measured thermal conductivity arise
from the uncertainties on the laser beam radius and the
power absorbed at the sample surface. These parameters were
therefore carefully measured. The radius of the nearly-
Gaussian spot was obtained by recording the intensity of the
first-order Si Raman peak while scanning the beam across the
edge of a gold film deposited on a Si substrate (Fig. 3a).
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532 nm

CCD
detector
Interference

filter Power
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Q splitter /v meter, P;
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Fig. 2 Schematic of the Raman scattering measurement set-up with a
built-in array of power meters used for thermal measurements and
power absorption characterization.
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The intensity of the Si peak was gradually attenuated until it
completely disappeared when the spot fully reached the metallic
area (Fig. 3b and c). A Gaussian function of the form I-exp(-x*/
%) was used to fit the slope of the intensity I versus position x
plot (Fig. 3d), and thus a radius of r = 0.85 um was deter-
mined. From the absorption coefficient of InP at the excita-
tion wavelength of 532 nm (& = 1.01 x 10" m ™), the light pen-
etration depth was estimated to be p = 98.7 nm. Since Raman
thermometry also requires the accurate determination of the
absorbed power at the sample surface, we carried out in situ
reflectance and absorbance measurements for various laser
powers. The reflectance R, was obtained by measuring the in-
cident P; and reflected powers P;, using commercial power
meters and considering that R = P,/P;. Given the considerable
thickness of the InP microcrystals, which varied from 1.5 to
15 pm depending on the trench width, the transmittance was
neglected and the absorbance was estimated using the expres-
sion A = 1 - R. The inbuilt power meter set-up used for the
absorbed power characterization is shown in Fig. 2 in dashed
lines. The measured reflectance and absorbance of an InP
microcrystal grown on Si through a 250 nm trench are shown
in Fig. 4 as an example. The obtained experimental data at
532 nm do not vary within the measured range of absorbed
power and match well with the reference values previously
reported by Aspnes et al.*° Using the measured absorbance,
we estimated that the power absorbed at the sample surface
varied from about 3 to 15 mW when the incident laser power
increased from about 6 to 22 mW.

In general, the phonon Raman scattering spectra of zinc
blende materials exhibit two peaks corresponding to the longi-
tudinal optical (LO) and transversal optical (TO) phonons with
the wave vector k = 0. In bulk InP, the first-order TO and LO Ra-
man peaks have frequencies of 303.7 cm™ and 345.0 cm™, re-
spectively.*’ To correlate the phonon frequency shifts with the
sample temperature rise, we characterized the dependence of
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Fig. 3 a) Schematic illustration of the setup used for laser beam size
measurements. b) Raman spectra of silicon and gold, depicted on the
left and right panels, respectively. c) Intensity of the first-order Si Ra-
man peak obtained by scanning the laser beam across the edge of a
gold film deposited on a Si substrate. d) Derivative of the intensity with
respect to the position, fitted by a Gaussian function (continuous line),
from which the radius of the beam can be estimated.
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Fig. 4 Experimental reflectance and absorbance of an InP
microcrystal grown on Si in a 250 nm trench opening on the SiO,
mask. The continuous lines represent the data reported by Aspnes
et al.*° for single crystalline InP at 532 nm.

the LO Raman shift on the temperature. The sample was placed
in a cryostat evacuated to a base pressure of 1 x 10 mbar.
Good thermal contact between the studied specimens and the
metallic heating stage was ensured by using silver paint. The
linear dependence of the LO frequency on the temperature was
obtained in the range from 293 to 363 K and is shown in Fig. 5.
For an externally induced temperature rise of 70 K in the micro-
crystals, a change in the LO frequencies of about 1.2 cm™ was
measured. From the linear fit to the experimental data in Fig. 5,
the temperature coefficient of the LO phonon frequency shift
was determined as dAw/dT =-0.0171 em ™ K ', which is in good
agreement with the specific temperature dependence of the LO
mode of dAw/dT = —0.0168 cm ' K ', reported by Irmer and co-
workers®> for single-crystalline bulk InP (filled squares in
Fig. 5). In addition, we studied a bulk monocrystalline (100) InP
substrate to validate the method, which yielded a linear temper-
ature coefficient of dAw/dT = —0.0165 em™* K, which is also in
good agreement with the previously reported value.

2.3 Numerical simulation

The thermal conductivity of InP microcrystals was obtained
by solving the steady-state heat conduction equation for volu-

~.g 2 T T T T
2
=
=
2]
> OF ]
5
=]
15}
=
o
153
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=] 2+ Exp. Linear fit T
8 ° oo, ELOG layers (this work)
3 o e Bulk (this work)
o & ——  Irmeretal (1996)
S _4 1 1 1 1

0 20 40 60
Relative temperature rise (K)

Fig. 5 Linear dependence of the InP LO peak position on
temperature. The red dots refer to the microcrystals, the blue
diamonds to the bulk sample and the black squares to the work of
Irmer et al.*?
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metric Gaussian thermal excitation and comparing it to the
experimental data. For micrometric samples, an approximate
analytical solution is often employed assuming the specimen
as a semi-infinite medium with strong absorption at the
33735 yet, owing to variations in the dimensions of
our samples during growth, the microcrystals could not be
considered as semi-infinite volumes, particularly when the
width of the ELOG InP layers, b, was comparable to the laser
spot diameter (2r > b). To account for these effects in the
temperature distribution, we solved the three-dimensional
(3D) stationary problem of a Raman thermometry experiment
by numerical analysis based on the FEM. The physical formu-
lation was developed in Cartesian coordinates such that the
x-y plane was defined on the surface of the microcrystal and
the incident laser beam was oriented along the z-direction.

Assuming that the laser excitation has a Gaussian profile,
the volumetric thermal source Qg(x,y) can be written
according to the Beer-Lambert law:

Qo(x,y)=wexp{—2w} (1)
'’ p

surface.

2
r

and therefore the governing differential equation for heat
conduction in the steady-state can be written as:

Qo(x,y) = ~V-(kVT) (2)

where « is the thermal conductivity and T is the temperature.
Eqn (2) represents a 3D problem that can be conveniently
solved by finding an approximate numerical solution with fi-
nite element analysis using proper computer software, such
as COMSOL®. To do so, the studied specimen was
discretized in nodal elements. The boundary conditions at
the top and lateral surfaces of the microcrystal were assumed
to be adiabatic, while a temperature of T = 293.15 K was set
at the bottom face. This means that convection and radiation
toward the surrounding environment were considered to be
negligible and the thermal contact between the sample and
the holder was assumed to be excellent. It is worth noting
that for the doped set of samples, the 600 nm thick SiO,
mask was included in the modeling by considering an addi-
tional rectangular volume in perfect thermal contact with the
microcrystal. In this case, the isothermal boundary condition
was prescribed at the bottom of the SiO, layer, and the ther-
mal boundary resistance between InP and SiO, was consid-
ered to be negligible. Since the temperature rise in the experi-
ments did not exceed 100 K, a constant thermal conductivity
was assumed. The Gaussian heat source was applied to a cyl-
inder on the top surface, defined as the probed volume (inset
to Fig. 6). This domain, which was specified with the dimen-
sions dictated by the laser beam profile, was used to extract a
weighted average of the temperature across the probed re-
gion. Exploiting the symmetry of the problem, the simulation
took place on half of a sample volume. A scheme of the 3D
heat diffusion problem, representing the radial heat flux

This journal is © The Royal Society of Chemistry 2017
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T, =293.15K —

Fig. 6 Schematic illustration of the 3D heat diffusion problem
displaying the radial heat flux induced by a Gaussian laser on an ELOG
InP microcrystal. The boundary conditions used for the calculations
are adiabatic at the top and at the lateral surfaces of the microcrystal
(-n-qg = 0, where n is the unit vector normal to the surface and q is the
heat flux) and isothermal at the bottom of the sample (T, = 293.15 K).
The inset shows the cylindrical domain where the volumetric Gaussian
heat source was applied.

induced by a Gaussian laser on an ELOG microcrystal, is
presented in Fig. 6.

The computation of the boundary fluxes involved solving
a system of linear equations derived for each volume ele-
ment. By using the superposition principle, the temperature
field was obtained from these nodal heat fluxes. Knowing the
exact dimensions of the InP crystals is of crucial importance
for the accurate calculation of the temperature profile via nu-
merical methods. Therefore, the lateral dimensions of each
microcrystal were measured by scanning electron microscopy
(ZEISS GEMINI ULTRA 55), and the thickness was obtained
by optical profilometry (Veeco Wyko NT9300). The measured
geometry parameters were used as individual geometrical in-
puts for the numerical model.

3 Results and discussion
3.1 InP microcrystals: morphology and crystalline quality

Raman scattering provides a very quick and simple way to de-
terminate the crystalline quality of the material. Typically,
the Raman signal is very sensitive to strain,*® sample compo-
sition, doping, structural defects,’” crystallographic orienta-
tions,*® and pseudo-phases,*® among others. According to Ra-
man selection rules applicable to III-V semiconductors with
a zinc blende structure, the TO phonon mode is symmetry-
forbidden in (100)-oriented surfaces. In this case, only a
sharp and intense LO peak can be observed in the Raman
measurements obtained in the backscattering geometry. In
general, this peak is used as an indication of the long-range
order of the crystal. However, structural disorder, impurities
and alloying can break the translational symmetry and acti-
vate the TO mode.** Then, the intensity ratio of the two
peaks (LO/TO or TO/LO) provides an indication of the struc-
tural defects. Fig. 7 illustrates this, where the intensity ratios
of LO/TO (Fig. 7a) and TO/LO (Fig. 7b) of an undoped micro-
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crystal grown through a 300 nm trench are depicted as exam-
ples. The high quality of the ELOG InP crystal is demon-
strated with the high intensity of the LO/TO ratio, as shown
in Fig. 7a. In contrast, the InP seed layer, which is highly de-
fective, is shown to be less intense in the LO/TO ratio but
rather intense in the TO/LO ratio, as displayed in Fig. 7b. An
estimate of the intensity was obtained by means of a
Lorentzian fit of each spectrum with a mean error of ~10%
and 0.03% for TO and LO fitted intensities, respectively.
Fig. 7c is a schematic illustration of the specimen cross sec-
tion and Fig. 7d is a Raman spectrum obtained at P; = 6 mW,
showing the TO and LO peaks for the analyzed sample. Fur-
ther characterization showing the high quality of the InP
crystals, including high resolution X-ray diffraction data and
AFM measurements, can be found in the ESLf

Scanning electron microscopy and optical profilometry
were used for measuring the dimensions and characterizing
the morphology of the grown InP microcrystals. These analy-
ses showed that the trench width strongly affects the crystal
growth and defines the dimensions of the microcrystals.
From Fig. 8 it can be observed that the crystal thickness,
width and volume increase with increasing trench width for
both sets of samples. The results also show that doped micro-
crystals are systematically smaller (Fig. 8e and g) and exhibit
slightly different morphologies (Fig. 8c and d) from their
undoped counterparts (Fig. 8a and b).

3.2 Thermal properties

The applicability of the Raman thermometry method to the
ELOG layers was first validated on a sample of a bulk mono-
crystalline (100) InP substrate. The dependence of the relative
Raman shift on the power absorbed at the surface of the InP
substrate and microcrystals is presented in Fig. 9. Using the
calibration curves in Fig. 5, the local temperature rise for
each absorbed power can be calculated considering that:

bo) ®)

AT = a)—ﬂ)o(v

where w and o, are the measured Raman shift and the fre-
quency of the studied phonon mode at room temperature, re-
spectively. From the series of measurements on the InP bulk
substrate where the excitation power is gradually increased,
the LO peak redshift with absorbed power was estimated
according to dAw/dP = -0.0383 cm™* mW ' (open hexagons in
Fig. 9). Using the linear dependence of dAw/dT = -0.0165
em™ K™ obtained from the calibration procedure (Fig. 5)
and fitting the experimental temperature rise to the 3D
model, a thermal conductivity of .y = 69.6 W m™ K" was
calculated. With a slight overestimation of about 2%, this re-
sult is in fair agreement with the accepted value of bulk InP
thermal conductivity of xj,p = 68 W m ' K at room tempera-
ture,** and therefore validates the numerical method.

A clear trend for both undoped and doped samples
emerges from the results presented in Fig. 9. The temperature

CrystEngComm, 2017, 19, 1879-1887 | 1883
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Fig. 7 Raman spectral mapping of the investigated InP/Si sample. a) Normalized intensity ratio of LO to TO modes for an undoped ELOG
microcrystal (center) and the InP seed layer underneath (sides). b) Intensity ratio of TO/LO modes for the same specimen. c) Schematic illustration
of the cross section. d) Raman spectrum of the analyzed sample, exhibiting the TO and LO peaks.
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Fig. 8 Scanning electron micrographs and optical profilometry scans: a) and b) for undoped and c) and d) for doped ELOG InP microcrystals,

respectively. The analyzed samples were grown through trenches of 300 nm width. The red color of the color scales in b) and d) corresponds to
the maximum thickness values of 10.4 and 3 um for the undoped and doped microcrystals, respectively, while the scale bars of 10 um refer to the
lateral dimensions. e)-g) are the measured crystal thickness, width and volume of doped (red circles) and undoped (blue squares) samples as a

function of the trench width.

rise upon light absorption is considerably larger for the
microcrystals grown from smaller trenches. This observation
can be understood as the result of the reduced dimensions of
the crystals grown through narrower trenches, which ulti-
mately leads to smaller effective volumes that can dissipate
the heat and thus reach higher temperatures. Regarding the
undoped samples, the microcrystals grown through 400 and
350 nm wide trenches have similar temperature rises as the
bulk sample, while the ones grown through 250 nm and 300
nm wide trenches show slightly higher temperature rises.
Moreover, the doped samples are heated to higher tempera-
tures compared to the bulk substrate and their undoped
counterparts. This can be explained by two factors: the small
dimensions of the doped crystals and the low thermal con-
ductivity of the 600 nm thick SiO, layer (ksio, = 1.4 Wm™" K '
(ref. 42)), which promote the heating of the microcrystals.

1884 | CrysttngComm, 2017, 19, 1879-1887

The experimental values of thermal conductivity measured
in the bulk InP substrate, undoped and doped ELOG micro-
crystals are presented in Fig. 10. These were extracted from the
power absorbed at the sample surface, the resulting tempera-
ture rise and the solution to the heat diffusion equation solved
by the finite element method. Thermal conductivities of 68 + 4
and 74 + 8 W m ™" K" were obtained for undoped microcrystals
grown through trenches of 400 and 350 nm, respectively. The
doped sample grown through a 400 nm wide trench also has a
thermal conductivity of 68 + 6 W m™ K *. These results, which
are very close to the bulk value, constitute evidence of the high
crystalline quality of the monocrystalline ELOG samples grown
through wider trenches and are in agreement with the temper-
ature rises reported in Fig. 9. The slight overestimation of
about 8% for the undoped sample grown though a 350 nm
wide trench is within the experimental error, and might be due

This journal is © The Royal Society of Chemistry 2017
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to the propagation of uncertainties related to the experimental
determination of the laser spot size, the optical absorption and
sample dimensions.

The results in Fig. 10 also suggest that the thermal con-
ductivity of the microcrystals grown through narrower
trenches is below the bulk value. For the undoped samples,
the thermal conductivity decreased by 31 and 29% as the
trench width was reduced to 250 and 300 nm, respectively.
Similarly, the thermal conductivity of the doped samples
grown though equivalent trench widths showed a decrease of
about 54% with respect to the bulk value. On the other hand,
the value of the thermal conductivity of the doped sample
grown through a 350 nm wide trench implies a reduction
from the bulk value of about 38%. These results might seem
counterintuitive because it is expected that narrower trenches
filter stacking faults and threading dislocations more effec-
tively than the wider ones. However, this depends on the as-
pect ratio. Junesand and co-workers showed that stacking
faults are completely blocked by the SiO, mask when the as-
pect ratio of the mask height to the opening width is equal to
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Fig. 10 Thermal conductivity of undoped and doped ELOG InP
microcrystals as a function of the trench width through which they are
grown. The dashed line indicates the measurement of the bulk InP
thermal conductivity. The solid line represents the generally accepted
value of thermal conductivity for bulk InP.**
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or larger than 3.9.”° The samples studied here have a maxi-
mum aspect ratio of about 2.4, and thus complete dislocation
filtering in the samples reported here is disregarded. Trans-
mission electron microscopy studies reported elsewhere>®>’
have shown that stacking fault propagation takes place even
for narrower trench widths in both undoped and doped sam-
ples. In addition, these studies showed that stacking faults
do not always reach the surface of the ELOG layers, but ap-
pear to be filtered at some point close to the mask opening
in the direction perpendicular to the Si substrate, depending
on the mask aspect ratio. In a separate study of AIN films on
a Si substrate, we have demonstrated**™*° that the contribu-
tion to the effective thermal conductivity by phonon scatter-
ing at crystallographic defects becomes stronger as the sam-
ple thickness decreases. This means that the thermal
conductivity is greatly reduced for smaller feature films be-
cause phonon scattering at the interface and crystallographic
defects dominates thermal transport. Thus, the reduction of
the thermal conductivity measured in InP microcrystals
grown through narrower trenches (Fig. 10) can be associated
with phonon scattering at stacking faults close to the inter-
face between the InP ELOG layer and the SiO, mask as the di-
mensions of the microcrystals decrease. On the other hand,
the ELOG layers grown though wider openings are much
thicker, and the stacking faults are filtered in the region close
to the interface with the SiO, masks. Therefore, the phonon
scattering at the interface and crystallographic defects is no
longer predominant, but thermal transport is dominated by
phonon-phonon scattering, as in bulk single crystalline InP.
This observation is supported by the bulk values measured
for the thermal conductivities of thicker microcrystals, which
are grown through wider trenches, ie., undoped samples
grown through openings of 350 and 400 nm and the doped
specimen grown through the 400 nm trench. Based on these
results, we propose that thicker and wider ELOG layers,
where defects do not reach the surface but are filtered in a re-
gion close to the mask opening, are better suited for integra-
tion of active devices such as laser sources. The two main ad-
vantages are the high thermal conductivity of ELOG InP
microcrystals close to the bulk value and a larger effective

CrystEngComm, 2017, 19, 1879-1887 | 1885
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volume through which heat can be dissipated. On the other
hand, thinner ELOG layers in close contact with the SiO,
mask result in much higher temperature rises and therefore
are less efficient in removing heat.

4 Conclusions

The thermal conductivity of ELOG InP on silicon has been ex-
perimentally investigated via microRaman thermometry. In
this work, both undoped and sulfur-doped samples grown
through trenches of widths from 250 to 400 nm were studied.
The impact of the ELOG layer size and crystallographic de-
fects on thermal transport was analyzed. Our results show
that the thermal conductivity of doped and undoped ELOG
InP on silicon is very close to the bulk value for samples
grown through trenches of 400 nm width. We attribute this
to the fact that the samples are thicker and have a lower de-
fect density, consistent with previous work on dislocation fil-
tering. In this case, the thermal transport is dominated by
phonon-phonon interactions as in a monocrystalline bulk
material. Based on these results, we propose that thicker
ELOG microcrystals are better suited for applications involv-
ing light source integration due to the higher thermal con-
ductivity and a larger effective volume through which the
generated heat is dissipated. The trend and reduction of the
thermal conductivity may help to improve thermal analyses
in a variety of hybrid integrated opto-electronic circuits.
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