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Thermal conductivity of indium arsenide nanowires with wurtzite and zinc blende phases
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The thermal conductivity of wurtzite and zinc blende indium arsenide nanowires was measured using a
microfabricated device, with the crystal structure of each sample controlled during growth and determined by
transmission electron microscopy. Nanowires of both phases showed a reduction of the thermal conductivity
by a factor of 2 or more compared to values reported for zinc blende indium arsenide bulk crystals within
the measured temperature range. Theoretical models were developed to analyze the measurement results and
determine the effect of phase on phonon transport. Branch-specific phonon dispersion data within the discretized
first Brillouin zone were calculated from first principles and used in numerical models of volumetric heat capacity
and thermal conductivity. The combined results of the experimental and theoretical studies suggest that wurtzite
indium arsenide possesses similar volumetric heat capacity, weighted average group velocity, weighted average
phonon-phonon scattering mean free path, and anharmonic scattering-limited thermal conductivity as the zinc
blende phase. Hence, we attribute the differing thermal conductivity values observed in the indium arsenide
nanowires of different phases to differences in the surface scattering mean free paths between the nanowire

samples.
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I. INTRODUCTION

Indium arsenide (InAs) is a small-band-gap (0.35 eV)
semiconductor that is widely used in diode lasers and infrared
detectors.' Additionally, the electron mobility of InAs is high
due to its small electron effective mass. Bulk InAs crystals
typically exhibit a cubic zinc blende (ZB) structure. However,
the growth of wurtzite (WZ) phase InAs nanowires (NWs) has
been demonstrated using chemical beam epitaxy (CBE)>* and
other techniques.” The synthesis of these WZ phase InAs NW's
resulted in extensive interest within the research community to
determine how their electrical and thermal transport properties
compare to those of ZB InAs NWs. The phase-specific
transport properties as well as their size scaling behaviors
are relevant to both nanoelectronic and thermoelectric energy
conversion applications. In terms of thermoelectric energy
conversion, nanostructuring has been actively investigated as
an approach to reducing the phonon thermal conductivity and
increasing the power factor.® Motivated by these potential
applications, the electronic band structure of WZ InAs has
been calculated,”! while electron transport measurements of
WZ InAs NWs have also been reported.''~!> However, while
a significant amount of theoretical and experimental work has
been focused on investigating the electrical properties of these
NWs, comparatively little effort has been made to analyze
thermal transport in WZ phase InAs NWs. !¢
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There are two and four atoms per primitive unit cell in the
ZB and WZ phase, respectively. As the number of atoms and
size of the primitive cell increase, additional zone boundaries
are introduced in the reciprocal space in an extended zone
representation. In the folded zone representation, the size
of the Brillouin zone is reduced and additional optical-
phonon branches are introduced with increasing numbers
of atoms in the unit cell. If the masses or bonding differ
substantially for different atoms in each unit cell, the new
zone boundaries can lead to energy gaps in the dispersion
curve and reduced group velocities near the zone boundaries
and for the additional optical branches. For the case in
which the thermal conductivity contribution of the additional
optical branches becomes negligible due to a small group
velocity, Slack identified a general trend of decreasing thermal
conductivity with increasing numbers of atoms in a unit
cell.'”-13

Moreover, the additional zone boundaries tend to increase
the loci of scattered phonon wave vector states that participate
in three-phonon scattering. However, coherence can be lost
in the Fourier transform of the different bonds in each
cell as the number of atoms in the cell increases.!” This
effect can reduce the matrix elements of the three-phonon
processes. For a random distribution of atoms in each
cell, Roufosse and Klemens showed that the anharmonic
scattering rate is substantially independent of the number
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of atoms per cell because the two effects cancel each
other."”

For ZB crystals, there are a total of six phonon branches,
including three acoustic modes and three optical modes.
In comparison, the WZ phase has twelve phonon branches
comprised of three acoustic, three low-lying optical, and six
highly placed optical branches. The loci of scattered phonon
wave vector states are increased by three-phonon processes
involving phonons from the acoustic and the low-lying
optical branches. Acoustic-optical scattering and four-phonon
processes were used by Steigmeier and co-workers to explain
the temperature dependence of their measured thermal conduc-
tivity of ITII-V compounds.?*>?> On the other hand, Ecsedy and
Klemens found that four-phonon processes are much weaker
than three-phonon processes even at temperatures of up to
1000 K, and that the relative impact of cell size on these
scattering processes is not inherently clear.??

Among bulk semiconductors, silicon carbide (SiC), gallium
nitride (GaN), and aluminum nitride (AIN) exist in both ZB
and WZ phases. For AIN and GaN, the phonon dispersion
relations for both phases have been reported.?*?> For AIN,
one study using molecular dynamics simulation found a two
to five times higher thermal conductivity for the WZ phase
than the ZB phase.”® However, another work calculated a
fourfold longer average phonon mean free path in ZB AIN
than in WZ AIN due to increased optical-phonon scattering
in the WZ phase.”> We have found reported experimental
thermal conductivity data for only the WZ phase of bulk
AIN and GaN crystals, with no data being found for the
ZB phase of these respective materials. In comparison,
experimental results for both ZB 3C-SiC and hexagonal
4H-SiC and 6H-SiC polytypes of SiC show almost identical
thermal conductivity values for temperatures above 200 K27~
When combined with other results in the literature,’® the
data suggest that the thermal conductivity of SiC is more
sensitive to impurity content and defect concentration than
phase.

Given the different effects of unit cell size reported for AIN
and SiC, the role of phase on the thermal conductivity of InAs
has remained elusive. In particular, it remains to be investigated
whether the phonon group velocity near the zone boundaries
for the WZ phase would be substantially reduced and whether
the effect of additional acoustic-optical scattering processes is
more pronounced than reduced three-phonon matrix elements
for the particular atomic arrangement in the WZ unit cell of
InAs NWs.

In this work, we report the thermal conductivity mea-
surement of both WZ phase and ZB phase InAs NWs
using suspended micro-thermometer devices. Since the WZ
phase of bulk InAs has not yet been synthesized, there
are no experimental data on the phonon dispersion for this
phase. We have used density functional theory to calculate
the equilibrium crystal structures and phonon dispersions
for both WZ and ZB phases of InAs from first principles.
The ab initio phonon dispersions are used in a numerical
thermal conductivity model to analyze the measurement data.
The analysis shows that the volumetric heat capacity, the
weighted average group velocity, the average phonon-phonon
scattering rate, and the anharmonic scattering-limited thermal
conductivity are similar between the WZ and ZB phases for
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the case of InAs, and that diffuse surface scattering is the main
cause of the considerably lower measured thermal conductivity
of InAs NWs of both phases compared to the literature values
for ZB bulk InAs crystals.

II. EXPERIMENTAL METHODS AND RESULTS

InAs NWs with WZ phase were grown by CBE. Details of
the WZ InAs NW growth parameters used here can be found in
the literature.>® The NWs grown using this method were single
crystal and the diameter of the NW was determined by the
gold seed particle size.>® A representative scanning electron
microscopy (SEM) image of the as-grown WZ phase NW array
is shown in Fig. 1(a), while a representative SEM image of
as-grown ZB NWs is shown in Fig. 2(a). Details of the ZB InAs
NW growth can also be found in the literature.’! These ZB
NWs were grown by metal-organic vapor phase epitaxy and
have a tapered shape due to the increased lateral overgrowth
on ZB surfaces.®! It has been shown that a substantial amount
of background carbon impurities can be incorporated during
radial overgrowth on InAs NWs. !> The radially grown material
on the NW sides is therefore expected to be n-doped compared
to the interior.

A micro-thermometer device such as the one shown in
Fig. 1(b) was used to measure the thermal conductivity of
each of the individual NW samples. The device incorporated
two adjacent silicon nitride (SiNy ) membranes each suspended
with six SiNy beams.?>33 One serpentine platinum resistance
thermometer (PRT) and two platinum electrodes were pat-
terned on each membrane. A through-substrate hole directly
under the suspended membranes allows for transmission
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FIG. 1. (a) SEM image of the as-grown WZ phase InAs NW
arrays. (b) SEM image of WZ phase sample NW4 trapped between
the two suspended micro-thermometers of the measurement device.
(c) TEM image of NW4 showing an amorphous shell and the
crystalline NW core. (d) High-resolution TEM showing the lattice
fringes of the InAs NW core. The inset is the corresponding diffraction
pattern taken with a beam spot size of 1.5 um. Scale bars are 5 um
for (a) and (b) and 5 nm for (c) and (d).
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FIG. 2. (a) Tilted side-view SEM image of the as-grown ZB phase
InAs NW arrays showing the tapered shape. The inset is a top-down
SEM image showing the triangular cross section of the NWs grown
from a hexagonal base. (b) Low magnification TEM image of NW2
showing the tapered shape. (¢) Low magnification TEM image of
NW2 showing the thickness fringes at the NW edges caused by the
triangular cross section. (d) High-resolution TEM image of NW2.
The inset is the corresponding diffraction pattern taken with a beam
spot size of 1.5 um. Scale bars are 1 um, 200 nm, 0.5 wm, 50 nm,
and 5 nm for (a), the inset in (a), (b), (c), and (d), respectively.

electron microscopy (TEM) analysis of each individual NW
sample after the thermal measurement was completed.

Table I summarizes the lateral dimension of the crystalline
core, amorphous layer thickness, phase, and growth direction
for each of the measured NWs. The WZ phase NWs form
a hexagonal cross section.!! A representative high-resolution
(HR) TEM image for the WZ phase sample NW4 is shown in
Fig. 1(c). The amorphous layer surrounding the crystalline core
of NW4 is thicker than the values shown in Table I for other
NWs and is likely oxide formed during sample preparation,
measurement, or before TEM images were obtained following
measurement. From the HRTEM image and the corresponding
diffraction pattern in Fig. 1(d), the growth direction of NW4
was determined to be along the c axis, i.e., the (0001) direction.
The growth directions of the other WZ phase NWs were also
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found to be along the (0001) direction, consistent with previous
observations of as-grown WZ phase InAs NWs. %3

Figure 2 is the collection of the SEM and TEM images of
the ZB phase NW2. Figure 2(a) is the tilted side-view SEM
image of the as-grown ZB phase InAs NW arrays showing
their tapered shape, while the inset is a top-down SEM image
revealing the triangular cross section of the NWs grown from
a hexagonal base. Due to the triangular cross section of the ZB
NW samples, the lateral dimensions in Table I are the widths of
one edge of the triangular cross section of the crystalline core
of the NWs. NW2 and NW3 were tapered along the suspended
segment such that the two lateral dimension values in Table I
refer to the dimensions of the crystalline core measured at
the ends of the suspended NW segment where the respective
NW meets the membranes of the microdevice. NW1 showed
no appreciable tapering in comparison. The tapered shape of
the ZB NW?2 is also illustrated in the low-magnification TEM
image in Fig. 2(b). The periodic thickness fringes at the NW
edges in the low magnification TEM image of NW2 [Fig. 2(c)]
are attributed to the triangular cross section of the ZB phase
NWs. The HRTEM image of NW2 and the corresponding
diffraction pattern (inset) show that the ZB phase NW2 was
grown along the (111) direction. The other two ZB phase
NWs were also found to be along the (111) direction, which is
consistent with the observations of previous work on as-grown
ZB phase InAs NWs. 3

No twins or stacking faults were observed within the NW
regions imaged using TEM for either the ZB or WZ NWs. For
the ZB NWs, the presence of a significant number of defects
would be observable even in SEM images as their presence
would change the cross section due to threefold symmetry.
For the WZ NWs, it would be necessary to tilt the samples
to the (110) axis to observe stacking faults, whereas most of
the TEM images available for the WZ samples in this work
are oriented to (112) such that any stacking faults are not
visible. In previous work, WZ NWs grown by CBE typically
have stacking fault density in the range of one to three faults
per micrometer of length for all growth conditions.'> Based
on these statistics, few stacking faults are expected to be
present over the suspended NW lengths of ~3—4 pm for the
WZ NWs.

Because of residual gas molecules in the evacuated sample
space, radiation, and substrate heating, a small background
thermal conductance signal (Gpg) was measured using a
blank device without a NW bridging the two membranes.
This background signal was subtracted from the measured
sample thermal conductance of the device with the NW

TABLE I. Summary of the measured InAs NWs and TEM measurements. For the tapered NW samples NW2 and NW3, the two lateral
dimension values refer to the dimensions of the crystalline core measured at the ends of the suspended NW segment. The remaining NWs

had uniform diameter along their suspended length.

Label Lateral dimension (nm) Amorphous layer thickness (nm) Phase Growth Direction Cross section
NW1 148 3 Zinc blende (111) Triangular
Nw2 97-179 4 Zinc blende (111) Triangular
NW3 69-121 8 Zinc blende (111) Triangular
Nw4 66 11 Waurtzite (0001) Hexagonal
NW5 63 9 Waurtzite (0001) Hexagonal
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sample to obtain the thermal conductance of the NW including
contributions from both the crystalline core and the amorphous
shell. The thermal conductance of the amorphous layer was
calculated as G, = k, Agnenn/ L, where the length L and cross
sectional area Ag,e are based on the dimensions determined
by TEM, and «, is the thermal conductivity of the amorphous
shell. The amorphous shell is most likely either surface oxide,
amorphous carbon deposited from electron beam exposure, or
a combination of the two materials. Using the composition
of oxides on InAs surfaces found in the literature,® the
temperature-dependent thermal conductivity of the oxide was
calculated from a minimum thermal conductivity model*®
to be in the range of 0.4-0.6 W/m K at 300 K. From the
reported thermal conductivity data of amorphous carbon films
of different densities®’ and the reported density of amorphous
carbon from electron beam-induced deposition,38 the thermal
conductivity of the amorphous carbon was determined to be
approximately 0.2 W/m K. Hence, k, was taken to be between
0.2 and 0.6 W/m K. Based on this range, the amorphous shell
contribution to the NW thermal conductance was less than 10%
throughout the measured temperature range for all samples.
The thermal conductance of the crystalline core of the NW
was obtained as Gnw = Gmeasured — Gbg — G4, Which was at
least ten times larger than Gy and G,.

The thermal conductivity of the NWs with uniform cross
section was calculated as x = GNywL/A., where L is the
length of the suspended NW segment and A, is the cross-
sectional area calculated using the lateral dimension of the
NW. For the WZ NWs with hexagonal cross section, the
axisymmetric rotational orientation of the cross section could
not be determined from the obtained top-view SEM or TEM
images. Hence, the lateral dimension of the crystalline core
measured by electron microscopy could correspond to the
corner-to-corner or edge-to-edge length of the hexagonal cross
section or be for some orientation of the hexagonal cross
section in between these two limits. Here, an average value
of A, between these two limits was used to calculate x for
the WZ NWs, with the uncertainty in A, given by the two
A, limits propagated into the associated values of «. For the
tapered NWs with an equilateral triangle cross section, the
thermal conductivity was calculated based on a similar analysis
in Ref. 39 as

4GwwL (= = ) 1
K =
V3 (W2 — Wy) W
where the two lateral dimensions W; and W, refer to the
dimensions measured at the two ends of the suspended NW
segment, as given in Table 1.

As shown in Fig. 3, the measured thermal conductivity
values of the WZ and ZB NW samples are well below
the reported thermal conductivity of bulk ZB InAs.***! In
addition, the thermal conductivity values of the WZ NWs
were found to be lower than those of the ZB NWs. While
the measurement results showed a markedly lower thermal
conductivity for the WZ phase InAs NWs, there are several
factors besides the phase difference that could impact the NW
thermal conductivity values. For example, the WZ NWs are
of smaller cross section than the ZB NWs. This may result in
increased phonon boundary scattering and a reduced thermal
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FIG. 3. (Color online) Thermal conductivity of the measured
InAs NWs (symbols). Data for bulk ZB InAs (Refs. 40 and 41)
are also shown. Calculation results for WZ and ZB InAs in both bulk
and NW form are plotted as lines. The NW calculation results are
shown for various boundary scattering mean free path (D) values as
discussed in Sec. III. For the tapered samples NW2 and NW3, the
two values in the legend refer to the dimensions measured at the ends
of the suspended NW segment.

conductivity. It should be noted that this difference in cross
section size is likely due to radial overgrowth as the tip
diameter of the two phases was similar.

III. THEORETICAL ANALYSIS

A. Model description

To separate the effects of different phases and different
cross sectional areas on the measured thermal conductivity,
we have developed a numerical model to analyze the measure-
ment results. Analytical Callaway-type thermal conductivity
models*>*} in which the Brillouin zone is approximated as
a sphere have been widely used to calculate the thermal
conductivity of Si and other cubic phase materials. Although
this spherical Brillouin zone approximation may be acceptable
for ZB InAs [Fig. 4(a)], the Brillouin zone of WZ InAs is
a hexagonal prism for which the spherical approximation
can potentially severely overestimate or underestimate the
phonon density of states at high frequencies depending
on the chosen cutoff wave vector, as shown in Fig. 4(b).
Hence, a numerical thermal conductivity model that does
not rely on the spherical approximation was developed in
this work. This model uses branch-specific phonon fre-
quency data calculated at discrete wave vector points within
the Brillouin zone of ZB and WZ InAs crystals. Because the
lateral dimensions of the NWs are much larger than the dom-
inant phonon wavelength within the measured temperature
range, the phonon dispersions of the NWs are taken to be the
same as that of the bulk crystal of the same phase.
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FIG. 4. (Color online) Comparison of the actual Brillouin zone
of (a) ZB and (b) WZ InAs with a spherical Brillouin zone
approximation.

The ab initio phonon dispersions of the ZB and WZ
crystal phases of InAs were calculated using density func-
tional perturbation theory (DFPT)* as implemented in the
plane-wave pseudopotential code QUANTUM ESPRESSO.* The
minimum total energy of each crystal was first deter-
mined by adjusting the crystal lattice constants and atomic
positions based on Hellmann-Feynman forces. The local
density approximation (LDA) and a plane-wave cutoff of
80 Ryd were used in all calculations. The In and As ions
were described using Bachelet-Hamann-Schlueter*® (BHS)
norm-conserving pseudopotentials available in the QUANTUM
ESPRESSO distribution.*’ Brillouin zone integration with a
Monkhorst-Pack k-point grid of 16 x 16 x 16 was used
for the electronic properties of both crystal structures. The
predicted lattice constant for ZB InAs was a = 5.968 30 A.
In the case of WZ InAs, the relaxed crystal coordinates were
a=421086 A, c/a = 1.641 214, and u = 0.374 692. The
7B phase was found to be more stable than the WZ phase by
6.28 meV/atom.

Using DFPT, the interatomic force constants were directly
calculated on a 6 x 6 x 6 Monkhorst-Pack phonon g-vector
grid in the Brillouin zone for both ZB and WZ InAs. Once
these terms have been calculated, the phonon frequencies and
eigenvectors can be determined for an arbitrary phonon g
vector through Fourier interpolation. The calculated phonon
dispersions along the principal axes are shown in Fig. 5
along with the experimental data of Orlova®® for ZB InAs as
determined by x-ray thermal diffuse scattering. The calculated
phonon dispersion for bulk ZB InAs is also in good agreement
with the prior ab initio results of Eckl et al.' For the numerical
model used in this work, the first Brillouin zone is discretized
into a three-dimensional grid of phonon wave vector points.
For ZB InAs, g vectors were sampled on a 20 x 20 x
40 grid over a parallelepiped constructed from the three
reciprocal lattice vectors. For WZ InAs, the phonon branches
were sampled with a dense grid (10 x 10 x 50) over a 1/6
portion of the total Brillouin zone, which can be expanded to
the full Brillouin zone via symmetry. It should be noted that
particular care is required to ensure that phonon frequencies
are matched with the proper phonon branches due to the
occurrence of multiple branch crossings in the Brillouin zone.
In this work, the phonon branches at a given g vector are
sorted by computing overlap matrices between eigenvectors
at adjacent points in the Brillouin zone using an approach
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developed by Refson.* Phonon eigenvectors at neighboring
g points with high overlap are taken to be part of the same
branch and sorted accordingly. This approach works well in
most cases given that a sufficiently dense mesh is used in the
q direction of interest.

Based on the calculated phonon dispersions in Fig. 5, the
group velocity for the acoustic branches is very similar for
both phases. This result is in agreement with the experimental
finding that the speed of sound in WZ InAs NWs is comparable
to that of bulk ZB InAs.*° In addition, the increased number
of atoms in the WZ unit cell does not lead to energy gaps at
the new zone boundaries because of identical atomic bonds in
each unit cell.

The branch-specific frequency data obtained from the
discretized Brillouin zone calculations were used to calculate
the volumetric heat capacity (C) of both ZB and WZ InAs
according to

APk x%e* ho
C= —_—, =—, 2
Z; B0 @17

where T is the absolute temperature, 7 is the reduced Planck’s
constant, k is the Boltzmann constant, and Ag? is the volume
of each cell within the discretized Brillouin zone and is
different between an interior cell and one on an edge or
corner of the Brillouin zone. The summation is over different
phonon branches (s) and wave vectors (g). As shown in
Fig. 6(a), the calculation results for WZ and ZB InAs are
almost identical, with both curves in good agreement with the
reported experimental data for bulk ZB InAs.>!? Similarly,
AlShaikhi and Srivastava>® calculated nearly identical specific
heat between the ZB and WZ phases of GaN and AIN at all
but extremely low temperatures.

In addition to C, we have also calculated the Cv, and C v?
product from the discrete phonon frequencies as

Aq3k3 x2e
Cv, = ZZ o7z 1) (32)
5 q
and 5 s
Agkp x-e*
2 _ 2
Col=>)"%" 8 e 17 (3b)
s q

where v, is the frequency-dependent phonon group velocity
component along the direction of the temperature gradient for
InAs NWs of the two different phases. As shown in Figs. 6(b)
and 6(c), the as-calculated Cv, is very similar for the two
phases, whereas the C vf product is up to 6% higher for the
WZ phase than the ZB phase. In addition, the Cv,/C ratio
is the weighted average group velocity, which is similar for
both phases. Because the simplified kinetic theory yields k =
Cvlye =C vf Tavg, Where [,y and 7, are the average phonon
scattering mean free path and time,’* respectively, the rather
different thermal conductivity values measured for the InAs
NWs of the two different phases are attributed to different /o
and 7,y values for different NWs.
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FIG. 5. (Color online) Phonon dispersions of (a) ZB and (b) WZ bulk InAs, where color is used to distinguish between phonon branches.
Calculation results from this work in (a) and (b) are solid circles, while the experimental data for ZB InAs from the literature *® in (a) are open
squares. The calculated phonon density of states for ZB and WZ InAs are shown in (c), with a rescaled view of the acoustic phonon region

shown in (d) for clarity.

Instead of using the simplified kinetic theory, we calculate
the thermal conductivity () from the discrete phonon disper-
sion data according to

Ag3kp ) x2e*
k=Y > el dyranytcl )

where t is the frequency-dependent relaxation time. Accord-
ing to Matthiessen’s rule,

-1 _ -1 -1 —1
= S

where 77" = Aw*, 1!, = B,w’Texp(—C,/3T), and
T, ! — v/ D are the scattering rate due to point defects, phonon-
phonon, and boundary scattering processes, respectively, with
the coefficients A being sample-specific, By and C; being
material-specific, D being the boundary scattering mean free
path, and v being the phonon group velocity.*>#333-57 Here, v
instead of v, is used in the conversion between 7, ' and D for
each phonon mode because phonons are incident on the NW
boundary from all crystallographic directions within the NW
interior. The boundary scattering mean free path D is typically
related to the characteristic length L. by D = «L.. For an

isotropic material, the value of the o term depends on cross
section shape and surface specularity p, which ranges from
0 for the Casimir limit of a fully diffuse surface to unity for
totally specular reflection. Thus, for a circular cross section,
a = (1 +p)/(1 — p),>® such that D = d (a = 1) for fully diffuse
surfaces, where d is the diameter. Similarly, for a square cross
section with diffuse surfaces, D = 1.12L. (o« = 1.12), and
for an equilateral triangle with diffuse surfaces, D = 0.714L,
(o = 0.714), where L. is the side length of the square®® or
equilateral triangle®® cross section, respectively. However, in
materials with anisotropic sound velocities, phonon focusing
effects can cause o to deviate from the respective isotropic
values.?® This phenomenon was first studied in silicon, for
which the branch-specific sound velocities differ by as much as
20% between the (100) and (111) directions. The experimental
o values were found to be 19% lower for the (111) direction
and about 22% higher for the (100) direction than the expected
a value for isotropic materials. By comparison, ZB and
WZ InAs have nearly the same degree of anisotropy in
its branch-specific sound velocities as observed in silicon,
suggesting that a similar degree of phonon focusing is
possible.
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FIG. 6. (Color online) (a) Volumetric heat capacity, (b) Cu,
product, and (c) C vl2 product of ZB and WZ InAs crystals calculated
with the use of the discretized dispersion data in the full Brillouin
zone in comparison with experimental heat capacity data of bulk ZB
InAs.552

B. Zinc blende InAs

For ZB phase bulk crystals, the coefficients A, By, and
C, can be obtained by fitting the thermal conductivity model
to the experimental bulk data. Although optical phonons
make a large contribution to the calculated C for both
phases at temperature higher than 60 K, their contribution
to the thermal conductivity is negligible for the ZB phase
because of their small v,. Hence, optical branches are not
included in Eq. (4) for the thermal conductivity calculation
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for the ZB phase. In this case, the reported experimental
thermal conductivity of bulk ZB crystals can be fit with
Egs. (4) and (5) using A =7 x 1074 §3, By, =0.27 x
10718 s/K, Br =2.8 x 10718 s/K, C, =230.6 K, C7 =
59.7 K, and D = 2 mm, where the subscripts L and T
denote longitudinal and transverse acoustic phonon branches,
respectively. The values for the phonon-phonon scattering
coefficients obtained from fitting are quite similar to those
obtained using the expressions given by Morelli et al.*® for
umklapp processes. To ensure that the contribution from
optical branches was indeed negligible for the ZB phase, a
simple optical phonon—phonon scattering model®' based on
the Klemens’ channel of optical-phonon interactions®? was
used to estimate their relative contribution to the total thermal
conductivity. As expected, the optical- phonon contribution
was less than 5% of the total thermal conductivity. Thus,
to minimize the number of adjustable parameters within the
model, the optical branches were excluded from modeling of
ZB phase InAs NWs and bulk crystals.

It should be noted that while optical branches do not
contribute directly to thermal transport due to their low
group velocity, they provide important scattering channels for
acoustic modes and thereby limit the thermal conductivity,
as has been demonstrated by first-principles calculations of
diamond, silicon, and germanium.®*** However, including
these processes directly and explicitly would introduce ad-
ditional fitting parameters in the model. Instead, the above
phenomenological phonon-phonon scattering model is used
here to encompass all phonon-phonon processes without
distinction between normal, umklapp, and optical scattering.
Despite the use of the analytical umklapp phonon-phonon
scattering expression for simplicity, by fitting experimental
data the effects of phonon-phonon scattering events that
include normal processes or optical branches are implicitly
included in the model.

For modeling the ZB NW thermal conductivity, the phonon-
phonon scattering coefficients found from fitting the bulk
ZB thermal conductivity data were retained while the point
defect scattering parameter A and the boundary scattering
mean free path D were allowed to differ from their respective
bulk ZB InAs values. The obtained boundary scattering
mean free paths were D = 105 nm for NW1 and D~90-
100 nm for NW2 and NW3. For the observed NW surface
roughness of ~0.5—1 nm [Figs. 1(c) and 2(d)] and an estimated
dominant phonon wavelength on the order of 1 nm for
InAs for the temperature range of this measurement, Ziman’s
surface specularity relation predicts diffuse phonon surface
scattering.’® The obtained boundary scattering mean-free-path
values D obtained for the triangular ZB NWs are within
30% of the theoretical value given by D = 0.714W for
the isotropic case in the Casimir or diffuse surface limit,
where W is the edge length of the equilateral triangle cross
section.”® Thus, the obtained mean-free-path values are close
to the diffuse surface limit. With the phonon-phonon and
boundary scattering parameters established, the point defect
coefficient A was adjusted to best fit the measured ZB NW
thermal conductivity data. The adjustment of A had little effect
on the mid- to high-temperature thermal conductivity where
phonon-phonon scattering processes dominate point defect
scattering, but it improved the fit at low temperatures where
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point defect scattering is important. The results of this fitting
are shown by the representative solid black line in Fig. 3 with
D=100nmand A =5 x 107% 3.

C. Wurtzite InAs

Bulk thermal conductivity data for WZ InAs are unavailable
for use in obtaining the associated phonon-phonon scattering
coefficients. Thus, a different approach from that used in the
modeling of the ZB phase was required for the WZ phase. The
boundary scattering mean free path D was varied from NW
diameter d up to several millimeters. Using the same A value as
found for ZB phase bulk InAs, for each value of D the phonon-
phonon scattering coefficients were adjusted to best fit the
measured thermal conductivity data of the two WZ NWs using
Egs. (4) and (5) along with the calculated discrete Brillouin
zone phonon dispersion data of the WZ phase. In addition
to the acoustic branches, the three low-lying optical branches
were included in the thermal conductivity calculation due to
their non-negligible velocities in the WZ phase. The phonon-
phonon scattering expressions and coefficients for these low-
lying optical phonons are taken as the same as those for the
acoustic branches of the same polarization.

It was found that for D > ~1.5d, exceptionally strong
phonon-phonon scattering was required to match the mag-
nitude of the high-temperature WZ data. This causes a
much stronger temperature dependence than observed in the
experimental data and, as a result, the fit to the experimental
data is poor. This discrepancy indicates that the WZ NW
surface is close to being entirely diffuse similar to that found
for the ZB NWs, and in agreement with Ziman’s roughness-
specularity relation®® using the WZ NW surface roughness
observed in TEM images. For D &~ 1.5d, the fitting of the
measurement data with different phonon-phonon scattering
parameters provided moderate agreement from ~200 K and
above. However, for this case the peak in « at low temperatures
was much higher than the measurement data such that ~10
times stronger point defect scattering than found for the ZB
NWs was required to match the data. As stated previously, of
the two phases, the ZB NWs are more likely to have carbon
or other point defects introduced during growth, making the
case of significantly stronger point defect scattering in the WZ
NWs unlikely. By contrast, using D = d provided a superior fit
of the measurement data over the entire measured temperature
range and a more physically realistic point defect scattering
coefficient A = 1 x 107** s? between the 7 x 107% and 5 x
10~* s3 values found for bulk ZB crystals reported in Ref. 41
and the ZB NWs studied here, respectively.

Setting D = d for the WZ NWs, the phonon-phonon
scattering parameters were adjusted to obtain the best fit to
the WZ NW data at ~200 K and above, where phonon-
phonon scattering should dominate point defect scattering.
This procedure yielded a set of phonon-phonon coefficients
By = (038-0.58) x 107" oK, Br =(3.9—-54)x
1018 s/K, Cp =230.6K,and C7 = 59.7 K, with the range of
values dictated by the independent fittings of the data for NW4
and NWS5, respectively. Here, fitting the experimental data in
Fig. 3 for NW5 with 63 nm diameter gives the upper limit
of the phonon-phonon scattering parameters, while fitting the
data for NW4 with 66 nm diameter gives the lower limit. The
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obtained coefficients B; and By are 48%—-93% higher for the
WZ phase than for the ZB phase. However, when the obtained
phonon-phonon scattering coefficients for each phase are used
to calculate the weighted average phonon-phonon scattering
mean free path /,_, and mean free time 7,_, using

3.2 2,x
> Y AT,
s q
l,_, = (6a)
pP—p 3 2%
RNVRRE

and

2y

3,2 x-e*
2 AGVIT s
Pl (e¥—1)

Tp—p = Aodpl e
ZZ q vz (ex—l)z
q

s

) (6b)

the calculated /,_, and 7,_, for the WZ phase range from
comparable to 30% higher than the corresponding values for
the ZB phase at intermediate and high temperatures. This result
may be due to different Brillouin zones for the two phases, and
in particular higher and lower density of states in the 45-52
and 52-60 cm~! phonon frequency ranges, respectively, for
the WZ phase than for the ZB phase, as shown in Figs. 4(c)
and 4(d).

D. Phase dependence of the thermal conductivity

Using the obtained range of phonon-phonon scattering
coefficients, D = 2 mm, and A =7 x 107% §3, the range
of anharmonic scattering-limited bulk thermal conductivity
for the WZ phase was calculated to be similar to the bulk
ZB thermal conductivity as shown in Fig. 3. Hence, this
result suggests that bulk WZ InAs would not possess a much
shorter phonon-phonon scattering mean free path or much
lower thermal conductivity than bulk ZB InAs, similar to the
comparable thermal conductivity demonstrated between the
cubic and hexagonal polytypes of SiC.>"-?

In addition, if the boundary scattering mean free path is
set to be D = 66 nm, the model based on the bulk phonon-
phonon and defect scattering coefficients and discretized
phonon dispersion data for the ZB phase yields a thermal
conductivity curve that is rather similar to the measured
thermal conductivity data for the WZ NW with 66 nm diameter
(Fig. 3). With D = 66 nm, the thermal conductivity is expected
to be close to k = Cv,D because boundary scattering is
comparable to or stronger than the phonon-phonon scattering
and point defect scattering rates given by the values found from
fitting the bulk ZB InAs data. Hence, the similarity between
the numerically calculated ZB thermal conductivity with D =
66 nm and the measured data for the WZ NW with
66 nm diameter verifies that both ZB and WZ InAs indeed
possess similar Cv, values, in agreement with the above
calculation using the discrete Brillouin zone data for both
phases [Fig. 6(b)].

The comparable thermal conductivity values found for the
two phases may be related to the details of the respective
crystal structures. The main crystalline difference between
7ZB phase NWs with (111) growth direction and WZ phase
NWs with (0001) growth direction is the stacking order of the
atomic layers, with ABAB stacking in (0001) WZ NWs and
ABCABC growthin the case of (111) ZB NWs. In both stacking
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configurations, atoms are tetrahedrally bonded, and for the 12
second-nearest neighbors the overall atomic arrangement is
very similar. For example, Nusimovici and Birman calculated
the phonon dispersion for both ideal WZ and ZB cadmium
sulfide (CdS).%> Upon unfolding the WZ (I"-A) phonon branch
and comparing it with the ZB (I"-L) line, they found that
WZ and ZB CdS had identical TA branches and that the ZB
LA phonon branch had slightly higher frequencies. This close
match in phonon branches along the unfolded WZ (I"-A) and
ZB (I'-L) directions could also explain why the measured
sound velocities for WZ InAs NWs were so similar to bulk
7B InAs.°

Besides similar phonon dispersions, the similar average
phonon-phonon scattering rates found for both phases suggest
that the effect of additional acoustic-optical scattering may be
canceled by the reduced coherence in the Fourier transform
of the different bonds of the increased WZ unit cell size.
According to Roufosse and Klemens,!® the matrix elements
of the three-phonon scattering processes contain the factor

s e~'»7, where the summation is over all atoms in one

primitive cell, 7 is the position of an atom, and b is the
reciprocal lattice vector involved in the umklapp process. We
calculated that this factor for the WZ phase is about 1.9, 1.4,
and O times that for the ZB phase for the three reciprocal
lattice vectors. Because these values are less than the factor of
2 difference in the number of atoms in the primitive cell for
the two phases, the increased number of atoms in the WZ unit
cell indeed results in the loss of coherence that tends to cancel
the effect of additional acoustic-phonon scattering.

In addition, the ¢/a ratio of WZ InAs was found from first
principles to be only 0.5% greater than the ideal ratio of \/8/3.
Similarly, the WZ form of SiC, 2H-SiC, has a c/a ratio of
1.641," which is 0.4% greater than the ideal c¢/a ratio, and
has been shown experimentally to have comparable thermal
conductivity to cubic SiC.%® In contrast, the WZ phase of AIN
is more closely packed in the (0001) direction with a c/a of
1.600," roughly ~2% less than the ideal ratio. This atomic
configuration with a ¢/a ratio far from the ideal ratio may lead
to a different thermal conductivity of the WZ phase than the ZB
phase. Further work on the thermal conductivity of materials
of varying c/a ratios in the WZ phase is needed to elucidate
what role the packing of layers has on thermal conductivity in
relation to that of the ZB phase.

IV. CONCLUSION

In this work, the thermal conductivity of WZ and ZB NWs
was measured using a microfabricated device. The obtained

PHYSICAL REVIEW B 83, 205416 (2011)

values for both phases demonstrated a reduction of the thermal
conductivity by a factor of 2 or more compared to bulk ZB
InAs within the measured temperature range. A numerical
model based on ab initio WZ InAs phonon dispersion data was
developed to account for the nonspherical Brillouin zone of the
WZ phase in the thermal property calculations. The combined
experimental and theoretical studies suggest that WZ InAs
possesses volumetric heat capacity, weighted average phonon
group velocity, average phonon-phonon scattering rate, and
anharmonic scattering-limited thermal conductivity similar
to those of the ZB phase. The comparable average phonon-
phonon scattering rates may be attributed to the cancelation be-
tween additional acoustic-optical scattering processes and re-
duced coherence in the Fourier transform of different bonds in
the WZ unit cell of an increased size compared to the ZB phase.
The different thermal conductivity values observed in the InAs
NWs of different phases are mainly caused by the different
diameter and diffuse surface scattering mean free paths of the
NWs. These findings provide insights that are useful for further
studies of thermal transport in complex III-V NW structures
with mixed ZB and WZ phases as well as sawtooth facets,®’
which are designed to further reduce the lattice thermal
conductivity.%
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