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Abstract

Many binary octet compounds including CdSe can be grown in either wurtzite (WZ)
or zinc blende (ZB) phase, which has aroused great interest among research
community to understand the phase dependence of thermal transport properties of
these compounds.  So far, it is still debatable whether the ZB phase possesses higher
thermal conductivity than the WZ phase. In this work, we report on thermal
conductivity measurements of CdSe nanowires/nanoribbons with both WZ and ZB

phases via a suspended device method. At room temperature, thermal conductivity
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of all the ZB CdSe nanostructures measured in this work is higher than the bulk
thermal conductivity of the WZ CdSe reported in the literature, suggesting that the
bulk thermal conductivity of the ZB CdSe is higher than that of the WZ phase. Our
result is different from previous experimental results in the literature for InAs
nanowires which suggest similar thermal conductivity values for the bulk ZB and WZ
InAs crystals. The higher thermal conductivity of the ZB CdSe can be explained by
its lower anharmonicity and smaller number of atoms per unit cell compared to the

WZ phase.
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1. Introduction

Many binary compounds, such as AIN, InAs, GaAs, CdSe, SiC, etc., can be grown in
two crystal phases, i.e., the WZ phase and the ZB phase, depending on the growth
conditions.! This class of compounds has aroused great research interest to study the
phase dependence of thermal transport properties. Zhou et al. measured thermal
conductivity of the WZ and ZB InAs nanowires and their combined experimental and
theoretical studies indicate that WZ and ZB phases of the bulk InAs possess similar
thermal conductivity values.”> Recently, it is predicted that thermal conductivity of
the bulk ZB BeO could be 30% higher than that of the WZ phase at room
temperature.” However, a recent work based on the linearized phonon Boltzmann
equation from the first principle calculations (LBTE) claimed that the structural
difference between ZB and WZ phases has little effect on lattice thermal conductivity
of 33 compounds including both InAs and BeO.* 1t is also noticed that theoretical
calculations in the literature gave conflicting results on the phase dependence of
thermal conductivity for AIN. For example, AlShaikhi and Srivastava predicted that
thermal conductivity of the ZB AIN is about 2.7 times that of the WZ phase at room
temperature.”  However, recent theoretical studies show no obvious phase
dependence for thermal conductivity of AIN.>**  Therefore, it is important to perform
experimental studies to clarify the contradiction among theoretical calculations in the

literature.

Unfortunately, for this class of compounds, bulk single crystalline samples usually
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only exist in one phase, either ZB or WZ phase, due to the difficulty in synthesis.
For example, bulk InAs crystals typically exhibit a ZB phase,2 and CdSe has a
preference to crystalize in the WZ phase when grown in bulk form.® However,
recently, nanostructures of both phases have been successful synthesized for some of
these compounds, which gives us an alternative opportunity to study the phase

dependence of thermal conductivity using nanostructures.

In this work, we report on thermal conductivity measurements of single crystalline
CdSe nanowires/nanoribbons with both ZB and WZ phases. CdSe is an important
II-VI semiconductor and has attracted enormous attention due to its potential

10, 11

applications in transistors,” light emitting devices,® solar cells, and lasers,'? etc.

Although many studies have been carried out on optoelectronic properties of CdSe,*
118 its thermal property is barely studied so far.'”?* The bulk CdSe crystal is
typically in the WZ phase. Thermal conductivity of the bulk WZ CdSe is reported to
be 9 W/m-K at room temperature.”" **  Although the growth of the ZB CdSe
epilayers has been demonstrated by molecular beam epitaxy,”  thermal conductivity
of the ZB CdSe has not been reported yet. Morelli and Slack theoretically calculated
thermal conductivity of the bulk ZB CdSe to be 23 W/m-K at room temperature,
which is about two times that of the WZ phase.® Togo et al. predicted a lattice
thermal conductivity of 12.4 W/m-K for the bulk ZB CdSe and a value of 8.81

W/m-K for the bulk WZ CdSe at 300 K by using a LBTE model.* Consistent with

theoretical predictions,4’ 5 our experimental results suggest that the bulk thermal
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conductivity of the ZB CdSe is higher than that of the WZ CdSe reported in the
literature at room temperature. Recently, a few researchers have reported thermal
conductivity of nanostructured CdSe films. Feser et al. observed ultralow thermal
conductivity in the range of 0.2 W/m-K to 0.43 W/m-K at 300 K for polycrystalline
CdSe thin films depending on grain sizes.!  Ong et al. found thermal conductivity of
CdSe nanocrystal arrays to be less than 0.3 W/m-K at 300 K.** Ma et al. reported a
thermal conductivity of 0.53 W/m-K for CdSe nanocomposites synthesized by
solution-based processes.”” The reported ultralow thermal conductivity in these
works is mainly due to the existence of a large amount of grain boundaries or

hard/soft interfaces in the nanostructured CdSe films.

2. Experimental

CdSe nanowires/nanoribbons with either ZB or WZ phase were synthesized in a
Lindberg three-zone horizontal tube furnace via a vapor-liquid-solid (VLS) growth
mechanism. CdSe powder (99.999%) was placed in the hot center of the tube
furnace. Silicon wafers coated with 20 nm-in-diameter gold nanoparticles as
catalysts were used as growth substrates, and were placed at the cold zone of the
furnace which is 12 cm away from the center. The tube was initially pumped down
to a base pressure of about 107 mbar. With the flow of 50 sccm argon gas, the hot
center of the furnace was heated to 800 °C (for the ZB phase) or 850 °C (for the WZ
phase) and then held at this temperature for about 45 mins with a pressure of 250-300

mbar (for the ZB phase) or 150-180 mbar (for the WZ phase).  After that, the furnace
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was naturally cooled down. A layer of CdSe nanowires/nanoribbons with either ZB
or WZ phase was formed on the substrate. Figure 1 shows the high-resolution
transmission electron microscopy (HRTEM) images and the corresponding Fourier
transform diffraction patterns of a ZB CdSe nanowire (sample ZB1) and a WZ CdSe
nanoribbon (sample WZ1) measured in this work. The growth direction is <110> for

sample ZB1 and [001] for sample WZ1.

Thermal conductivity measurements were performed in a high-vacuum cryostat

system with suspended microdevices that have been used to study thermophysical

26-28 29-31

properties of various nanotubes, nanoribbons, and nanowires.”> **  The
device consists of two adjacent suspended SiNy, membranes serving as a heat source
and a heat sink, respectively. An individual CdSe nanowire can be picked up from
the growth substrate by using a manipulator under an optical microscopy and aligned
to bridge heat source and heat sink on a measurement device. In the vacuum
chamber, two radiation shields were installed to reduce the radiation loss from the
device to surroundings during the measurement so that it can be assumed that the
temperature of each membrane is the same as the substrate temperature when the
heating current is zero.”* The temperature of the sample holder was calibrated using
a silicon diode temperature sensor (Janis 670-HTCAL). The sensitivity of the sensor
is £0.1 K. A differential method with a bare reference device was used to cancel out
the effect of the radiative heat transfer from the heat source to the heat sink on the

35, 36

measured thermal conductance of the sample. The details of the measurement
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technique can be found elsewhere in the literature.”” >3

3. Results and Discussion

3.1 ZB CdSe Nanostructures

Intrinsic thermal conductivity of three ZB CdSe nanowires was measured in this work
by following a multiple-measurement approach in the literature.>" >’ Table I
summarizes the phase, lateral dimension(s), and growth direction for all the samples
measured in this work. Figure 2(a)-(c) show the scanning electron microscopy
(SEM) images of sample ZB1 measured with different suspended lengths. The
diameter of sample ZB1 is 52 nm as listed in Table I.  The sample was first measured
with a suspended length (L) of 8.7 um (Fig. 2(a)), then it was realigned and measured
again with Ly = 3.7 um (Fig. 2(b)). From these two measurements, the intrinsic
thermal conductivity of sample ZB1 can be extracted assuming that contact thermal
resistances between the nanowire and two membranes (Rcvm) are same for these two
measurements.”’ Figure 3(a) shows the calculated intrinsic thermal conductivity and
effective thermal conductivity values obtained from two measurements, which include
the contribution of Rcy.  As expected, with the increase of the suspended length, the
contribution of Rcym to the total thermal resistance decreases, and the obtained
effective thermal conductivity increases. At 300 K, the effective thermal
conductivity values obtained from L; = 8.7 um and 3.7 pm are 10.6 W/m-K and 9.3
W/m-K, respectively. The intrinsic thermal conductivity obtained from two
measurements is 11.9 W/m-K, which is ~11% higher than the effective thermal

conductivity obtained with Ly = 8.7 pm. It should be noted that the nanowire shown
7
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in Fig. 2(b) is bent instead of straight as the one shown in Fig. 2(a). The bending
length of the nanowire in Fig. 2(b) has been considered in the length calculation,
which is directly measured from the SEM image by dividing the curved wire into
many segments. We did not experimentally study the effect of bending on thermal
conductivity of CdSe nanowires. It has been reported that bending has no obvious
effect on thermal conductivity of carbon nanotubes and boron nitride nanotubes under

¥ On the other hand, Liangruksa and Puri®’

severe structural deformation.’
theoretically predicted that surface stress could decrease the lattice thermal
conductivity of a silicon nanowire. In this work, we neglected the effect of bending

on thermal conductivity of sample ZB1 and assumed that intrinsic thermal

conductivity is the same for two measurements in Fig. 2(a) and Fig. 2(b).

Assuming that Rcy is the same in two measurements with different suspended lengths,
we can also extract Rcy, which is given in Fig. 3>(b).37 At 300 K, Rcyv 1s determined
to be 4.0x10” K/W, and the contact thermal resistance per unit length is estimated to
be 10 m-K/W using the fin model.>”*  For the measurement with L = 8.7 um, the
ratio of Reym to the measured total thermal resistance is maximum (~14.3%) at 100 K,
and decreases to ~10.3% at 300 K. Due to the low ratio of Rcy to the total thermal
resistance, the uncertainty in Rcy is estimated to be >35% in the whole measurement
temperature range, and >50% above 300 K. Based on the fin model,* the required
contact length between the nanowire and membranes for the nanowire to be fully

thermalized can be calculated by L, = Rem/RnwiL, where Ryw is the intrinsic thermal
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resistance of the CdSe nanowire per unit length. When the actual contact length is
larger than L., Rcm will not depend on the contact length anymore. For sample ZB1,
L. is calculated to be 1.45 pm at 100 K and 1.0 pm at 300 K, which is less than the
actual contact length as shown in Fig. 2(a) and 2(b), and therefore it is rational to

assume that Rcy is the same in two measurements with different suspended lengths.

In a former study, we have shown that the deposition of a Pt-C composite at the
contacts between the measured sample and two membranes can reduce the contact
thermal resistance through increasing the contact area between the sample and the
heat source/sink.”! We also tried to deposit a Pt-C composite via
electron-beam-induced deposition (EBID) at the contacts between the nanowire and
two membranes after the second round measurement with L = 3.7 um, as shown in
Fig. 2(c). The obtained effective thermal conductivity as given in Fig. 3(a) increases
significantly after the deposition of the Pt-C composite. The contact thermal
resistance after the Pt-C deposition can be evaluated from the measured total thermal
resistance of sample ZB1 with the Pt-C deposition and its intrinsic thermal
conductivity, which is determined to be 1.3x10” K/W at 300 K and is only one third
of the value obtained before the deposition. With the Pt-C deposition, in order to
reduce the ratio of the contact thermal resistance to intrinsic thermal resistance of
sample ZB1 to be <5% in the whole temperature range, Ls should be larger than 15
pum and it is expected to increase as the nanowire diameter increases. However, the

largest gap between two membranes of our devices is only 6 pm, it is very difficult to
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prepare samples with L; >15 pm. Therefore, we choose to use
multiple-measurement method below to measure the intrinsic thermal conductivity of

other ZB nanowires (ZB2 and ZB3).

Intrinsic thermal conductivity of three ZB CdSe nanowires (ZB1, ZB2, and ZB3) is
shown in Fig. 4(a) and the values at 300 K are also listed in Table I. The diameters
of ZB2 and ZB3 are 41 nm and 88 nm, respectively. As shown in Fig. 4(a), thermal
conductivity of CdSe nanowires decreases as the diameter is reduced presumably due
to the enhanced phonon-boundary scattering. As seen in Table I, thermal
conductivity values at 300 K are 10.6 W/m-K, 11.9 W/m-K, and 14.1 W/m-K for
nanowires with a diameter of 41 nm, 52 nm, and 88 nm, respectively. The bulk
thermal conductivity of CdSe with the WZ phase is reported to be 9 W/m-K at room

21,22
temperature,”

which is lower than thermal conductivity values we obtained on all
three ZB nanowires. This may be due to the structural difference in WZ and ZB

phases.

Thermal conductivity measurement of the bulk CdSe with the ZB phase has not been
reported so far. In order to estimate the bulk thermal conductivity of the ZB CdSe,
we measured a CdSe nanoribbon with a relatively large cross section (sample ZB4),
which is taken from the same growth substrate as other measured ZB nanowires.
The width and thickness of sample ZB4 are 485 nm and 195 nm, respectively. The
effective thermal conductivity of sample ZB4 measured with L; = 9.4 um is given in

10
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Fig. 4(a). Since the thermal conductance of sample ZB4 is large due to its large
cross section, during the measurement, the temperature difference between heat
source and heat sink is small (less than 0.4 K in the whole measurement temperature
range). Thus, compared with other thin ZB nanowires measured in this work, the
same level of temperature fluctuation of heat source and heat sink can lead to a
relatively large scatter in the measured effective thermal conductivity of sample ZB4.
The scatter of effective thermal conductivity will increase as the suspended length
decreases. Therefore, we did not attempt to shorten the suspended length to
determine the intrinsic thermal conductivity of sample ZB4. Instead, we tried to
estimate the contact thermal resistance between sample ZB4 and two membranes
based on the Rcy value obtained on sample ZB1. As mentioned above, the contact
thermal resistance per unit length is estimated as 10.0 m-K/W at 300 K for sample

37, 40
1.

ZB1 by using the fin heat transfer mode The contact width between sample

ZB1 and the membrane is calculated to be 1.38 nm by using a model for estimating
the contact length of a cylinder in contact with a planar substrate in the literature.*"*
Assuming that the contact thermal resistance per unit area between the CdSe
nanostructure and the membrane is a constant, the contact thermal resistance per unit
length between sample ZB4 and the membrane can be evaluated to be 0.028 m-K/W

37,40

at 300 K. Using the fin model again, contact thermal resistance between sample
7ZB4 and the membrane is estimated to be 2.5x10° K/W at 300 K, which is ~20 times
smaller than the measured thermal resistance of sample ZB4. In the temperature

range of 60 K to 360 K, the contribution of contact thermal resistance to the total

11
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thermal resistance is less than 8% for sample ZB4.

As shown in Fig. 4(a), thermal conductivity of sample ZB4 only shows a slight
decreasing trend above 150 K, which suggests that boundary scattering still plays a
significant role even for a ZB nanoribbon with a width of 485 nm and a thickness of
195 nm. Considering that thermal conductivity of sample ZB4 at 300 K (18.8
W/m-K) is only slightly lower than the thermal conductivity of the bulk ZB CdSe
predicted by Morelli and Slack (23 W/m-K)° and boundary scattering is still
significant for this sample, we speculate that the bulk thermal conductivity of the ZB
CdSe might be even higher than 23 W/m-K at 300 K.  On the other hand, it has been
reported that thermal conductivity of nanowires may depend on the growth direction.”
* In this work, the growth direction of samples ZB1-ZB3 is <110>, while it is <100>
for sample ZB4. Thermal conductivity of all measured ZB nanowires/nanoribbons
with growth direction of either <110> or <100> is higher than that of the bulk WZ CdSe,
clearly indicating that thermal conductivity of the bulk ZB CdSe crystal is higher than

the bulk thermal conductivity of the WZ CdSe reported in the literature at room

temperature.

The relative uncertainty of thermal conductance was evaluated using the Monte Carlo
method,* which is ~5% for sample ZB4, and less than 2% for other ZB samples.
The diameter of samples ZB1, ZB2, and ZB3 and the width of sample ZB4 were

measured from the TEM images, and the error was estimated as 2 nm considering the

12
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variation along the length direction. The thickness of sample ZB4 was measured
using an atomic force microscopy (AFM), and the error was estimated conservatively
as 5 nm. The suspended lengths of all the samples were measured from SEM
images, and the error was estimated as 0.25 pm. Above 100 K, the uncertainty in
thermal conductivity was evaluated to be 1.0 — 2.0 W/m-K for all the ZB samples by

following the standard approach of the uncertainty propagation.®”**-#*

3.2 WZ CdSe Nanoribbons

To study the phase dependence of thermal conductivity of the ZB and WZ CdSe, we
also measured two WZ CdSe nanoribbons (WZ1 and WZ2), and thermal conductivity
results are given in Fig. 4(b). Sample WZI1 has a width of 352 nm and a thickness of
172 nm, and sample WZ2 is 330 nm in width and 174 nm in thickness. As seen in
Fig. 4(b), effective thermal conductivity of sample WZ1 and that of sample WZ2
overlapped with each other due to their similar dimensions. The uncertainty in
effective thermal conductivity of samples WZ1 and WZ2 is estimated to be less than
0.5 W/m-K for temperatures above 100 K. Following the same procedure
mentioned above and assuming that the contact thermal resistance per unit area
between the WZ nanoribbon and the membrane is the same as that between the ZB
nanowire and the membrane, contact thermal resistances are estimated to be 3.4x10°
K/W for sample WZ1 and 3.7x10° K/W for sample WZ2, which are less than 1% of
the measured thermal resistances of samples WZ1 and WZ2. The relatively small

contact thermal resistance is also verified by thermal conductivity results of sample

13



Nanoscale

WZ1 before and after the deposition of the Pt-C composite (Fig. 2(d) and 2(e)). As
shown in Fig. 4(b), the measured effective thermal conductivity of sample WZ1
before and after the deposition of the Pt-C composite is almost the same, indicating

negligible contact thermal resistance between sample WZ1 and membranes.

At 300 K, thermal conductivity of samples WZ1 and WZ2 is almost the same, around
3.6 W/m-K, which is much lower than the bulk thermal conductivity of the WZ CdSe,
9 W/m-K.2""**  As shown in Fig. 4(b), above 80 K, thermal conductivity of two WZ
nanoribbons (WZ1 and WZ2) decreases substantially with the increase of temperature,
which indicates that Umklapp scattering dominates thermal transport in this
temperature range. A peak thermal conductivity is observed for WZ nanoribbons at
~80 K, which is higher than the temperature for the peak thermal conductivity of the
bulk WZ CdSe (~20 K)," suggesting that boundary scattering still plays an important
role in reducing thermal conductivity of samples WZ1 and WZ2. Therefore, the
observed lower than bulk thermal conductivity of WZ nanoribbons might be partially

due to boundary scattering.

3.3 Phase Dependence

Our experimental results show that thermal conductivity of the measured ZB CdSe
nanowires/nanoribbons (ZB1-ZB4) is higher than that of the WZ CdSe nanoribbons
(WZ1 and WZ2) at room temperature. It should be noticed that the effect of crystal

phases on thermal conductivity of nanostructures could change and even reverse with

14
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the decrease of the nanostructure size. It has been reported that thermal conductivity
of the ZB GaAs nanowire is smaller than that of the WZ InAs nanowire of similar
diameter even though the bulk thermal conductivity of GaAs is larger than that of
InAs.* However, as seen from Table I and Fig. 4, even for a ZB CdSe nanowire
with a diameter as small as 41 nm, the measured thermal conductivity at room
temperature, which should be much lower than the bulk thermal conductivity of the
ZB CdSe, is higher than the bulk thermal conductivity of the WZ CdSe reported in the
literature, suggesting that the bulk ZB CdSe possesses a higher thermal conductivity

than the WZ phase at room temperature.

The relatively higher thermal conductivity of the ZB phase can be qualitatively
explained using the simple model proposed by Slack.® At temperatures not too far
from the Debye temperature of a solid, thermal conductivity can be estimated by the

Slack’s equation

M G5
k=t (1)
and A4 is defined as
-8
243x10 )

T1-0514/y+0228/7
where y is the Griineisen constant which is a measure of the deviation of a crystal
from harmonicity, M, is the average atomic mass (95.68 amu for CdSe), &p is the
Debye temperature, & 3 is the volume per atom, T is the temperature, and » is the
number of atoms per unit cell. It can be seen from Egs. (1) and (2) that a solid with

15
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a high 6p, a small y, and a small » will possess a high thermal conductivity. For the
ZB CdSe, y= 0.6, 8p =164 K, §=3.06 A, and n = 2 when thermal conductivity is 23
W/m-K at 300 K,° and y could be even lower if thermal conductivity of the bulk ZB
CdSe is higher than 23 W/m-K. For the WZ CdSe, 5= 3.04 A which is very close to
that of the ZB CdSe due to the similar density, 8p = 181 K, and n = 4%  From the
reported bulk thermal conductivity of the WZ CdSe at 300 K (9 W/m-K),*""* we can
estimate y= 0.93 for the WZ CdSe by using Eqgs. (1) and (2). Compared to the WZ
phase, the ZB phase CdSe has smaller y and » due to its simple cubic structure and

thus could possess higher thermal conductivity.

Our result is different from previous experimental results for InAs nanowires in the
literature which suggest identical thermal conductivity for the bulk ZB and WZ InAs
crystals.> It is still unclear why different compounds exhibit different phase
dependence for their thermal transport properties. Zhou et al. hypothesized that the
phase dependence of thermal conductivity might be related to the difference between
the c/a ratio of the WZ phase and the ideal value of \/8/_3 (=1.633).> In fact, the c/a
ratios of the WZ InAs and the WZ CdSe are 1.6436 and 1.630, respectively,“’ " both
of which are very close to the ideal ratio of 1.633. However, different phase
dependence has been observed for thermal conductivity of these two compounds,
indicating that some other parameters may play a significant role in determining the
phase dependence of thermal conductivity. Recently, Togo et al. calculated lattice

thermal conductivity of 33 compounds with both ZB and WZ phases including InAs

16
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and CdSe by using the LBTE model.* Their LBTE model predicted a lattice thermal
conductivity of 25.3 W/m-K for the bulk ZB InAs and 18.6 W/m-K for the bulk
thermal conductivity of the WZ InAs at 300 K. For CdSe, they predicted a thermal
conductivity of 12.4 W/m-K for the ZB phase and a value of 8.81 W/m-K for the WZ
phase at 300 K. Although higher thermal conductivity values are predicted for the
7B phase of both InAs and CdSe, Togo et al. regarded thermal conductivity values of
ZB and WZ phases as similar and did not discuss the underlying mechanism causing
the difference between thermal conductivity values of these two phases. In addition,
in this work, we measured a thermal conductivity of 18.8 W/m-K at 300 K for a ZB
nanoribbon (ZB4), which is higher than the bulk thermal conductivity of the ZB CdSe
predicted by Togo et al. (12.4 W/m-K). As mentioned above, we expect that thermal
conductivity of the bulk ZB CdSe could be even higher than 23 W/m-K at room
temperature. The discrepancy between our experimental results and the prediction

of the LBTE model is currently not understood yet and worth further studies.

4. Conclusions

In summary, we have measured thermal conductivity of CdSe nanostructures with
both ZB and WZ phases. At room temperature, the measured thermal conductivity
of the ZB CdSe nanowires with a diameter as small as 41 nm is higher than the bulk
thermal conductivity of the WZ CdSe reported in the literature. Our study suggests
that the bulk thermal conductivity of the ZB CdSe is higher than the WZ phase. The

relatively higher thermal conductivity of the ZB phase can be explained by using the

17



Nanoscale

Slack model considering that the ZB CdSe has smaller ¥ and # due to its simple cubic
structure. Our result is different from experimental results for InAs nanowires in the

literature which suggest similar thermal conductivity for both ZB and WZ phases.
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Figure Captions

Figure 1 HRTEM images of CdSe nanostructures measured in this work. (a) A CdSe
nanowire with the ZB phase (sample ZB1). The HRTEM image and the electron
diffraction pattern in the inset confirm that the ZB nanowire grows along <110>
direction. (b) A WZ CdSe nanoribbon (sample WZ1). The growth direction is

[001].

Figure 2 SEM images of CdSe samples. (a), (b), and (c) show sample ZB1 which was
measured three times with suspended lengths of 8.7 um, 3.7 pum, and 3.7 pm (with the
Pt-C composite), respectively. (d) and (e) show sample WZ1 which was measured

before and after the deposition of the Pt-C composite, respectively.

Figure 3 (a) Effective thermal conductivity and intrinsic thermal conductivity
obtained for sample ZB1. (b) Contact thermal resistance between sample ZB1 and

two membranes.

Figure 4 Thermal conductivity of CdSe nanostructures. (a) ZB phase
nanowires/nanoribbons. The diameters of sample ZB1, ZB2, and ZB3 are 52 nm, 41
nm, and 88 nm, respectively. Sample ZB4 is a nanoribbon with a width of 485 nm
and a thickness of 195 nm; (b) WZ phase nanoribbons. Sample WZ1 has a width

of 352 nm and a thickness of 172 nm, and sample WZ2 is 330 nm wide and 174 nm
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thick. The bulk thermal conductivity of the WZ CdSe is taken from the literature,'’

and the orientation is [0001].
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Figure 1, Yang et al.
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Figure 2, Yang et al.
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Figure 3, Yang et al.
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Table I. Summary of the measured CdSe nanostructures. £ is the measured thermal
conductivity at 300 K. Samples ZB1-ZB3 are nanowires (NW) and the lateral
dimension in the table refers to the diameter. Samples ZB4, WZI1, and WZ2 are

nanoribbons (NR) and the two lateral dimensions refer to the width and thickness of
the nanoribbon.

Label Phase Lateral Dimension(s)  Growth Direction k
(W/m-K)

ZB1 Zinc blende 52 nm (NW) <110> 11.9

ZB2  Zinc blende 41 nm (NW) <110> 10.6

7ZB3 Zinc blende 88 nm (NW) <110> 14.1

7B4 Zinc blende 485 nmx195 nm <100> 18.8
(NR)

WZ1 Wurtzite 352 nm*172 nm [001] 3.6
(NR)

Wz2 Waurtzite 330 nmx174 nm [001] 3.6
(NR)
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