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ABSTRACT: Thermal properties have an outsized impact on
e ciency and sensitivity of devices with nanoscale structures, such
as in integrated electronic circuits. A number of thermal
conductivity measurements for semiconductor nanostructures
exist, but are hindered by the di raction limit of light, the need
for transducer layers, the slow scan rate of probes, ultrathin sample
requirements, or extensive fabrication. Here, we overcome these
limitations by extracting nanoscale temperature maps from
measurements of bandgap cathodoluminescence in GaN nanowires
of <300 nm diameter with spatial resolution limited by the electron
cascade. We use this thermometry method in three ways to
determine the thermal conductivities of the nanowires in the range
of 19 68 W/m K, well below that of bulk GaN. The electron beam
acts simultaneously as a temperature probe and as a controlled delta-function-like heat source to measure thermal
conductivities using steady-state methods, and we introduce a frequency-domain method using pulsed electron beam
excitation. The di erent thermal conductivity measurements we explore agree within error in uniformly doped wires. We show
feasible methods for rapid, in situ, high-resolution thermal property measurements of integrated circuits and semiconductor
nanodevices and enable electron-beam-based nanoscale phonon transport studies.

KEYWORDS: cathodoluminescence thermometry, nanothermometry, thermal transport, thermal conductivity, gallium nitride nanowire,
semiconductor nanowire, cathodoluminescence
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ighly concentrated energy densities and fewer

thermal conduction pathways through which waste

heat dissipates can lead to substantially elevated
temperatures and thereby reduced performance in nano-
devices. Temperature control is crucial in many systems:
nanowire single-photon detectors must be cryogenically cooled
to enter the superconducting regime and eliminate thermal
noise;' nanowire lasers see a shift in lasing threshold and
wavelength with temperature rises;” thermoelectric nanostruc-
tures rely on low thermal conductivity to generate large
temperature gradients to increase e ciency of power
generation or detection;® and a microchip can have
signi cantly varying gain and noise characteristics across its
range of operating temperatures. Additionally, as integrated
circuits shrink in size, the on-chip power density has increased
by an order of magnitude over a decade, creating challenges in
how to handle heat dissipation in nanoscale transistors.*
Therefore, careful design of thermal management in
nanostructure devices is critical to provide stable output and
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performance, as these technologies increasingly move to
smaller scales. Past research has studied engineering thermal
conductivity by measuring or tailoring phonon mean free path
spectra.’ ** However, measuring both temperature and
thermal conductivity of nanostructures is notoriously di cult.

A number of noninvasive methods have been devised to
measure temperature and thermal conductivity on the
nanoscale.'* *’ The highest spatial resolution thermometry
methods include near- eld scanning optical microscopy,*®*°
scanning thermal microscopy,”®** and transmission electron
microscopy.?’ ?* These methods can have a spatial resolution
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Figure 1. Nanoscale thermometry CL measurement technique and monitored signals. (a) Schematic of cathodoluminescence (CL)
measurements on a semiconductor nanowire. An electron beam heats/excites the semiconductor nanowire, and incoherent CL is collected
by the high-numerical-aperture parabolic mirror and directed into a spectrometer. (b) SEM image (210 nA 5 keV electron beam) of a GaN
nanowire taken simultaneously with CL data. (Inset) Zoomed-in region of a GaN wire. (c) CL counts integrated between the wavelengths of
360 420 nm. (d, e) Peak CL wavelength extracted by tting the spectra corresponding to each pixel with a Lorentzian for experiments
performed with an electron beam current of 210 nA (d) or 1.6 nA (e). Gray regions were pixels with peaks of less than 10 counts. (f)
Temperature map measured when the electron beam (210 nA) is focused at each pixel, obtained by tting the data in (d) to eq 1. (g) CL
spectra. Each spectrum is obtained at the position of the corresponding color dot in both (b) and (c). The amount of spatial overlap of the
electron beam and the nanowire dictates the energy absorbed in the nanowire from the electron beam, resulting when the beam is centered
on the nanowire, in a maximum temperature rise and corresponding red-shift of the CL emission according to eq 1. The gray curve
corresponds to CL taken from a 1.6 nA electron beam at the location of the red dot (using a 50x longer exposure time), and the other curves

were taken with a 210 nA electron beam. Scale bars are 500 nm.

well below 100 nm but have generally slow data collection or
cumbersome probes or require very thin samples. Common
thermal conductivity measurement methods include the 3
method,*>?° the suspended microchip method,?” ?° and time-
domain thermore ectance®®**3° 33 and its variants.** These
methods lack the spatial resolution of the high-resolution
thermometry methods listed above and require invasive or
extensive fabrication or a transducer layer, all of which hinders
the abilitg to measure smaller domains or thermal boundary
e ects.®*

Here we demonstrate a rapid, high-resolution solution for
measuring temperature and the thermal conductivity of
nanostructures using cathodoluminescence (CL) spectroscopy.
CL is radiation emitted when a high-energy electron beam
(e.g., in a scanning electron microscope (SEM) or transmission
electron microscope) interacts with a material. In semi-
conductors, CL derives primarily from bandgap emission
generated when high-energy electrons lose energy to bulk
plasmons through inelastic collisions, which then excite hot
electron hole pairs, which can thermalize and/or generate
electron hole pairs that subsequently recombine by the
emission of CL.* *® CL spectroscopy has been used in
mineralogy,®” semiconductor characterization,*®**° and the
study of plasmonic and photonic modes in metallic or
dielectric nanostructures with nanometer resolution.**** As
we will show, at low beam currents, CL thermometry provides
high-resolution noninvasive temperature measurements. At
high beam currents, the beam acts like a nearly delta function
heat source while simultaneously probing the temperature. CL
has seldom been used for thermometry,**** and it has not, to
our knowledge, been used for nanoscale thermal imaging or to
study thermal conductivity. In our method of CL thermom-
etry, the spatial resolution is limited primarily by the electron
beam cascade size in the material, which can be in the range of

about 1 200 nm depending on the electron energy, and also
by the electron probe size and the minority carrier di usion
length.** We apply this technique to study the thermal
conductivity of GaN nanowires, which are of increased interest
due to their promise for optoelectronic applications*>®
including nanowire lasers.*’ *°

First, with the spatial resolution of an SEM cascade, we use
the thermal bandgap shift in semiconductors to map out the
temperature pro le from an electron-beam-induced heat
source in a nondestructive manner, measuring electron-beam-
induced temperature rises of over 500 K. Next, we use this
thermometry technique to extract the thermal conductivity of
GaN nanowires with three di erent methods: two methods
using a DC electron beam current, and one method using a
technique involving an ultrafast electron beam blanker to
provide an AC heating/thermometry source. The data
obtained using the three methods is comparable in nding
that the GaN nanowires exhibit a thermal conductivity lower
than that of bulk GaN. With higher szpatial resolution than
state-of-the-art laser-based techniques®* combined with fast
scan speeds, variable probing/heating depth, and no near- eld
probe or thin sample requirement, our work enables nanoscale
phononic and thermal transport studies in semiconductors,
including in situ measurements of silicon-integrated circuits.

RESULTS AND DISCUSSION

Temperature Measurements. The concept of CL is
shown in Figure 1a, and the CL setup used is described further
in previous work.>® Brie y, a parabolic mirror inside of the
SEM chamber with a numerical aperture of 1.46 sr is aligned
over the sample so that the focal point of the mirror
corresponds to the electron beam focus on the sample, and
light is then collected and directed to a spectrometer. An SEM
image of one of the GaN nanowires used is shown in Figure
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1b. The 200 300 nm diameter GaN nanowires were made by
a top-down approach based on sublimation under vacuum (see
Methods) and exhibit lasing properties*® under optical
pumping. We observe that the nanowires continue lasing
while simultaneously undergoing high current electron beam
irradiation indicating negligible degradation of the wires during
CL measurements (see Figure S1 for more details). The
nanowire was broken o the substrate on which it was grown
and placed on the frame of a copper TEM grid covered with a
2 nm thickness of lacey carbon Im, which thermally isolates
the wire relatively well. Figure 1c shows a CL intensity map of
the wire for emission between 360 and 420 nm, and the
corresponding SEM image (collected during CL imaging) is
shown in Figure 1b taken at a beam current of 210 nA and
electron energy of 5 keV. At each pixel in the CL map, the
electron beam is focused at this point, and light is collected and
the spectrum analyzed. Figure 1g illustrates a red-shift in the
peak bandgap emission of the CL spectrum as the electron
beam becomes more centered on the wire, which we will
explain shortly, and the color of the spectra in Figure 1g
corresponds to the location of the colored dots on Figure 1b,c
(the gray curve is CL from a lower current 1.6 nA beam at the
location of the red dot). The small, non-red-shifted CL peak
observed for the beam placed next to the wire results from
either backscattered or secondary electrons from the substrate,
which excite CL from the wire and deposit little power inside,
or stray electrons from an enlarged electron beam. The most
intense and most red-shifted CL is observed for a high-current
electron beam centered on the wire. Using CASINO®! Monte
Carlo simulations, we determine that approximately 71% of the
energy of the electrons is converted to heat in the wire. The
remainder of the electron beam energy is mostly lost to
backscattered and secondary electrons (Figure S2), with a
negligible amount of energy lost to bandgasp emission (Figure
$3) and X-rays. Electron beam heating® °° calculations based
on CASINO Monte Carlo simulations have previously been
veri ed experimentally.>>>* With a 210 nA electron beam, this
corresponds to 746 W of power being deposited in the wire
in a nearly delta-function-shaped power distribution (see
Figure S2).

Our thermometry is carried out by tracking the shift in the
peak bandgap emission energy as a function of temperature,
due to thermal expansion of the lattice and changes in
electron phonon interactions with temperature.*®>” As shown
in Figure S4, we calibrate the wavelength shift with
temperature in our GaN nanowires by measuring the bandgap
shift as a function of temperature between 90 and 300 K using
a 548 pA beam current in a liquid-nitrogen-cooled cryogenic
stage on our microscope. At a beam current this low the
heating induced by the electron is negligible. While GaN
shows a bandgap shift at room temperature and higher, many
of our measurements were carried out below room temper-
ature within the range of our calibration curve to ensure our
measurements were accurate (we did not have a heating stage
available for calibration); in some cases we extrapolate this
curve to higher temperatures, following the Varshni phenome-
logical formula,”’

T2
+T ©)

E(T = E0) S

where E, is the bandgap as a function of temperature, T, E;(0)
is the bandgap energy at 0 K (a t parameter), and and are

constants.>” The bandgap shift could alternatively be t to an
expression from O’Donnell and Chen.>® While we focus on CL
thermal measurements in GaN in this paper, a bandgap shift
(red or blue) with increasing temg)erature can be seen in many
other semiconductor materials;*>>" CL spectra for intrinsic
GaAs and p-doped Si wafers at di erent temperatures are
shown in Figure S4 to demonstrate that the CL thermometry
and the thermal conductivity measurement techniques
presented here are not limited to use with GaN. Photo-
luminescence bandgap shifts in GaN nanowires have
previously been used to measure temperature in a similar
manner, but su er from the poor resolution of the laser used as
a heater/probe.”®

From our t (Figure S4), we determined E,(0) = 3.471 eV
(in GaN this corresponds to a donor-bound excitonic
transition at low temperature, not the bandgap®), = 2609
K,and =225 x 10 ® eV/K, which is similar to previous
studies of GaN epilayers on sapphire substrates® with
di erences likely caused by di erent growth mechanism and
the nanoscale geometries, and the fact that we t a single
Lorentzian to the entire near-band-edge PL spectrum to
determine our e ective bandgap instead of tracking shifts of
individual exciton transitions the PL spectrum is composed of.
The root-mean-square error in temperature of our data around
the line of best tis 6.0 K, which was measured in a region of
fairly uniform doping. The thermal stage used had a
temperature accuracy of +1 K, and additional error likely
comes from small doping variations within the region
measured. Larger errors in temperature will arise in regions
of dissimilar doping, which can be corrected for and will be
discussed later. We t the data in Figure 1d with eq 1 to create
a temperature map (Figure 1f) of the GaN nanowire resulting
from electron beam heating at each pixel.

In order to reduce uncertainty in the thermal contact area
between the wires and the substrate, nanowires were scattered
over a copper TEM grid (Ted Pella G2000HA) with 6.5 m
diameter holes. Wires that straddled holes were heat sunk to
the copper via electron beam assisted Pt deposition to x the
temperature at the ends of the wires during heating and reduce
interfacial thermal resistance between the wires and the Cu
TEM grid.® An SEM image of a wire in this con_guration is
shown in Figure 2a. Following previous work,?’ 29°% 35286061
we treat the nanowires as 1D systems and ignore thermal
radiation and losses from CL (see Figure S3) in our analytical
calculations. Finite element®® simulations support this
approximation. Figure 2b e show temperature maps of the
wire in Figure 2a for di erent electron beam currents, in which
the electron beam itself is used both as a heat source and as a
thermometer. In these maps, the sample stage temperature was
maintained at 161 K, and the peak CL wavelength was
extracted for each pixel on the map and converted to
temperature according to our calibration curve (eq 1). Note
that each pixel is measured when the electron beam is focused
on that particular location. We use a 5 keV electron beam, as
Monte Carlo simulations indicate that at this energy most of
the electron energy will be deposited within the wire (Figure
S2). A higher energy beam would give better spatial resolution,
but most of the electrons would pass through the wire without
interacting, decreasing heat deposition.

Several trends can be observed from the data in Figure 2.
First, in all images the largest temperature rise is observed
toward the center of the wire, as expected theoretically for a
1D system with xed temperature at both boundaries and an

https://doi.org/10.1021/acsnano.1c00850
ACS Nano 2021, 15, 11385 11395


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00850/suppl_file/nn1c00850_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c00850?rel=cite-as&ref=PDF&jav=VoR

www.acsnano.org

ACS Nano
a
b 250
LL160
c 250
2
E
L1602
d 7250 &
3
=
L1160
e 500
L 1160

Figure 2. Nanoscale temperature measurements at variable
electron beam currents. (a) SEM of suspended GaN nanowire
with Pt heat sinks on either end. (b e) Temperature measure-
ments of a GaN nanowire at the speci ed electron currents. Gray
regions indicate pixels that did not exhibit a peak in the CL
spectrum above 100 counts and 1 nm in width or which could not
be t. Scale bars are 1 m. The base temperature in all
measurements is 161 K.

internal heat source. We can also see the high spatial resolution
of the CL thermometry technique. Using higher beam currents
we can generate temperature increases of over 200 K, showing
the power of this technique to create temperature pro les from
which the thermal conductivity can be derived, as we will show
below. The CL from this wire was comparatively weak
(possibly due to either the doping level or increased surface
recombination velocity from carbon deposition), so a
measurement with low enough current to create a nonheated
background measurement was not possible. In order to
produce the large currents in Figure 2c e, a large 1 mm

0 GaN

aperture in the SEM column was used, which blocked fewer
astigmatic electrons and created a misshapen electron beam.
This decreased resolution meant that when the majority of the
electron beam was focused on a pixel in the hole of the TEM
grid, some stray electrons were still striking the wire. Di erent
electron beam focusing settings (spots) were used to generate
di erent currents, which likely caused the hot spot in the
center of the wire to shift slightly. Figure 2b used the same
electron beam focusing settings as in Figure 2e, but used a 100
m aperture.

DC Thermal Conductivity Measurements. We demon-
strate three di erent methods to derive the thermal
conductivity from the CL pro les, the rst two being DC
measurements, with anaIyS|s similar to Raman thermo6graP
or photoluminescence mapping found in other work.%°%°
the DC measurement techniques, the wire is suspended over a
hole in the TEM grid as shown in Figure 2a and Figure 3g and
heated by a continuous electron beam, and the steady-state
temperature is extracted at every point along the wire as shown
in Figure 3a,b. We t the temperature pro le using theoretical
models for 1D wires with the temperature xed by heat sinking
with SEM-deposited Pt at both ends (the bridge method,
Figure 3c) or at one end (the slope method, Figure 3e). In the
bridge method, thermal contact resistance between the GaN
and Cu TEM grid must be negligible®* and in the slope
method this thermal contact resistance is not important.*’

In the DC bridge method, both ends of the nanowire are
heat sunk with SEM-deposited Pt and suspended over a bare
copper TEM grid hole (see inset of Figure 3a,g). We form an
equivalent resistance model for the wire (described in more
detail in a Supplementary Note), shown in Figure 3d, similar to
previous work.®* We assume there are two di erent thermal
conductivities in the system: the thermal conductivity of GaN
in the center of the wire, g and an e ective thermal
conductivity for a mixture of GaN and Pt closer to the Pt heat
sinks, o, attributed to the enlarged GaN nanowire radius due
to excess Pt on the surface (see Figure S5, Figure 3c). L, and
L, demarcate the boundaries between the regions of di erent
thermal conductivities and were treated as t parameters. The
system is represented in Figure 3d by a thermal circuit model.
Here, the thermal resistance is given by R = IA/ , with | being
the relevant length of the particular segment and  the thermal
conductivity of that segment. | can change depending on the
position of the heat source (see Figure 3c, Supplementary
Note), so the equations for the peak temperature rise, T(x),
as a function of x, the position of the electron beam heat
source/thermometer, are

ca( LS x+ LS L) +

Tw= 2 &

51
s Lhi

$1
T(X)= L i L,
A 0 can N cak it 6XS L)l oL S L)l kS L)
31
T(X)= gg _0 caN _ + 0 i,Lz x L
A NMoaLi1+ XS LY+ LS by LS x o)

where Q is the heat ux from the electron beam, L is the total
wire length, A is the cross-sectional area of the wire as
measured via SEM images, and T(X) = T(X) T, where T,

11388

is the xed temperature at x = 0 and x = L. Figure 3c shows
this geometry in more detail. We t temperature data obtained
in Figure 2e with eq 2 in order to extract gun, o, Ly, and Ly,
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Figure 3. Probing nanowire thermal conductivity with a DC electron beam. (a) Measured temperature as a function of position along the cut
through the GaN wire from Figure 2a (shown in the inset). Orange line is best t to data using eq 2 (DC bridge method), and blue shading is
1 standard deviation of the terror. We nd a thermal conductivity of the GaN nanowire of 22 + 4.7 W/m-K and of the Pt/GaN portion 91
+ 18.9 W/m-K. Base temperature for these measurements is 161 K. Wire radius is 118 nm. (b) Demonstration of DC slope method for
determining thermal conductivity of two di erent nanowires with xed temperature at one end. “x” data points are from 100 m apertured
electron beams with nm spot sizes. The “ ” data points are from data collected with 1 mm apertured electron beams, which result in a less
well-de ned spot size. The corresponding thermal conductivities are shown in the legends. Radius of the nanowires is 130 = 11.8, 123 + 5.8,
and 142 + 11.4 nm for wires A, B, and C, respectively. (c) Schematic of temperature pro le in the wire corresponding to the DC bridge
method and values in eq 2. (d) Thermal circuit model for the DC bridge method, shown here for the case of L, x L,, where x is the
location of the electron beam (see Supplementary Note for more details). (e) Schematic of the temperature pro le in the wire corresponding
to the DC slope method and values in eq 3. (f) Thermal circuit model for the DC slope method. (g) SEM and peak wavelength map for each
wire in the plot on the left. The peak wavelength is measured with an electron beam current of 1 nA to extract the doping variation without
signi cantly heating the nanowire. The wavelength shift due to doping was subtracted from wavelength shifts due to heating to produce the
curves in (b); see Supplementary Figure S6. The apparent crack in the Pt in the SEM images is due to Pt being deposited at an angle to

ensure good thermal contact between the wire and Cu below by lling gaps on one side of the wire. Scale bars are 500 nm.

This t is shown with the data in Figure 3a. We nd the

thermal conductivity of the GaN region to be g,y =22 £ 4.7

W/m-K and the thermal conductivity of the edge region to be
0 =91+ 189 W/mK.

Several factors a ect the accuracy of the determination of
the parameters in the DC bridge method. First of all, our
calibration curve only extends up to room temperature, while
we extrapolate above room temperature in this analysis,
creating some uncertainty. In future work this can be avoided
by performing a more extended calibration. Second, a small
variation in doping within each nanowire causes a 1 nm
variation in CL peak energy in di erent places along the wire
(CL variation due to doping has also been observed previously
in GaAs nanowires®®), which also a ects the temperature
calibration. This could be corrected for by using, as a reference,
low-current CL measurements that probe the bandgap at each
position, as we do later. Here we use a relatively high beam
current to create a fairly high temperature rise to more

e ectively smooth out the 1 nm variations in CL peak shift
along the wire (since spectral peak shifts in this measurement
are much larger than 1 nm). Because we heat sink both ends of
the wire, a relatively high current is needed to achieve a large
red-shift. We note that in most of our nanowiresa 1 2 m
region at one end shows both less CL intensity (see Figure 1c)
and a slightly blue-shifted CL peak relative to the rest of the
nanowire (measured at low electron beam currents), while
toward the other end of the wire an abrupt increase in CL
counts with a slight red-shift is observed. This is due to the
doping pro le introduced during nanowire growth (see
Methods). We note that in the DC bridge model we neglect
the interfacial thermal resistance® between the GaN and the
Pt/Cu at either end, as it is small compared to the thermal
resistance of GaN, which we verify with our measurements by
ensuring temperature rises are very small near the Cu heat
sinks, as seen in Figure 3a. The interfacial thermal resistance is
not always negligible between the end of the wire and the Cu
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substrate, which we observe in our measurements as a
discontinuity between the temperature of the nanowire near
the Cu and the Cu temperature, known from a thermometer in
the sample stage (within 1 K accuracy) to which the Cu is
thermally connected with silver paint. To overcome this, a
di erent method can be used to measure thermal conductivity,
the DC slope method.®°

In the DC slope method, only one end of the wire is heat
sunk (see Figure 3g) and the other end extends into the center
of the hole. In this method,®® the temperature rise when the
electron beam is at position x away from the edge of the hole
(Figure 3e) is given by

T = X 19
¥ EC-F A Gan (3)

where R, is thermal contact resistance between the wire and
the Cu frame. If we nd the slope, s, of this line, d T/dx, and
solve for g, We nd the expression g,y = Q/(SA). We
determine A (wire cross-sectional area) from SEM images. Q
(heat ux) we determine from the measured electron beam
current correcting for energy lost to backscattered or
secondary electrons (determined from CASINO Monte
Carlo simulations). In the case of the “ ” data points in
Figure 3b, we also correct for larger electron beam sizes that
resulted as a consequence of using large currents. The slope is
found by tting a line to the temperature pro le of the wire
su ciently far from the Pt contacts to avoid the e ect of the
Pt/GaN thermal conductivity seen in Figure 3a. We addition-
ally subtract the doping pro le (resulting from variations in
intentional Si-doping durin% growth) of the wires found under
low electron beam current®™ shown in Figure 3g to correct for
the 1 nm doping variations along the wire as discussed above
(see Figure S6, Methods). The pro les of three such wires are
shown in Figure 3b with thermal conductivities speci ed in the

gure caption, ranging from 19 to 66 W/m-K with errors
ranging from 10% to 21%, which derive primarily from
uncertainty in A due to small variations in diameter along the
length of the wire and, in the case of the “ " data points, from
a 10% error in Q, as discussed below.

The bene t of the DC slope method over the DC bridge
method lies in the ability to neglect thermal contact
resistances. Additionally, larger temperatures can generally be
reached in wires only thermally connected on one end. Overall,
DC methods su er from strong dependence on localized
doping variations. This can be overcome by extracting bandgap
variations due to doping pro les with low electron beam
currents, as was done in Figure 3b. Because both doping
concentration and temperature changes cause bandgap
variations, the e ect of each must be determined separately.
By measuring the bandgap without heating the nanowire, we
can determine the bandgap variations due to doping
concentrations. In these particular nanowires, the doping
variations are signi cant. If doping is neglected, one could
improperly extract a negative value for thermal conductivity
from uncorrected wire C thermal pro le data in Supplementary
Figure 6 due to a negative slope (eq 3). There is additional
uncertainty that comes from the heat ux in the wire, in the
case of Figure 3a and “ ” data points in Figure 3b. Because
large currents are needed to raise temperatures for good signal-
to-noise ratio, larger apertures must be used in the electron
column, which leads to larger spot sizes.®® This is generally
negligible in comparison to the size of the electron cascade,

unless a large (e.g. 1 mm) aperture is used and less of the
incident electron beam impinges upon the wire, adding some
uncertainty to the measurements of the heat ux Q. In the
measurements of Figure 3a and b (* ” data points only), by
examining the loss of resolution in secondary electron images
as a result of increased electron beam size, we calculate that
only approximately 20 50% of the electron beam is reaching
the nanowire without an aperture. Thus, the current actually
reaching the nanowires was 64.0 nA for Figure 3a, and for
Figure 3b wires A, B, and C “ " data points were 15.7, 11.0,
and 9.3 nA, respectively. To double-check the veracity of our
thermal conductivity measurements using the DC slope
method, an aperture was used when collecting the “x” data
points in Figure 3b, leading to less current (5.6, 3.2, and 3.2 nA
for wires A, B, and C, respectively), a smaller temperature rise
in the wire, but all of the measured electron beam current
striking the wire in a several-nanometer-sized spot. The
dependence on knowing Q to a high degree of accuracy can
be overcome by using AC methods to extract thermal
conductivity, as discussed in the next session.

AC Thermal Conductivity Measurements. In the AC
thermal conductivity measurement technique, the column of
the SEM was equipped® with a high-frequency electrostatic
beam blanker to modulate the electron current in a square
wave on/o pattern. The sample con guration is the same as
that used in the DC slope method described above, in which
one end of the nanowire is heat sunk with SEM-deposited Pt
and the other end is free (Figure 3g). In this method, we focus
the electron beam on the free end of the wire for the duration
of the experiment and vary the electron beam current
frequency with a waveform generator between 100 Hz and 5
MHz (Figure S7). Data collection for the studied frequency
range took several minutes total. Solving the 1D time-
dependent heat equation (using one Dirichlet and one time-
dependent-periodic Neumann boundary condition) for the
quasi-steady-state temperature (after all transients have
subsided) at the free end of the nanowire, temperature varies
according to the expression (see Supplementary Note for more
details)

4QL
.0 =T+ 22

a

*

where T, is the temperature of the xed end/Cu frame, A is
wire cross-sectional area, is the thermal conductivity (we
assume uniform thermal conductivity in the wire), is the
density of GaN® (6150 kg/m?), C, is the heat capacity® (490
J/kg-K), and L is the wire length starting from the edge of the
Pt deposition. Because we use a spectrometer with a long
exposure time (40 ms or longer) compared to the modulation
frequency of the beam, we measure the average temperature
over the half period when the electron beam is on (Figure 4b),
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