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Figure S1. Optically-induced lasing during high current electron beam irradiation. (a) SEM
image of GaN nanowire. The shown wire exhibits optical-induced lasing when pumped. The
purple dot corresponds to one pixel, with the corresponding CL spectrum shown in (b). Scale
bar, 1 um. (b) Optically induced lasing spectrum (orange, 250 fs, 258 nm laser pulsed at 202 kHz
with 1.8 mW average power) from the nanowire in (a), CL spectrum (green, 5 kV, 79 nA) at the
location indicated in (a), and spectrum from simultaneous electron beam and laser illumination
yielding both CL and optically-induced lasing (blue). The wire showed no noticeable
degradation in lasing for over an hour while the electron beam was repeatedly scanned over the
wire, indicating that the electrons are not destroying the lasing properties of the wire in a
noticeable way. We do observe that the CL yield of the GaN wires does decrease slightly with
time after scanning a wire ~30 times or more. We attribute this to electrons filling trap states in
GaN in addition to carbon deposition on the surface of the nanowire which increases the surface

recombination velocity.2

Whether or not an electron beam damages GaN has been studied
previously.? It has been determined that at the low energies found in an SEM (<30 keV),
defects in the atomic lattice are not generated.®> However, the electron beam can activate existing

defects such as Ga vacancies. This, along with charged surface states, can increase the non-

radiative recombination rate, yielding a CL intensity that decreases with time until it reaches a



steady state when all defects/states have been activated. Carbon deposition also occurs in an
SEM, and while not thick enough to optically block CL, its presence has been found to
significantly enhance the surface recombination velocity of GaN. These effects occur at all

electron beam currents and are semi-reversible.
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Figure S2. CASINO Monte Carlo simulations of GaN nanowire. (a) Trajectory and energy of 5
keV primary electrons in SEM as calculated by CASINO Monte Carlo simulations in a 150 nm
radius GaN wire, outlined in red. (b) Absorbed energy along the long axis of the nanowires as a
function of wire length, summed over the cross-sectional area of the wire at point and normalized
by number of electrons. The GaN density is 6.15 g/cm® and 100,000 5 keV electrons were
simulated with a 5 nm incident electron beam diameter. CASINO simulations compute energy
lost by an electron while undergoing collisions. We assume energy lost by electrons in the

simulation is converted into heat in order to calculate absorbed energy.*
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Figure S3. Radiated power from cathodoluminescence as a function of wavelength. (a)
Calibration of detector for single crystal aluminum crystal based on a previous method.> A
theoretical calculation® of the energy per unit bandwidth produced by transition radiation from
Al per electron was divided by experimental counts from our detector to extract the curve shown.
(b) Radiated power spectrum for different pixels with locations corresponding to the dots in (c).
Legend gives the total integrated power for each pixel. Power was calibrated using the curve in
(a). Slight variations in the system alignment can lead to approximately a 30% change in
radiated power in our system®, therefore the radiated power shown here will have an error of
about 30%. As the power deposited in the wire by the electron beam is on the order of hundreds
of uWs, radiated power loss from cathodoluminescence is negligible. (c) CL intensity map with

colored dots corresponding to the location of the pixel where the spectra in (b) were taken.
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Figure S4. Cathodoluminescence spectral shifts with temperature. (a-b) Calibrated CL peak
wavelength and energy versus temperature in GaN nanowires scattered on a Si substrate. The
electron energy is 5 keV and electron beam current is 548 pA to minimize heating of the
nanowires. The CL spectra were fit with a Lorentzian (for simplicity) to determine the peak, and
the fit curve is from Equation 1, with constants E;(0) = 3.471 eV, y = 2.25x10° eV/K, and 8 =
2609 K. The root mean square error of the data around the line of best fit is 6.0 K. The thermal
stage used had temperature accuracy of = 1 K, and additional error likely comes from doping
variations in the wires. (c) Normalized CL spectra at different temperatures for an intrinsic
GaAs wafer from 5 keV electrons. (d) Normalized CL spectra at different temperatures for a p-
doped Si (5-10 Q-cm) wafer from 30 keV electrons. GaAs spectra can likely be fit with a

Lorentzian in the same manner as GaN to estimate the bandgap shifts, but due to the extensive



broadening of the Si peak in addition to red-shifting of the bandgap, a Voigt or other asymmetric
function may be needed to fit the spectra to identify the bandgap shifts. In all plots, the sample is
physically and thermally adhered to the SEM thermal stage with silver paste, and the sample

temperature is controlled via the thermal stage temperature.



Figure S5. Pt deposition on edges of wires. SEM of nanowire before (top) and after (bottom) Pt
was deposited using focused electron-beam-induced deposition. Thickening of the wire near the

Pt deposition is apparent (see arrows). Scalebars are 1 pm.
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Figure S6. Influence of doping on peak CL wavelength. (a) Uncorrected peak wavelength data
corresponding to Wires A (blue), B (orange), and C (green) with temperature data in Figure 3b,
along the line shown in the SEM in (c) for a representative wire. The wires were irradiated with
5 keV electrons with beam currents of 15.6, 11.0 and 9.3 nA for Wires A, B, and C, respectively,
leading to heating in the wire which causes the redshift in CL emission peak. (b) The same wires
measured in (a) are shown measured with electron beam currents of around 1 nA which
negligibly heat the wires. Variations in peak wavelength here are presumably caused by
variations in doping concentration in the nanowires, as was observed in other nanowires’. Red
circled regions show locations of large doping variations in Wire C (green), while the black
circled region shows a region of relatively little doping variation in Wire A (blue). The large
doping variations in Wire C could be responsible for differences in thermal conductivities
measured using the DC slope method and AC method. It has been shown that the thermal

conductivity of GaN can decrease with increased doping concentration.® That study® showed a



factor of ~2 or more decrease in thermal conductivity between undoped GaN carrier
concentrations (~10'” cm™) and the carrier concentrations found in our nanowires (~10'® cm™).
We know that the nanowires used in our study have 2 um of undoped GaN at one end, which we
can observe in low-current (non-heating) CL measurements as an approximately 1 nm blue shift
in bandgap emission peak and a decrease in CL intensity. For nanowires A, B, and the nanowire
used in Figure 3a, this undoped end of the GaN nanowires was the end covered in Pt and heat
sunk to the edge of the Cu membrane, leaving the doped portion (with relatively minor doping
variations as shown in (b) exposed and probed with the electron beam. Wire C, as seen in (b),
has larger doping variations and so could have variations in thermal conductivity along its
length, invalidating our models which assume uniform thermal conductivity, although varying
thermal conductivity should have been visible in the DC slope analysis by sections of wire with
different slope in Figure 3b. In both (a) and (b), peaks and dips of data points at either end of
the wire are due to low CL counts and inability of the fitting function to find the peak
wavelength. To correct for doping for the DC slope analysis in Figure 3b, an average peak
wavelength emission was chosen for a low current cross-cut and deviations from this average

were subtracted from the high current cross-cut. Scale bars, 1 pm.
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Figure S7. Frequency response of beam blanker. Measured DC electron beam current through a
Faraday cup with square wave blanking as a function of frequency using 2 mm blanking plates.
The roll-off in current at high frequency is due to the RC time constant of the electrostatic
blanking components. The current is normalized to DC current at 100 Hz blanking frequency.
The theoretical DC current of the periodically blanked beam should be ' that of the unblanked
beam, which is the case for low frequencies. At 5 MHz, the current has dropped to

approximately 95% of the current at 100 Hz.
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Figure S8. AC thermal conductivity measurements with varying current input. a) Peak
wavelength extracted as a function of distance across the end of wire B for a 5 MHz blanked
beam. Large apparent wire radius is due to larger electron beam spot size in blanked
measurements, as discussed in the manuscript. =~ When the electron beam is centered on the
nanowire, more power is deposited, leading to a redshift in the peak wavelength. As the electron
beam is scanned further away from the center of the wire, less power is deposited within the
nanowire leading to less redshift of the spectrum. Inset is an SEM image taken in continuous
mode with better spatial resolution than in blanked measurements. The scale bar is 500 nm. The
arrow indicates the approximate path over which the electron beam was scanned over the wire.
b) Average temperature as a function of frequency, with each colored line corresponding to the
location of the colored dot in a). Shown above plot is extracted thermal conductivity of the wire
measured when the electron beam is at given colored point in a) by fitting Equation 5 to the

curves in b).
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Supplementary Note 1. DC bridge method derivation.

We derive Equation 2 in the paper for the DC bridge method in the following manner. We use
a thermal circuit model where R = é, where R is thermal resistance, [ is length of segment, k is

thermal conductivity of segment, and A is cross-sectional area of segment. In a thermal circuit
model, voltage is analogous to temperature difference, AT, resistance is analogous to thermal
resistance, and current is analogous to heat flux, Q. The thermal circuit model equivalent of
Ohm’s law is then AT = QR. We fix the temperature at the ends of the wire (x = 0 and x = L
where L is the total wire length) as T,,. Because Pt partially coats the ends of the wire, as an
approximation, we split the wire into 3 different regions. From x = 0 to x = L,, the thermal
conductivity is kg, a mix of the thermal conductivity of Pt and GaN (any effect due to increase of
cross-sectional area of this region is incorporated into ky). From x = L; to x = L,, the thermal
conductivity is Kgqy. From x = L, to x = L, the thermal conductivity is again k. We neglect
thermal contact resistance at the ends of the wires. If we apply a heat flux at location x, we can
determine the temperature rise at x by solving the thermal circuit model. We have to consider 3
different cases: when 0 < x < L;, when L; < x < L,, and when L, < x < L, as we will need to
solve parallel resistance equations and [ for each R can change depending on where x is, as will
become clear.

For the case of 0 < x < L4, relevant parameters have been shown in Supplementary Fig. S9.
To solve for the temperature rise at x, where we also have a heat flux ( from the incident
electron beam, we need to solve for the total thermal resistance at point x. This appears as two
parallel resistance paths to ground. One path is Ry, the other path is R + R + Rp, giving a

1 1
Ra Rp+Rc+Rp

_1 .
total resistance of Ryoprq;(X) = ( ) . Weuse T(x) — Ty = AT (x) = QRrotai (%)

13



to find the first line in Equation 2 in the paper. The other expressions for the cases of L; < x <

L, and L, < x < L can be found in a similar manner.

T=TU T=T0
x=0 X x=1L x =1L, x =1L
: H : : :
L —/v\/\f——-—fvvv— — —WW— — — e AW 1
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Figure S9. DC bridge method variables for 0 < x < L;. Relevant parameters to compute the
temperature profile in the DC bridge method are shown with description in the text. Heat flux Q

is injected at x from the electron beam.

When we fit our experimental data with Equation 2 in the manuscript, the fit parameters are

Kgan, Ko, Llo and L2'

14



Supplementary Note 2. Time-dependent 1D temperature profile.

To solve the time-averaged temperature at one end of the GaN wire during the “on” cycle of

the electron beam as a function of frequency, we treat the wire as a 1D, uniform system to solve

the dimensionless heat equation,

Ut = Uyy, (Sl)

where u is temperature deviation from the overall average system temperature. Our

. . - tx - X ~  WL*Cp
dimensionless parameters are t = Zep X=z and @ =
14

, where L is wire length, C, is
heat capacity, p is density, and k is thermal conductivity. Here the dimensionless parameter is

used in the equations and the tilde is dropped. The boundary conditions and initial condition are

u(x=0,t) =0,

- 1 . - 1, i
u(x=1,t) =7 Zm=1_3_5_"_zsm(mwt) =7 Zm=1,3,5,...; (elmwt —e€ lmwt), (S2)
u(x,t =0) =0.

The time-dependent Neumann boundary condition is the Fourier series for a square wave heat
input. We expect the heat input to approximate a square wave for frequencies up to

approximately 5 MHz before the RC time constant of the electrostatic beam blanker alters the

square wave shape (see Figure S7). We expect a solution of the form
oo
u(x,t) =v(x,t) + Z B, (x) cos(mwt + qu(x)).
m=1,3,5,...
Here, ¢,,(x) is the phase term, v(x, t) is the transient component and the second term is the
quasi-steady state. We expect the system to reach the quasi-steady state on a much shorter time

scale than the exposure time of the spectrometer (10’s of ms or longer) due to the small size and

15



heat capacity of the structure, so the average temperature we read on the spectrometer will be

composed of only the second term. We convert this second term, u;s, to the imaginary domain

Ugss(x, 1) = Re{ Z Bm(X)ei¢m(x)eimwt} = Re{ 2 Cm(x)eimwt}’
m=1,3,5,... m=1,3,5,...

where C,, is a grouping of all x-dependent terms. Using the identity Re(z) = %(z + z*), where

z is a complex number and z* is its complex conjugate, we find

N[ =

Uqss (%, 1) = ( z Cm(x)eim“’t+Ci;l(x)e‘im“’t>
m=1,3,5,...

= Z B (x) cos(mwt + ¢ (%)) (S3)

m=13,5,...
Putting Equation S3 (center expression) into Equation S1, multiplying by 2, grouping terms,
and dropping the sums due to the orthogonality of sines, we find
(imwC,p, (x) — i (x))e™@t — (imwCpy, (x) + Cii (x))e™ Mm@t = 0,
Using the identity that if ae'®t + be ™'t = 0, then a = b = 0, we find
imwCp,(x) —Cr(x) =0= —(ima)C{;l(x) + C,’,’l*(x)). (54)
We just need to solve one side of this equation, as the left is the complex conjugate of the right

side. We then use the boundary conditions in Equation S2 applied to Equation S3 and find that

C,(0) =0 and C,,(1) = 2 These are the boundary conditions needed to solve Equation S4.

im

2
We find, noting that iwm = ( ’% 1+ i)) ,

’wm . fwm .
Cm(x) _ dle_ T(1+1)x+dze— T(lﬂ)x

16



where d; and d> are unknowns we solve for with the C,,(x) boundary conditions we just found.

We determine

n
d; = — im
wm . wm .
O (1 4 el B0 4 [y 4 e F00
n
d, = im
wm . wm .
%(1_'_[.) 2(1+1)+ %(1+ ) 5 (1+1)
thus,
/ CRa+dx - [SPa+ix \
n | —e
C,(x)=—
) tm m R+ m D3 +1)
\J G a0l T4 (a4 e 0 )
and finally,
uqss(xr t)
1 eN 2 +l)x_e— —5-(1+Dx .
= Re Z —_— — — elmwt ) (55)
Lm=1,3,5,...lm %(14_ ) > (1+1)+ %(14_ ) 5 (1+0) J

We only measure the temperature when the electron beam is on, or just half a period. Thus,

we can integrate Equation S5 over a half period to find the average temperature,

Ugss (x, t=0. E)

w
O / [Dla+dx - [Slarx \ )
w n eV ? —e V? ot
= ; Re E — — elmw dt.
0 Lm=135,... %(1 +i)e ——-(1+0) n %(1 n L')e_ —-(1+0) J

17



Solving, we find

i3
Ugss (x, t= 05)

[ m, . ’ m,. .
e cUT(1+L)x _e— wT(lﬂ)x

wm . wm . !
|t Gh1+pelz ™y R4 pe Nz / )

Putting the dimensions back into the equation and solving at the end of the wire (x=L), with

n= o , where Q is the power deposited by the electron beam (in Watts) and A is wire cross-
AkT?

sectional area,

Tyss (Lot = 0..7)

1)
r 2 2 \
8Qx o 1 / S \L
= Re < — |
Akt? Z m2 2 wLZChpm, . 2 wlZChpm .
m=1,35,.. /wL Cppm 1+ l-)ewlz—f;(lﬂ) n wl*Cppm 1+ e Se—+i) ||
\ 2k 2K )
( )
wl?C,pm
tanh 2—pp (1+10)
80x 21 .
~ Akn? ke Z m? 12C 5
- W pm _
m=1,3,5,... p
5 A+
\ J

The full expression for the temperature we should measure with a square wave electron beam

parked at the end of the wire, for temperature at the fixed end of T, is

4QL

o T (Le=0.2).

Tmeas((‘)) =Ty + w
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