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38 Abstract

41 Manipulating heat flow in a controllable and reversible manner is a topic of fun-
damental and practical interest. Numerous approaches to perform thermal switching
have been reported, but they typically suffer from various limitations, for instance
46 requiring mechanical modulation of a sub-micron gap spacing or only operating in a
48 narrow temperature window. Here, we report the experimental modulation of radia-
50 tive heat flow by electronic gating of a graphene field effect heterostructure without
52 any moving elements. We measure a maximum heat flux modulation of 4 + 3% and
54 an absolute modulation depth of 24 + 7 mWm™2 V! in samples with vacuum gap

distances ranging from 1 to 3 microns. The active area in the samples through which
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heat is transferred is ~ 1 cm?, indicating the scalable nature of these structures. A
clear experimental path exists to realize switching ratios as large as 100%, laying the

foundation for electronic control of near-field thermal radiation using 2D materials.

Thermal switches that change thermal resistance in response to external stimuli have
long been desired for temperature control applications.! Typical thermal switches used in
practice operate by mechanical mechanisms such as changing the physical contact of metal-
lic leads, which are prone to failure.? Numerous other schemes for controlling conductive

heat flow have been proposed, including biasing of ferroelectrics,3™

exploiting changes in
properties across a phase transition,®® and magnetically aligning crystal networks.!? Ther-
mal switches for radiative heat transfer can be realized if the optical dielectric constant or
optical resonances at a surface can be altered by an external stimulus.!'™'* In particular,
theoretical and experimental works have described radiative heat flux modulation based on
the insulator-metal transition of VO,.!518

Two-dimensional materials offer the capability to alter the surface dielectric function by
electronic tuning of the free carrier concentration in a fast, controllable, and reversible man-
ner without restrictions in operating temperature.'%2® Despite this capability, achieving even
modest modulation of far-field radiative flux is challenging as thermal radiation is broad-
band. In the near-field, however, thermal radiation is primarily due to resonant coupling of
narrowband surface modes, such as plasmons or phonon-polaritons.26?” Additionally, near-
field radiative flux can be orders of magnitude larger than the far-field blackbody limit, and

128737 and

thus near-field radiative heat transport has been an area of intense experimenta
theoretical3® 6 interest.

Graphene has been proposed as an ideal material for thermal switching of near-field
radiation as it exhibits a plasmonic resonance in the mid-infrared that can be electronically

4751 Recent experimental works have reported that graphene enables enhanced

modulated.
radiative thermal coupling between polar materials in the near-field.’*%3 However, these

studies do not take advantage of the electronic tunability of graphene to modulate heat

2

ACS Paragon Plus Environment

Page 2 of 24



Page 3 of 24

oNOYTULT D WN =

Nano Letters

flow. Recently, a theoretical scheme was proposed to electronically control radiative flow in
a graphene field effect device, but an experimental implementation of a radiative thermal
switch based on such a device has not yet been reported.®

We implemented an experiment to demonstrate such a thermal switch using a graphene
heterostructure device. As shown schematically in Figure la, the top of the device is a
graphene-coated silica optical flat, and the bottom is a back-gated, graphene-coated silicon
wafer with a gate dielectric of 285 nm of SiO, and 8 nm of Al,O5;. An image of the sample
on the experimental stage is shown in Figure 1b. The spring-loaded resistive heater presses
the optical flat to the silicon wafer, which rests on a copper heat spreader with an embedded
heat flux sensor (See Methods and SI Sec. 1).

We apply a standard fluctuational electrodynamics formalism® °7 to assess the potential
for this sample configuration to modulate near-field radiative flow. In Figure 1c, we present
calculations of the spectral thermal conductance, defined as h(w) = 0Q(w)/IT', where @
is the radiative heat flux, for our device at T" = 300 K at various gap distances and Fermi
levels. A clear change in spectral heat flux with Fermi level is evident. At vacuum gaps up to
around 500 nm, the hybrid phonon-plasmon-polariton can be tuned with the graphene Fermi
level. 742859 However, this mode is tightly confined to the surface and does not contribute to
heat flow at gap distances exceeding 1 um. As a result, in the present experiments, where
the vacuum separation distances between the top and bottom exceed 1 micron, the heat
flux modulation originates only from the non-hybridized graphene plasmon. The spectral
features from the SiO, only contribute to the background heat flux.?* We obtain the total
thermal conductance h by integrating over all frequencies and define a thermal switching
figure of merit as the ratio h(u = 0.3 eV)/h(n = 0.05 eV). This ratio is 2.1 at d = 100 nm
for a total heat flux change over 100%. At d = 1 um the ratio is 1.1, indicating a strong
vacuum gap dependence on the influence of external bias to heat flux. Although at gap
distances exceeding 1 pum the optically active dielectric and substrate decrease the switching

ratio, modulation should be observable with this experimentally achievable configuration.
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Figure 1: Experimental approach to measure near-field heat flux modulation.
a, Schematic of sample configuration. The top of the heterostructure is an optical flat,
coated with graphene. The bottom is a graphene-coated silicon wafer (grey) with 285 nm of
thermally grown SiO, and 8 nm of ALD AL, O, (purple). The graphene sheets are assumed
to have the same Fermi level due to physical contact of the top and bottom. b, Image of
the experimental stage with mounted sample. c, Calculated spectral thermal conductance
at 300 K with a vacuum gap spacing of 100 nm (purple lines) and 1 pm (black lines). The
Fermi levels range from 0.05 eV (dotted lines) to 0.3 eV (solid lines), which are chosen as
conservative estimates for the lower and upper magnitudes achievable for graphene with a
charge neutral point near 0 V and a maximum applied voltage of & 100 V. The three sharp
spectral features at frequencies above 0.06 eV are due to the phonon-polariton resonances
in the Si0,.%° The broad feature at frequencies below 0.06 eV originates from the graphene
plasmon.
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The experiments are conducted in a cryostat cooled to 77 K, where a resistive heater
is used to heat the top of the sample. Once the temperatures equilibrate, the heat flux is
monitored while a voltage ramp is applied to the back-gated bottom of the heterostructure
via wire-bonded Au contacts (See Methods). Figures 2a-c show the measured heat flux versus
time for three separate samples S1, S2, and S3. The steady-state temperatures 7; and 75
for each sample are 197 K and 86 K for S1 and 270 K and 91 K for S2 and 269 K and 90 K
for S3, respectively. For each sample, we observe a reversible change in the measured heat
flux as the bias is ramped up and down. The magnitude of the modulation is around 0.5%,
0.3%, 0.2%, respectively. For samples S2 and S3, this effect is observed for multiple cycles.
As a non-negligible thermal capacitance exists, there is a time delay from when the bias is
applied and when the heat flux change is observed. For each sample, this delay was about
3 minutes. All samples were first ramped down to -100 V, which resulted in an observable
change in heat flux. For S2, the bias could be ramped twice before sample failure. For S3,
three cycles were possible, and the third ramp cycle was to a positive bias of +95 V.

A similar magnitude of heat flux change is observed for positive biases as negative biases.
This result is expected because the graphene is slightly p-type with the charge neutral point
found to be slightly positive, between +5 V and +15 V. As a negative bias is applied, the hole
concentration increases, the Fermi level becomes more negative, and the radiative thermal
conductance increases. Applying a positive bias of +95 V versus a negative bias of -100 V
results in a Fermi level of 0.29 eV instead of -0.32 eV, which is not sufficiently different in
magnitude for a measurable change in heat flux considering the noise in the measurement.

From these data, we compute the heat flux versus electronic bias, shown in in Figures 2d-f
for samples S1-S3, respectively. In each case, a linear fit is applied and a modest slope is

visible, with the largest modulation exhibited in S3 with a slope of 24 £ 7 mWm™2 V1.
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Figure 2: Heat flux modulation and modulation depth. a-c, Heat flux (purple),
applied bias (orange dotted), and thermal model (red) versus time for three samples S1, S2,
and S3, respectively. The black and grey lines indicate the mean and standard deviation of
the signal at zero bias. d-f, Heat flux versus applied bias using data from Figures 2 a-c.
The linear fit (blue dotted lines) indicate the greatest heat flux modulation occurs for S3,

for which the modulation is 24 + 7 mWm—2 VL
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We now examine the origin of this signal. First we rule out Joule heating by ensuring that
that the leakage current does not exceed 350 nA for these three samples, limiting parasitic
Joule heating to a maximum of 0.26 Wm™2. The observed heat flux change is on the order of
5 Wm~2 in all cases, or nearly 20 times higher. For each measurement, we subtract the area
normalized injected power P = I'V. We also confirm independently that the injected Joule
heat is not the cause of the modulated signal. For S3, the leakage power is approximately 20
times higher during the final voltage cycle than in the two previous cycles (see SI Sec. 6). If
Joule heating were the source of the heat flux change, then in the final cycle the heat flux
change would be 20x higher than in the previous cycles. As shown in Figure 2c, the change
is nearly identical.

Next, we construct a thermal model. The heat flux measured in the experiment as a

function of time consists of radiative flux and parasitic conductive losses:

Qtot(t — T) = G(Tl — TQ) + de(,u(t), d, Tl, Tg) (1)

The first term accounts for the physical contact of the top and bottom surfaces with a conduc-
tance G. The second term, Q,qq, is the radiative heat flux between the planar surfaces. 3%:56:61
In the model, the temperatures are fixed and the radiative thermal conductance changes due
to the changing Fermi level. The time dependence in the heat flux is accounted for in the
time-dependent nature of the voltage ramp and phenomenologically in the adjustable time
delay 7 between the start of the voltage ramp and when the heat flux sensor registers the
flux change. Since the top and bottom are likely in physical contact, it is assumed that the
two graphene sheets are shorted such that p; = ps = . The values for p, 77, and T are
measured in the experiment (See Methods and SI Sec. 6). We use optical interferometric
measurements to estimate the effective gap distance d, and separate measurements without

spacers to estimate the value of the parasitic conductance G. The final values for d and G

for each sample are obtained in two independent fitting procedures, using the measured heat

7
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flux change and the calculated radiative flux (see SI. Sec. 6).

The model predictions are plotted in Figures 2a-c and agree well with the measured
heat flux. For samples S1-S3, the fitted values for G are 6.6 + 0.2, 8.9 4+ 0.2, and 11.3 £+
0.2 Wm2K~!, respectively, and for d are 2.5 + 0.2, 2.3 &+ 0.2, and 2.3 £ 0.13 microns,
respectively. These values indicate non-negligible physical contact between the optical flat
and the bottom substrate and also a vacuum gap, commensurate with previous near-field
heat transfer experiments.?® After the initial time delay, the heat flux increases to its steady-
state value and then decreases to the equilibrium value, following the measured heat flux.
During the final, third voltage ramp for S3, there is a slight deviation from the model at
later stages when the peak voltage of +95 V was applied. We attribute this discrepancy
to the sample dielectric beginning to break down, decreasing the electric field effect and
subsequently lowering the Fermi level compared to that used in the model.

With the model and the fitted gap distances, we can also estimate the absolute radiative
heat flux between the two surfaces. Subtracting the conductive contribution, we find the
radiative heat flux for S1 is 125 + 9 Wm ™2, exceeding the black body limit of 84 & 4 Wm 2
by 50 £ 10%. For samples S2 and S3, the thermal emitter is approximately 80 K hotter
than for S1, and the radiative heat flux is 385 + 26 Wm~2 and 381 £ 18 Wm~2 for S2 and
S3, respectively. Sample S2 exceeds the black body limit of 299 + 9 Wm™2 by 29 + 7%,
and sample S3 exceeds the black body limit of 295 & 9 Wm™2 by 29 & 9%. These results

confirm that the radiative transport is in the near-field regime (see SI Sec. 7).

We next present the heat flux versus hot side temperature for sample S4 for two different
biases, as shown in Figure 3a. The heat flux is first measured at zero bias and then at -35 V.
Additional measurements at temperatures below the third point at 175 K were not possible
due to dielectric breakdown. We again interpret these results using the model described
previously, where here we fit for G, d, and p (see SI Sec. 6). Using the fitting parameters

from the zero bias data, we then apply a zero-parameter fit for the measurement under
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Figure 3: Heat flux versus temperature at different voltages. a, Measured heat flux
versus temperature for sample S4 for 0 V (blue triangles) and -35 V (orange circles). The
blue dotted line is a fit of Eq. 1 to the blue data points, for which d = 560 nm, G = 5.07
Wm2K~!, and 1 = —0.20 eV. The orange line is a zero parameter fit, using the these values
and a Fermi level of p = —0.25 eV corresponding to the -35 V bias. b, Normalized heat flux
versus temperature for the two biases. The heat flux under bias is greater than the zero bias
case by around 3-5%.
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bias, accounting for the change in Fermi level. The model shows good agreement with the
measured heat flux.

In Figure 3b, the data are normalized to the dotted blue fit. Point to point variation in
both signals is evident, but there is also a clear trend that heat flux in the biased case is
greater than that in the zero bias case by around 3-5%. At 175 K, where both the biased
and zero bias case were measured and a more direct comparison is possible, the heat flux
change is 4 + 3%.

Although the modulation reported here is of the order of a few percent, as expected
due to the micron-scale gap spacing, improvements to the experimental setup should allow
for modulation values approaching 100%. Primarily, the gate dielectric must exhibit high
breakdown strength approaching that of bulk SiO, while also exhibiting warping less than
100 nm over the substrate area. These qualities would allow for larger biases, small vacuum
gaps, and reduced conductive contact. By eliminating all conductive losses and reducing
the gap spacing to 100 nm, biasing to -100 V as in these experiments would result in a
heat flux modulation of 100%. Reducing the gap distance to such a value would also allow
for coupling between the graphene plasmon and the phonon-polariton in the dielectric to
influence heat flow.?* However, even reducing the gap to 500 nm without any change in the
interface conductance would lead to modulation of 45%.

In summary, we report the experimental demonstration of the modulation of near-field
thermal radiation by electronic gating of 1 cm? scale graphene heterostructures. The max-
imum measured modulation was 4 + 3%, and the maximum measured modulation depth
was 24 & 7 mWm~2 V~!. This work demonstrates that two-dimensional materials can be
used to electronically control near-field radiative transfer and provides a path for realizing

thermal switches with modulation depth approaching 100%.
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Methods

Sample Fabrication. The bottom substrate is a silicon wafer with a thermally grown oxide
of 285 nm thickness. On its own, the thermally grown SiO, is not adequate for biasing to
large voltages of ~100 V, and an extra 8 nm layer of Al,O, was deposited using atomic
layer deposition to increase breakdown strength. The wafers are cleaved to pieces 25.4 mm x
31.75 mm and are cleaned in isopropyl alcohol in a sonicator, followed by an O, plasma clean
and an overnight soak in Piranha solution. Graphene pieces 15 mm x 20 mm are transferred
to the substrate by a modified wet transfer technique (see SI Sec. 2). The top substrate is an
optical flat, 12.7 mm in diameter, which is cleaned and has graphene transferred to it in an
identical manner. Gold bonding contacts and the array of SiO, posts, each 1 pum square and
spaced 500 um apart, are fabricated on the bottom substrate by electron beam lithography
and subsequent electron beam evaporation. Of the four different samples studied here, the
pillars are grown to 200 nm tall for samples S1, S2, and S4, and 400 nm tall for sample S3.

Experimental Protocol. After fabrication, the optical flat is pressed down onto the
bottom substrate by a spring loaded resistive heater, shown in Figure 1c. Beneath the sample
is a thermopile heat flux sensor, which has been calibrated at temperatures from 90 K to
300 K by measuring the output signal as a function of input power into a resistive heater
(see SI Sec. 3). A copper heat spreader is secured to the top of the sensor with thermally
conductive epoxy. The entire array sits on a copper base that is screwed to the cold finger
of a cryostat that is pumped down to 1 x 107% Torr during the experiment. The external
bias is applied through wire bonded gold pads on the sample. The temperatures of the cold
finger and heater are measured with a Si-diode and a K-type thermocouple, respectively,
and are maintained through two independent PID controllers. The copper base and the heat
flux sensor temperatures are measured by K-type thermocouples, and the graphene surface
resistance is recorded with a Fluke multi-meter while the sample is biased with a Keithley
2410 source meter.

The cold finger is cooled to 77 K with a liquid nitrogen feed and the resistive heater is

11
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set to a maximum input power. The equilibrium temperature of the heterostructure bottom
reaches between 86 K and 91 K, but the maximum temperature of the resistive heater is
dependent on the nitrogen flow rate. For sample S1, the top temperature reaches 197 K.
For samples S2 and S3, the top temperature reaches 269 K, and 270 K, respectively. For the
measurements of heat flux over time, after the heat flux sensor has equilibrated, the sample
voltage is applied at a constant ramp rate. It was found that equilibration can take several
hours, so there is a linear drift in the heat flux signal that is corrected (see SI Sec. 4). The
ramp rate varies from sample to sample as the quality of the gate dielectric varies for each
sample. The leakier the gate dielectric, the slower the ramp. The fastest ramp was 0.4 Vs—1
for S2 and S3 and the slowest was 0.1 Vs~! for S1. After the voltage is held at its maximum
value for around 15 minutes, the voltage is ramped down at the same rate.

The measurement of heat flux at different temperatures follows a similar procedure,
although the two bias conditions are tracked separately. First, the heat flux was measured
at different temperatures at zero bias, and then the heat flux was measured at different
temperature at -35 V. Again, the maximum heater temperature is determined by the upper
limit of the heater input power. Over the course of a measurement, the liquid nitrogen flow
rate falls with the pressure within the dewar. The maximum temperature is higher for the
biased case over the zero-bias case because the flow rate and therefore the cooling power of
the liquid nitrogen to the cold finger was lower. For all samples tested here, we find that
after a few ramping cycles the gate dielectric breaks down, limiting the amount of data that
can be obtained for each sample.

Simulations and Modeling. A transfer matrix method is used to calculate the Fresnel
coefficients r; and 7, in the heat flux calculation for planar media,*® with the graphene
modeled as a conducting surface with a local optical conductivity.®? See SI Sec. 9 for optical
properties of SiO, and Al,O;. The graphene conductivity was calculated at 300 K with a
scattering time of 7 = 50 x 10715 s, which reasonably corresponds to the quality of graphene

films grown by chemical vapor deposition. %3
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Using the measured applied voltage, we apply a capacitor model to determine the Fermi
levels. To determine the temperatures of the graphene surfaces, we employ a thermal resistor
model using our knowledge of the heat flux and the measured temperatures of the thermal
sinks (in this case, the heater and the copper heat spreader of the heat flux sensor, see
SI. Sec. 1).3% To first approximation, we assume that the thermal resistance between top
and bottom samples is much greater than that between the bottom sample and the copper
heat spreader. As the bottom sample substrate is silicon, which has a comparatively high
thermal conductivity, the bottom graphene surface temperature is approximately equal to
that of the heat flux sensor. For the top sample, a considerable temperature drop occurs

across the optical flat, and the resistor model is necessary (see SI Sec. 6).
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