
Optically Gated Electrostatic Field-Effect Thermal Transistor
Shouyuan Huang,¶ Neil Ghosh,¶ Chang Niu, Yong P. Chen, Peide D. Ye, and Xianfan Xu*

Cite This: Nano Lett. 2024, 24, 5139−5145 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Dynamic tuning of thermal transport in solids is
scientifically intriguing with wide applications for thermal transport
control in electronic devices. In this work, we demonstrate a thermal
transistor, a device in which heat flow can be regulated using
external control, realized in a topological insulator (TI) through the
topological surface states. The tuning of thermal transport is
achieved by using optical gating of a thin dielectric layer deposited
on the TI film. The gate-dependent thermal conductivity is
measured using micro-Raman thermometry. The transistor has a
large ON/OFF ratio of 2.8 at room temperature and can be
continuously and repetitively switched in tens of seconds by optical
gating and potentially much faster by electrical gating. Such thermal
transistors with a large ON/OFF ratio and fast switching times offer the possibilities of smart thermal devices for active thermal
management and control in future electronic systems.
KEYWORDS: thermal transistor, thermal switch, electrostatic gating, topological insulator

Thermal transistors are devices capable of turning heat
transfer on and off using an external control.1−4 There are

various approaches for switching thermal transport, for
example, by bringing mechanical parts in and out of contact,
which can be considered as an analog of a mechanical relay for
electrical switching,5,6 pumping thermally conductive fluid in
and out of the thermal transport channel,6,7 utilizing metal−
insulator or liquid−metal transitions caused by temperature
change,8−12 electrical control of molecular junctions,13 electro-
chemical intercalation,4,14−16 altering materials’ structures by
phase transitions17,18 or pressure,19 and radiation,12 especially
in the near-field by changing the coupling between surface
phonon polaritons.20 It is desirable to realize thermal
transistors on the targeted material itself, with no moving
parts and no alteration to its composition, while operating at a
fixed temperature in addition to the essential features of a large
ON/OFF ratio and a fast switching speed. However, very few
effective solid-state thermal transistors with these features have
been realized. For example, large ON/OFF ratios in thermal
switching are usually obtained with a variable switching
temperature,17 long switching time due to the use of moving
parts,5 or the change of materials’ structures.8,11,12 A possible
solution that does not involve moving parts or other
mechanical means is the use of an external electric or magnetic
field. It was demonstrated that thermal conductivity can be
changed by altering the interface of thin films by an external
electric field,21 by altering phonon scattering via phase
transformation using an external electric field,22 or by phase
transformation using electrolyte gating.18 The thermal
conductance of a molecular junction was tuned by 1300%

using an electric field with high switching speeds and
repeatability, although with much-involved sample prepara-
tion.13 Electronic thermal conductivity (i.e., not total thermal
conductivity) in a ferromagnetic−nonmagnetic thin film stack
was changed by about 20%23,24 and up to 50% using a
magnetic field.25 Tuning thermal conductivity by changing
bulk material structures using external fields has also been
demonstrated;26−28 however, these processes are usually not
fast.
Switching thermal conduction by controlling the electronic

carrier density and, thus, the electronic contribution to thermal
transport can be a fast process. In some materials, the
electronic carrier density can be electrically gate-tuned by
orders of magnitude within a time duration far below one
second.29 However, gate-tuning of electronic thermal con-
ductivity is also challenging because, in semiconductors,
electrons only contribute to a few percent of the total thermal
conductivity,30 while the rest is due to phonon transport.31 In
metals, where electronic thermal conductivity dominates, a
colossal voltage is required to change the electron density due
to electrical screening.32

Here, we report a thermal transistor with a large ON/OFF
ratio that can be tuned in tens of seconds by using optical
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gating of a thin dielectric film deposited on a topological
insulator (TI). Such transistors can be realized without
lithography or chemical processing and modulated in real-
time in a noncontact manner, offering an alternative to
electrically gated devices. Topological insulators are emerging
as a promising platform for novel quantum devices,33,34

including alternative transistors35,36 due to their semiconduct-
ing bulk, unique spin texture of their surface states37−39

(different from Weyl semimetals and Rashba systems),40−42

spin-momentum locking, and backscattering protection.43,44

Recent thermal transport studies on TI films offer a unique
opportunity to develop an efficient thermal transistor.45 For
typical semiconductors or metals, the ratio of the electronic
contribution of the thermal conductivity to the electrical
conductivity, the Lorenz number, is approximately a constant,
which is the Sommerfeld value, 1.5−2.2 × 10−8 V2/K2.
However, in a topological insulator, its topological surface state
(TSS) electrons can possess a large Lorenz number, exceeding
ten times the Sommerfeld value.45 This large Lorenz number is
a result of the chemical potential being near the Dirac point
that results in the difference in energy and momentum
scattering in TSS electrons, similar to that in graphene,46 or by
bipolar diffusion, or the combination of both.45 The large
Lorenz number makes the gate-tuned thermal transport in TI
possible, as changes in the electrical transport will be amplified
in thermal transport. Moreover, in very thin TI films (e.g.,
Bi2Te2Se films less than 20 nm thick), thermal transport is
dominated by TSS electrons.45 For a typical semiconductor,
the electrical field effect affects tens of nanometers into
conductive solids due to electrical screening. Hence, for very
thin TI films, the electrical field effect is sufficient to affect the
charge density over the entire thickness of the film. In this

work, we explore and demonstrate large switching of heat
transport in Bi2Te2Se thin films using the electrostatic effect.
Electrical gate tuning of thermal transport in TI is illustrated

in Figure 1a, in which the heat conduction channel in TSS is
switchable, i.e., turned on and off when the chemical potential
is tuned by the electrical field effect via a back gate. Figure 1a
also illustrates that in order to measure thermal transport along
the in-plane direction of the thin film to demonstrate the
tuning of thermal transport by the electrical field, it is
preferable to suspend thin films so that the contribution to
thermal transport by the substrate is removed to preserve the
sensitivity of the thermal conductivity measurement (only half
of the film is shown). However, the back gate electrode and the
required insulating layer between the electrode and the thin
film will also contribute significantly to thermal transport,
much greater than the TI film, and hence will introduce a large
uncertainty to the thermal transport measurement. An
alternative is to use a vacuum gap as an insulator. However,
such a gap is not effective in gating TSS, which is described in
Supplementary Note 1, in addition to the many processes
involved in sample preparation.
In this work, we employed an optical gating strategy to apply

an electrical field to a thin TI film. The persistent and
bidirectional nature of optical gating using red/UV light
illumination has been demonstrated previously and used to
fabricate photoconductive devices,47,48 switch superconductiv-
ity in heterostructures,49 and to pattern p−n junctions on
topological insulator50 or transition-metal dichalcogenide
(TMD)51 channels. These studies utilized the trap states
generated by the intrinsic defects of either a deposited layer on
the target device or the substrate on which it was fabricated. In
this work, we chose a very thin silicon nitride (Si3N4) film (a

Figure 1. Optical gating for thermal switching and measurement. (a) Schematic of an electrical field-effect thermal transistor based on switching of
TSS electrons in TI, whose ON/OFF states thermal conductivity are to be measured when the film is suspended. (b) Schematics of band structures
with chemical potential tuning using optical illumination. (c) Schematics of the sputtering coating process of Si3N4, optical switching, and micro-
Raman measurements of thermal transport. (d) Dark current of a 16 nm Bi2Te2Se transistor with Si3N4 coating under red (red dots) and UV
(purple dots) light illumination, compared with electrical gating (black lines), measured at −148 °C.
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few nanometers thick) as it can be readily deposited on the TI
film without affecting the thermal measurements significantly.
The band alignments of Bi2Te2Se, Si3N4, and several other
insulating films52 along with the activation and deactivation
processes during optical gating are illustrated in Figure 1b. A
detailed explanation of the proposed optical gating mechanism
is provided in Supplementary Note 2. The thin sputtered layer
of Si3N4 is used as an optical gate during the micro-Raman
thermal transport measurement, as shown in Figure 1c.
To examine the effectiveness of optical gating and compare

it with electrical back gating, thin film Bi2Te2Se transistors
were fabricated on a SiO2/Si substrate. A 3 nm thick Si3N4
layer was then sputtered on top of the Bi2Te2Se devices.
Details of sample preparation are provided in Supplementary
Note 3. The dark current of the device (without back gating)
was measured after red and UV light exposure and then
compared to the results obtained by using electrical back
gating. The transfer curve (Id−Vg) obtained from electrical
back gating immediately after red light exposure is shown as
black lines in Figure 1d in terms of sheet resistance, indicating
that the chemical potential can be effectively moved toward/
away from the conduction band/charge neutral point and vice
versa. These measurements were performed at a temperature
of −148 °C, so the large increase and decrease in sheet
resistances facilitate the comparison between the results from
back gating and optical illumination. The time span in Figure
1d is for the optical measurements. It can be seen that the red
light illumination charges the Si3N4 thin film, leading to a
negative gating effect, which increases the sheet resistance of
the device and moves the chemical potential toward the charge
neutral point. The inverse process occurs under UV light
illumination; the Si3N4 film becomes depopulated, effectively
applying a positive back gate to the device, decreasing its sheet

resistance and moving chemical potential toward the
conduction band. To further confirm the tuning of the
chemical potential due to optical gating, Hall effect measure-
ments were performed on the devices to obtain the 2D carrier
concentrations after long red/UV light illumination cycles, and
the results are presented in Supplementary Note 4. Therefore,
these two optical transitions effectively move the chemical
potential and switch thermal transport between the ON and
OFF states, equivalent to electrical gating. However, as
discussed previously, only optical gating was used in this
work for the thermal transport measurement on the suspended
films.
The thermal transport in Bi2Te2Se under optical gating was

measured using micro-Raman thermometry (adapted from our
previous work),53 which has been widely used for measuring
in-plane thermal transport in low-dimensional materials.53−62

A detailed description of the thermal model used for extracting
thermal conductivity and the uncertainty analysis is provided
in Supplementary Note 5. The switching effect of the Raman
laser beam itself on the thermal conductivity measurement is
discussed in Supplementary Note 6.
Figure 2a summarizes the results of the thermal conductivity

measurements on the thin Bi2Te2Se films. Our earlier work
indicated that for films with thicknesses less than ∼20 nm,
electrons in TSS dominate thermal transport.45 To demon-
strate a large ON/OFF ratio of thermal transport due to the
optical gating of TSS electrons, we focused on films below 20
nm, and a 56 nm thick sample is shown as a reference.
Switching of thermal conductivity upon the red and UV light
illumination was successfully demonstrated in samples with
thicknesses of 9, 13, and 14 nm, as shown in Figure 2a. These
samples were fabricated on different substrates; therefore, each
one was not affected by red/UV illumination cycles of the

Figure 2. Optically gated Bi2Te2Se thermal transistor. (a) Thickness-dependent thermal conductivity at the ON/OFF states of Bi2Te2Se thin films.
An ON/OFF ratio as large as 2.8 was obtained. The TSS contribution to thermal transport, obtained by subtracting the thermal conductivity at the
OFF state from that at the ON state, along with the results of a few dead devices are also included. (b, c) Raman shift vs illumination power for the
9 nm film under red and UV illumination. Solid dots and linear fitting lines are the results from Raman measurements at nine different power levels
after long illumination; diamonds are from three different power levels after each train of pulsed illumination using the red diode (b) and UV diode
(c), indicated by red and violet arrow, with controlled exposure dosage. (d) Time history of thermal conductivity under red and UV illumination.
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other samples. The ON and OFF state thermal conductivities
shown in Figure 2a are from the long illumination cycles (a few
hours) to find the largest ON/OFF ratio.
An ON/OFF ratio of 2.8 is obtained for the 9 nm sample,

demonstrating the thermal transistor effect. The ON/OFF
ratio of the other two films with slightly larger thicknesses is
also greater than 2. For comparison, the 56 nm film showed
just a slight variation of the thermal conductivity upon optical
gating. Note that the high thermal conductivity of thinner films
and the trend of the increase of thermal conductivity with the
decrease of film thickness for the ON state is consistent with
our previous results due to the larger contribution of TSS to
thermal transport for thinner films.45 These results indicate
that we are indeed tuning the TSS contribution to thermal
conductivity, also confirming that the large thin film thermal
conductivity and large Lorenz number originate from the TSS
electrons. To further corroborate our results, we also compared
the obtained thermal conductivity data against predictions
made by a two-layer transport model adapted from our
previous work.63 A detailed discussion regarding the model
and the individual contributions of the TSS, phonons, and bulk
electrons to the total thermal conductivity is provided in
Supplementary Note 7. The results of one batch of “dead”
samples are also shown in Figure 2a, where the thermal
conductivities were not tuned by optical gating. Their TSS
could be impaired during the sample preparation, as discussed
in Supplementary Note 3. The thermal conductivity of these
dead samples is close to that of the OFF states of working
samples, which is dominated by phonon and bulk electron
transport.
Two types of ON/OFF cycling tests were performed

together with thermal conductivity measurements. Figure
2b,c presents the power (of the Raman incident laser)
dependent Raman peak shift (a measure of temperature) for
the 9 nm thick film. One type of test utilized long illumination,
which was to place the Si3N4 side of the sample directly facing
LEDs for a time duration of ∼7.5 h, ensuring the Si3N4 is fully
exposed and the charge sites are saturated. After these long
illumination, micro-Raman measurements with ∼10 incident
Raman laser power levels are conducted, which are shown in
Figure 2b,c as solid dots fitted with blue and red lines. The
slope of the Raman shift vs the incident power is related to
thermal conductivity (smaller slope corresponding to larger
thermal conductivity).53 The second cycling test utilized

pulsed illumination, with pulse trains of 1-s-long pulses and a
duty cycle of 0.1, i.e., 1 s on, 9 s off. The use of a small duty
cycle is to ensure that there is no temperature buildup in the
LEDs, hence a consistent dosage throughout the tests, which
was verified by monitoring the LED driving current. The
illumination time in seconds in Figure 2b−d is the same as the
total number of pulses that the samples receive. Hence, the
dose of illumination used in optical gating is precisely
controlled. During these tests, Raman measurements were
performed between the pulse trains using only three different
powers (instead of ten) so that the experimental results could
be obtained within a shorter time. These Raman shift data for
both UV and red pulse illumination are also shown in Figure
2b,c as hollow diamonds, and the sequences are indicated by
red and violet arrows, respectively, to indicate the light source.
The pulsed illumination results illustrate a continuous process
of optically gating the thermal transistor on or off over tens of
seconds. The thermal conductivity of each time step is
extracted using the same procedure as described above, and the
results are plotted in Figure 2d.
We define the response time for the thermal transistor as the

time needed to switch from 20% to 80%. From Figure 2d, the
ON and OFF switching times are found to be 15 and 40 s,
respectively. A detailed discussion regarding the scale and
difference of switching times is provided in Supplementary
Note 5. However, this switching time is not the limit of the
thermal transistor. Figure 1d shows that electrical back gating
and optical gating can also achieve the same effect. The
electrical measurements shown in Figure 1d were performed in
a much faster, continuous manner with no time delay between
different back gate voltages. Moreover, the intrinsic switching
time from electrical gating is of the order of ∼1 ns or faster.64
Therefore, the thermal transistor can respond much faster
when electrical gating is used.
Thermal transistors can be repetitively switched on and off.

The thermal conductivity of the 9 nm thermal transistor at
room temperature was measured through several illumination
cycles, as discussed above. Figure 3 is a representation of these
cycling tests. The device first experienced long illuminations to
obtain the ON/OFF thermal conductivity presented in Figure
2, which is also shown in Figure 3a. Then, the pulsed trains of
red and UV light were applied, and Raman measurements were
performed after each time step. The thermal conductivity
results are shown in Figure 3b,c. Then, the pulsed trains were

Figure 3. ON/OFF cycling of the thermal transistor. (a) First cycle under long illumination; (b−e) second and third cycles under pulsed
illumination.
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used again (with finer time steps), and the results are shown in
Figure 2b−d and plotted in Figure 3d,e. A series of low-
temperature tests were also performed afterward, and the
results are discussed below. After the low-temperature
measurements, two more long illumination cycles were
performed to verify the repeatability of switching further. It
was found that the thermal transistor was able to switch on and
off after these (5 room-temperature +2 low-temperature)
cycles. Finally, we heat the thermal transistor to 200 °C for 60
min, which is known to damage the TSS due to Se/Te
migration.43,65 The thermal conductivity of the thermal
transistor was measured to be 0.95 W/mK, which is close to
that of the dead samples described previously.
We also performed optical gate-dependent thermal con-

ductivity tests at lower temperatures in a liquid nitrogen
cryostat. The temperature dependence of the ON/OFF
thermal conductivity is shown in Figure 4a. Interestingly, the
ON state thermal conductivity, which includes contributions
from TSS electrons, bulk electrons, and phonons, does not
vary much with temperature, while the OFF state thermal
conductivity, which includes contributions from bulk phonons
and electrons, decreases with temperature decrease, though
only marginally considering the measurement uncertainty. This
indicates that the thermal transistor can operate in a wide
range, from ∼−180 °C to room temperature. Further tests
showed that the thermal transistor can be operated up to ∼90
°C. From Figure 4a, we observe that the TSS thermal transport
increases with decreasing temperature, which indicates that the
TSS thermal transport cannot be solely due to bipolar
diffusion. This is because bipolar diffusion is thermal energy
carried by thermally excited electron−hole pairs, which should
be reduced when the temperature is decreased. The possible
mechanism that counters the decrease of thermal conductivity
with a temperature decrease is the hydrodynamic interaction
among electrons, which increases with the temperature
decrease.46 It can also be pointed out that the OFF state
thermal conductivity is not due to the bipolar diffusion of bulk
states because the OFF states are achieved by gating the
chemical potential toward the conduction band edge, whereas
the bipolar effect exists when chemical potential is within the
(small) bandgap. The switching times at low temperatures are
found to be similar to the room temperature, i.e., ∼15 s for
switching on and ∼40 s for switching off, as shown in Figure
4b.
In summary, we demonstrated the tuning of the thermal

conductivity of thin film Bi2Te2Se by optical gating. The effect
of optical gating on sheet resistance is verified by electrostatic

back gating and Hall-effect measurements. The thermal
conductivity of thin films can be tuned continuously with a
maximum ON/OFF ratio of 2.8 at room temperature within
tens of seconds. This switching time can be much improved
when using electrical gating. In addition, the thermal transistor
can be operated in a wide temperature range from −180 to
∼90 °C. Repeated switching over multiple ON/OFF cycles
was also demonstrated. This electrostatic thermal transistor
with a large ON/OFF ratio and fast switching offers the
possibility of smart thermal devices for active thermal
management in future electronic devices.
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