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Classical transport of electrons and holes in nanoscale devices leads to heating that severely limits
performance, reliability, and efficiency. In contrast, recent theory suggests that interband quantum
tunneling and subsequent thermalization of carriers with the lattice results in local cooling of devices.
However, internal cooling in nanoscale devices is largely unexplored. Here, using a novel scanning thermal
microscopy technique with millikelvin temperature resolution and nanometer spatial resolution, we directly
record the cross-sectional temperature in functional InGaAs tunnel diodes. Our measurements reveal large,
localized cooling of 2–3 W=cm2 at the tunnel junction, which is in quantitative agreement with the bipolar
Peltier process associated with interband tunneling. These advances hold significant potential for
integration into electronic and energy conversion devices and improving their performance.
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Heat generation in semiconductor devices [1,2] poses
major challenges to their performance and reliability [3,4].
To mitigate detrimental heating effects, researchers have
sought to integrate external cooling devices such as
heterostructured [5] or thin-film thermoelectric [6] coolers.
These approaches are useful in some circumstances.
However, when heating is localized to nanoscale regions,
internal cooling via quantum tunneling can offer significant
advantages [7,8]. Specifically, recent computational work
[7] has suggested that such local cooling can be achieved in
tunnel diodes [9] via interband tunneling.
In addition to high speed oscillators and amplifiers [10],

tunnel diodes are now being actively studied for applica-
tions in low-leakage tunnel field-effect transistors [11–14],
multijunction (tandem) photovoltaics [15–17], and photo-
electrochemical cells [18,19]. Although many of the above
examples utilize tunnel diodes for energy applications,
there has been little research on the energy conversion
processes in tunnel diodes. Understanding these processes
is critical as interband quantum tunneling in diodes gen-
erates spatially separated Peltier cooling and heating, which
can potentially lead to localized cooling of the lattice [7].
While the local heating and cooling effects associated with
quantum mechanical tunneling processes have been
observed in some unipolar devices [20–24], internal cool-
ing has not been observed in any bipolar device, including
tunnel diodes.

In this Letter, we leverage recent advances in scanning
thermal microscopy [25,26] and directly record temper-
ature fields with nanometer spatial and millikelvin temper-
ature resolution in cross sections of cleaved tunnel diodes
[Figs. 1(a) and 1(b)] using custom-fabricated scanning
thermal probes [STPs, Fig. 1(d)]. This allowed us to
systematically evaluate the hypothesis that reverse-biased
tunnel diodes feature electronic cooling and suppress
temperature rises in the semiconductor lattice.
To understand the origin of the localized cooling, it is

instructive to consider the current-voltage (I-V) character-
istics of the tunnel diode employed in this work [Fig. 1(c)].
A key feature of the I-V curve is the negative differential
resistance at a bias of ∼0.35 V and the operating regions of
interest for this device are labeled i, ii, iii in Fig. 1(c). In
these diagrams, V is the applied bias (V > 0 is forward
bias), q is the elementary charge, Ef;n=p are the quasi-Fermi
levels, and Πn=p are the Peltier coefficients of n and p
regions. In regime i, where the diode is forward-biased [see
Fig. 1(e)], the average energy of the carriers is higher on the
n side than that on the p side. Therefore, the transported
carriers deposit heat into the lattice at the junction.
Conversely, under a small reverse bias [region ii in
Fig. 1(c)], the average energy of charge carriers on the p
side is smaller than that on the n side. Therefore, carriers
tunneling from the p to the n side are expected to absorb
energy from the lattice at the junction [see Fig. 1(f)]. The
thermal energy removed from the lattice leads to local
cooling at the junction and is later deposited as Peltier heat
on the metal contacts or in the bulk region as indicated by
red arrows in Fig. 1(f). Finally, in regime iii [Fig. 1(c)], the
junction is again heated [Fig. 1(g)] as the average energy of
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charge carriers in the p side becomes larger than those on
the n side. We also note that in regime ii the heat deposited
per charge carrier (ΔΠp-elec) at the ohmic contact between
the electrode and the p-type region equals the difference in
Peltier coefficients of the p region (Πp) and the contact
electrode (Πelec), i.e., ΔΠp-elec ¼ Πp − Πelec.
We began our experiments by cleaving a tunnel diode

made of In0.53Ga0.47As (see the Supplemental Material [27]
for fabrication details) to access the cross section of the
device [see Fig. 1(a)]. The cross section of the device
[obtained using a scanning electron microscope, Fig. 1(b)]
is flat and smooth with a root mean square roughness of
∼0.6 nm (see Sec. S2 of [27]). The width of the depletion
region, measured via density phase-contrast transmission
electron microscopy, was< 20 nm (see Sec. S3 of [27]). To
conduct detailed thermal measurements, the STP and the
tunnel diode were incorporated into an ultrahigh vacuum

scanning probe microscope and carefully aligned with
respect to each other [see Fig. 1(a)].
To identify the active region of the device [the pþ and nþ

regions of the device, see Fig. 1(a)] and the location of the
p-n junction, we first measured (Sec. S6 of [27]) both the
sample topography [Fig. 2(a)] and tip sample thermal
contact resistance [RTS, Fig. 2(b)], which reflects the local
thermal conductivity. The topographical data clearly delin-
eate the electrode (elevated region) and edge of the
electrode. Also, the cross section is flat and no contrast
is observed between different device layers. However, the
RTS map clearly shows contrast between the InP substrate
and the InGaAs active region due to their different thermal
conductivities (5 Wm−1K−1 for In0.53Ga0.47As [36] and
68 Wm−1K−1 for InP [37] at room temperature).
Therefore, the RTS and topography maps combined with
the known device dimensions reveal the active region and
location of the p-n junction (Sec. 7 of [27]).

FIG. 1. Experimental setup and physical principle of energy transfer via interband tunneling. (a) Schematic description of the scanning
thermal microscopy measurements on the cross section of a cleaved functional InGaAs tunnel diode with a smooth cross section. A
square wave of current is supplied to the tunnel diode and the lattice temperature as a function of time is measured at different locations
using scanning thermal microscopy. (b) Scanning electron microscope image of the cleaved cross section of the tunnel diode.
(c) Current-voltage characteristic of the tunnel diode used in the experiments. Various operating regimes of interest are labeled i, ii, iii
and discussed below. (d) Scanning electron microscope image of the scanning thermal probe (Pt heater and Au reflector are false
colored). (e)–(g) Schematic description of energy transport due to interband tunneling in the operating regimes identified in panel (c).
Solid black lines indicate the conduction and valence bands, black dashed lines indicate the quasi-Fermi levels, and the red dashed-
dotted lines indicate the mean energy of charge carriers in the bulk. (e) Band structure in regime i, where forward bias causes junction
heating. (f) Regime ii, small reverse bias results in junction cooling. (g) Regime iii, large reverse bias causing junction heating.
In (e)–(g), V is the applied bias, q is the charge, Ef;n=p are the quasi-Fermi levels, Πn and Πp are the Peltier coefficients of the n and p
regions, respectively.
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To explore the hypothesized bias-dependent heating and
cooling we first placed the STP tip [Fig. 2(c)] in close
proximity (�25 nm) to the p-n junction and applied a three-
level bias pulse to the tunnel diode (this pulse scheme
attenuates low frequency noise) consisting of voltages
þVB, 0, and −VB. Here, the bias magnitude was chosen
to be VB ¼ 25 mV with a pulse duration of 1 s and a zero
bias for a duration of 5 s in the first experiment, and VB ¼
50 mV with a pulse duration of 1 s and a zero bias duration
of 10 s in the second experiment, so as to cover the regimes
i and ii of the I-V relationship discussed above. We note
that the zero bias duration was chosen sufficiently long to
allow the device and carrier temperatures to relax to their
initial values after each pulse (see Sec. 8 of [27]). While
applying the bias voltage, the junction temperature (T j) was
measured by first monitoring the temperature of the STP tip
(TP) using the Pt thermometer integrated into the STP and
by relating TP to T j via the approach described in
Refs. [25,26] (see Sec. S6 of [27]).
To improve the temperature resolution of our measure-

ments, we averaged the time-domain temperature (T j)
obtained from many pulse cycles. Data obtained by
averaging over ∼10 000 cycles is shown in Fig. 2(d) in

red (data for varying number of cycles is shown in Fig. S13
of [27]). These data show that the temperature of the
junction increases upon applying a forward bias and
decreases (i.e., the region is cooled) upon applying a
reverse bias. However, the observed cooling is less pro-
nounced than the heating. We hypothesized that this
asymmetry is likely due to Joule heating in the electrodes
and electrical contacts to the chip carrier (see Sec. S4 of
[27]). In order to systematically account for the effects of
chip carrier heating, we performed an experiment where we
measured the electrode temperature of the device [labeled
TSub in the inset of Fig. 2(d)] by placing the STP tip near the
back electrode [see Fig. 2(d) and Sec. S4 of [27]). In this
experiment, three-level pulses identical to those used in
obtaining the T j data in Fig. 2(d) were applied. The black
solid line in Fig. 2(d) shows results from time-domain
measurements of TSub (obtained by averaging over 10 000
cycles). Next, we subtracted TSub from T j to remove
the effects of temperature rise of the chip-carrier boun-
dary (TSub) and plotted the net temperature change
(ΔTnet ¼ T j − TSub) in Fig. 2(e). These data reveal a clear
heating and cooling signal, corresponding to forward- and
reverse-bias conditions. Further, the magnitude of cooling

FIG. 2. Junction temperature measurement under three-level bias pulse. (a) Measured topography of the cleaved cross section of the
tunnel diode. The active region of the diode (to the right of the electrode) features a flat smooth surface. (b) The tip sample thermal
resistance (RTS) map obtained from scanning thermal microscopy scan of the device cross section under zero bias. The contrast in RTS
clearly demarcates the InGaAs active region (low thermal conductivity) from the InP substrate (high thermal conductivity).
(c) Schematic of the measurement procedure shows how the junction temperature (T j) is recorded by placing the probe at the tunnel
junction. (d) Junction (T j) and substrate (Tsub) temperatures for a �25 mV pulse (inset shows location where substrate temperature is
measured). The plots were obtained by averaging data from over 10 000 cycles. The solid line indicates the mean value of the signal and
the shaded area indicates the 95% confidence interval of the mean. As can be seen, both the junction and substrate temperatures feature
slow common-mode temperature changes due to device carrier heating. (e),(f) Net temperature change of the junction obtained by
subtracting the substrate temperature from the measured junction temperature for (e) �25 mV pulse and (f) �50 mV pulse.
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and heating for biases of �20 mV is found to be almost
equal (∼4 mK). Next, we performed measurements at
higher biases (VB ¼ 50 mV). Data from these experiments
[Fig. 2(f)] reveal that heating (∼11 mK) and cooling
(∼7 mK) become unequal at larger biases due to more
pronounced Joule heating (both in the device as well as in
the top electrode). The results for VB ¼ 100 mV are
included in the Sec. S8 of [27] and indicate a heating of
∼21 mK and cooling of ∼14 mK.
Next, we studied the temperature distribution in the

device as a function of the device current (a feedback
controlled current source was employed to ensure both a
stable current and a current density that is invariant with
time) by modulating the electric current (0.5 s on, 0.5 s off)
to the tunnel diode. A scan of the sample temperature,
along a line, was obtained by placing the STP at several
predefined pixel locations [x in Fig. 3(a)] and measuring
the surface temperature at each pixel over several thousand
pulse cycles. Several scans with 16 pixels per line (pixel
spacing of ∼180 nm) were obtained. Further, 64-pixel line
scans (45 nm spacing) were also obtained at certain bias
values to confirm the efficacy of 16-pixel scans in resolving
the temperature profile (see Sec. S7.2 of [27]). At each
pixel data from 5000 cycles were averaged, while the line
scans were repeated multiple times for each current value
(see [27]).
The time-dependent surface temperature obtained by

averaging 10 000 cycles (data from two line scans) at a
pixel closest to the junction is shown in Fig. 3(b) for a
current pulse of−9.1 mA (black dashed line). The obtained
data (red solid line) show surface cooling of ∼2.7 mK
when the pulse is applied. The surface temperature change

in response to the applied current pulse at each pixel is
simply calculated from ΔT̄ðxÞ ¼ T̄onðxÞ-T̄offðxÞ, where T̄
represents the time average of the measured temperature.
The temperature profiles, ΔTðxÞ, are shown for several
values of current pulse amplitude in Figs. 3(c)–3(f) (data for
other current pulse magnitudes shown in Fig. S16 of [27]).
For forward-biased measurements the temperature profile
is convex at the junction, indicating the existence of a
heat source at the junction. Conversely, in reverse-biased
measurements with current in the range of −55 mA to
−308 mA, the temperature profile is concave at the
junction, indicating local cooling. Next, the junction heat
flux (Qj) was estimated by performing a linear fit to the
temperatures in the p- and n-doped regions for estimating
the temperature gradients ð∂T=∂xÞp, ð∂T=∂xÞn in the p and
n regions, respectively [see Figs. 3(c)–3(f)] and by employ-
ing Fourier’s law [38] to a small control volume enclosing
the junction,

Qj ¼ k

��
∂T
∂x

�
p
−
�
∂T
∂x

�
n

�
; ð1Þ

where k ¼ 5 Wm−1K−1 for In0.53Ga0.47As at room temper-
ature [36]. The junction heat flux vs device current is
presented in Fig. 4(a) and clearly shows cooling fluxes for a
range of reverse biases.
Next, we modeled carrier transport in tunnel diodes

using an extension of Kane’s model for electron trans-
mission as described in [7] and briefly summarized in
Sec. S12 of [27]. In this approach the junction heat flux
(Qj) is given by

FIG. 3. Temperature profiles measured using scanning thermal microscopy. (a) Schematic describing how line scans were performed
in a pixel mode by applying time-dependent two-level current pulses to the tunnel diode. Here, x ¼ 0 corresponds to the location of the
tunnel junction. (b) Data corresponding to a measurement close to the tunnel junction (−25 nm < x < 25 nm). The time-dependent
change in the junction temperature (red solid line) was obtained by averaging data from 10 000 cycles for a current pulse of −9.1 mA
(black dashed line). Shaded area indicates the 95% confidence interval of the mean. These data clearly show cooling at the junction by
∼2.7 mKwhen a current pulse of −9.1 mA is applied. (c)–(f) Measured temperature change as a function of position (solid squares with
corresponding 95% confidence interval) obtained in the active region of the tunnel diode for various diode currents. Linear fits to the
temperature profiles in the p and n regions are shown by red lines.
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Qj ¼
1

q

Z
dE

�
qjΠnj − qjΠpj þ ðEF;n − EF;pÞ

� ∂J
∂E

; ð2Þ

where J is the current density. Results from these calcu-
lations are shown in Fig. 4(a) (solid line) and are in good
agreement with the experimental data. We also developed a
3D finite element heat conduction model, where the
junction heat flux (i.e., computed values ofQj) was utilized
as a localized source term at the junction to obtain the
internal temperature distribution of the diode (see Sec. S11
of [27]). Results from both our experiments and the model
indicate that the maximum cooling power occurs at a device
current (I) of ∼ − 170 mA, corresponding to a junction
current density (J) of ∼ − 84 A=cm2 (see Sec. S10 of [27]
for a description of how J is estimated). The maximum
cooling power observed from the experiment is
∼3.5 W=cm2, which is in good agreement with the model’s
prediction of 2.17 W=cm2. In addition, in Fig. 4(b) we
show the measured junction temperature change vs device
current along with modeling results for three different
values of ΔΠp-elec (20 mV, 33 mV, and 53.7 mV). We note
that the exact value of ΔΠp-elec depends on the precise alloy
composition and deposition or annealing parameters of the
top ohmic contact, which determine its transport parame-
ters [20,21]. A good match between the model and experi-
ment is observed for ΔΠp-elec ¼ 33 mV, indicating that net
cooling at the junction occurs at small reverse-bias currents
of −70 mA < I < 0 mA, corresponding to current den-
sities of −34.3 A=cm2 < J < 0 A=cm2. The model over-
estimates the temperature change by ∼40% in both the
cooling and heating regions, likely due to simplification of
heat transfer paths in the model (see Sec. S11 of [27]) that
were made to eliminate multiple fitting parameters and
increasing the interpretability of the model.
Our measurements of temperature fields within func-

tional electronic devices with nanometer resolution will

significantly advance understanding of nanoscale energy
conversion and dissipation processes. The demonstration of
cooling in reverse-biased tunnel diodes paves the way for
exploring and integrating internal cooling approaches into
semiconductor devices for enhanced performance in vari-
ous applications.
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