(7))
R
(7))
>
(TR
on
T O
O
| \—
50
0Q
RE- ¢

Heat exchange with interband tunneling

Cite as: J. Appl. Phys. 126, 165107 (2019); https://doi.org/10.1063/1.5113870
Submitted: 11 June 2019 « Accepted: 08 October 2019 « Published Online: 24 October 2019

Zheng Li, @' Jin Xue and Rajeev J. Ram

) S

View Online Export Citation

RN

®

CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Thermionic enhanced heat transfer in electronic devices based on 3D Dirac materials
Journal of Applied Physics 126, 165105 (2019); https://doi.org/10.1063/1.5123398

RF voltage-controlled magnetization switching in a nano-disk
Journal of Applied Physics 126, 163903 (2019); https://doi.org/10.1063/1.5116748

Electrical resistance of metal contact to BioTez based thermoelectric legs
Journal of Applied Physics 126, 164503 (2019); https://doi.org/10.1063/1.5117183

Webinar

Interfaces: how they make
or break a nanodevice

N # Zurich

March 29th — Register now

N\ Instruments

J. Appl. Phys. 126, 165107 (2019); https://doi.org/10.1063/1.5113870

© 2019 Author(s).

126, 165107


https://images.scitation.org/redirect.spark?MID=176720&plid=1735779&setID=379065&channelID=0&CID=634322&banID=520620674&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=6b0013d49ee81c69d044940f27c0125e8d5d32bc&location=
https://doi.org/10.1063/1.5113870
https://doi.org/10.1063/1.5113870
https://aip.scitation.org/author/Li%2C+Zheng
http://orcid.org/0000-0002-8160-0387
https://aip.scitation.org/author/Xue%2C+Jin
https://aip.scitation.org/author/J+Ram%2C+Rajeev
https://doi.org/10.1063/1.5113870
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5113870
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5113870&domain=aip.scitation.org&date_stamp=2019-10-24
https://aip.scitation.org/doi/10.1063/1.5123398
https://doi.org/10.1063/1.5123398
https://aip.scitation.org/doi/10.1063/1.5116748
https://doi.org/10.1063/1.5116748
https://aip.scitation.org/doi/10.1063/1.5117183
https://doi.org/10.1063/1.5117183

Journal of
Applied Physics

ARTICLE scitation.org/journalljap

Heat exchange with interband tunneling

Cite as: 3. Appl. Phys. 126, 165107 (2019); doi: 10.1063/1.5113870 @ I-t_-l @

Submitted: 11 June 2019 - Accepted: 8 October 2019 -
Published Online: 24 October 2019

View Online Export Citation CrossMark

Zheng Li,*’ Jin Xue, {2 and Rajeev J. Ram

AFFILIATIONS

Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

aAzhli@mit.edu

ABSTRACT

The carrier transport associated with interband tunneling in semiconductors has been investigated extensively both experimentally and
theoretically. However, the associated heat exchange from interband tunneling is not discussed in depth. Due to the nanoscale nature of the
tunneling phenomenon, people tend to use a “resistor model” to compute the heat generated. We present our analysis of heat exchange in
tunneling junctions based on an extended Kane’s model. We observe that the heat exchange is distinct when we apply forward bias, small
reverse bias, and large reverse bias. In each of these bias regimes, we demonstrate that the internal temperature distribution of a tunneling

junction can deviate from the simplified “resistor model” significantly.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5113870

1. INTRODUCTION

Interband tunneling has been extensively studied for more than
half a century since the proposal of the Zener breakdown mecha-
nism' and the subsequent invention of Esaki diodes.” Although the
interband tunneling effect is also responsible for unwanted contribu-
tions to the gate-induced drain leakage in metal-oxide-semiconductor
field-effect transistors (MOSFETs)’ and parasitic dark currents in
photodetectors,” the associated effect of negative differential resistance
exhibited in forward-biased Esaki diodes has given rise to a number
of useful devices including high-frequency oscillators, amplifiers, and
switches.” More recently, interband tunneling field-effect transistors
(TFETSs) based on both traditional bulk semiconductors and novel
2D/nanostructured configurations have been proposed as a promising
alternative to MOSFETs for further down-scaling of the transistor
power supply voltage and more energy-efficient switching
capability.”™ This is fundamentally due to the benefit of interband
tunneling for the “cold” carrier injection in TFETs, instead of the
thermal injection associated with a Boltzmann tail in MOSFETSs
which is ultimately subject to the 60 mV/dec limit of the subthres-
hold swing at room temperature.

Models of charge transport within semiconductor interband tun-
neling devices successfully predict device electrical characteristics.”™"”
However, the associated thermal transport has not received equal
attention, and tunnel diodes are traditionally treated simply as lumped
resistive-heating elements. In contrast, bipolar thermoelectric effects in
semiconductor diodes in the diffusive transport regime are now well
established.”’™* Similarly, the local heating/cooling effects associated

with quantum mechanical tunneling processes in other (unipolar)
devices such as field emission structures,””" metal-insulator-metal
junctions,” metal-insulator-superconductor junctions,”” and mag-
netic tunnel junctions”>*’ have also been investigated.

In this letter, we model the heat exchange in tunneling diodes
based on direct bandgap materials and compute the associated
internal temperature profiles. We present the extended Kane’s
model and use it to compute the current density and the associated
heat exchange. By assuming a varying energy relaxation length and
simulating the internal temperature profiles using Fourier’s law, we
conclude that our results deviate significantly from the “resistor
model” when the electron energy relaxation length is comparable
to the length of the n bulk region. Our model also predicts that
cooling should be observed with small reverse bias.

Il. DIRECT BAND-TO-BAND TUNNELING MODELS

By using perturbation theory with the two-band k- p
Hamiltonian, Kane derived the transmission probability and the
current density of direct interband tunneling under a constant elec-
trical field F.>'" The band structure and some related parameters
are present in Fig. 1. Note here that the constant field is the average
electrical field in an abrupt pn junction.

Although the two-band Kane’s model qualitatively captures the
IV characteristics of a tunneling junction, the simulated current
density can deviate from that of the quantum simulations' """
since Kane’s two-band model does not incorporate multiband
mixing and nonparabolicity when k is large. After Kane, Krieger also
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g transmission probability by using a four-band Hamiltonian and 9*hE2 * 187°hE2
treating the effect of the remote bands as perturbation.” Recently,
Pan et al. used Krieger’s multiband model without considering the 6+6a B
4b

perturbation from remote bands to simulate the tunneling current in
bulk and low-dimensional materials.'”” They also compared their
results using full quantum transport simulations with nonequilibrium
Green’s function (NEGF)’® and found that the tunneling current
density was consistent for various III-V materials and in a relatively
wide range of field strength. Louran et al. also modeled GaAs tunnel
junctions using similar multiband corrections and found reasonable
agreement with NEGF methods and experiments.””

In Fig. 1, according to Krieger’s work,”* given the bandgap E,,
the constant field F, the spin-orbit coupling strength A, and the
transition dipole strength P, the transmission probability Ty, of an
electron with energy E and transverse wavevector k; is

2 TE; [3teaf 4Pk
Tup(E, k1) —3€XP <— 1qFP\ 3+ 4a 1+ E§ , (1)

where a = £.

The current density can be evaluated

2

dk
T = ﬁthdE () — f(B)] J—i T(E. k1)

(2m)’
B
= Ay (F) exp (— %)
x JdE [fa(E) = f,(B)] (1 — Ryy(E, F)), )
with Agp, Bap, and Ryj, being defined as
_ ﬂm%Eg (5+4a)(1 + 2a)
B = g \/((2 +20)(3 + 4a)>’ (33)

Ryp(E, F) = exp (— min(2mE;, ZthEz)) (3¢)

5 + 40t m, FE,

Here, f, p are the Fermi-Dirac distributions in the n and p
bulk. E; and E, are the kinetic energy of the tunneling electron in
the conduction band (CB) and the light hole valence band
(LH-VB), respectively (see Fig. 1). m, is the reduced mass of the
conduction band (CB) and the light hole valence band (LH-VB)
effective mass m, and my,

1 1\
e (il o
me My

Note that the factor 1 — Ry, is from the upper limit of the
integral over k ,

R < min(2mEy, 2myE,). (5)

In Fig. 2, we present the comparison of the ] — V curves of
tunneling junctions based on direct and low bandgap semiconduc-
tor Ings3GagsyAs using the two-band and the four-band Kane’s
models. At each bias, we use the average electrical field in the
abrupt pn junctions as F in Eq. (2). Some related parameters are
present in Table I. InGaAs is chosen for its efficient junction tun-
neling with an abrupt high doping profile and also for its low
thermal conductivity and thus more conspicuous internal heating
effects. We observe that the current density from the four-band
Kane’s model is always higher. This is consistent with the work of
Pan et al.'” We will use the four-band Kane’s model in our follow-
ing discussions.

11l. INTERFACIAL HEAT EXCHANGE

The tunneling current causes heat exchange near the bulk/
barrier interfaces due to the difference between the average tunneling
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FIG. 2. The current density vs the bias of InGaAs tunneling junctions with a
multiple doping level. The blue lines and the red lines indicate the results from
the two-band and the four-band Kane's models, respectively. The curves of
Nay = Np = 2 x 10" in a linear scale are present in the inset plot.

electron energy and the average transport energy in the bulk. The
main heat exchange processes near the junction are depicted in
Fig. 1. Here, we assume that the energy-relaxation processes only
occur in the n/p bulk regions since the barrier region (<20 nm) is
short and the tunneling process can be considered ballistic. In the
bulk region, the heat exchange takes place approximately within an
energy relaxation length from the junction. In the n bulk, the scatter-
ing between the electrons in the CB and the optical phonons domi-
nates, and the energy relaxation length [, is on the order of several
hundred nanometers for most III-V materials.”>** In the p bulk, the
energy relaxation length I, tends to be much smaller than I, because
holes relax faster than electrons through the carrier-optical phonon
scattering'’™* and have a lower velocity for both drift and diffusion
processes due to the larger effective mass.

We can compute the average transport energy referred to the
Fermi level in the bulk as

Etr,n/p = q|nn/p|> (6)

TABLE I. Parameters of InGaAs in our simulations.

Parameters Values

E, 0.74 eV
A 0.329 eV
m. 0.041 m,
myy, 0.052 my
Dielectric constant € 13.9061

Thermal conductivity & 0.05Wcem ™' K™

ARTICLE scitation.org/journalljap

where I1,,, is the Peltier coefficient in the n/p bulk.”* Under the
relaxation-time approximation,”**>*°

L | 7 EYen(EYDOS,(E)(E — EF)( ”dE)

1 fTVl(E Vxnz(E)DOS (E)( U dE)

, (7a)

| | 7p(EYvp*(E)DOS,(E)(E — Ey) (, %, dE)

"4 e ®wgED0s,e)(~ G dE)

, (7b)

where f,/, is the Fermi-Dirac distribution function, z,,(E) is the
carrier energy relaxation time, V.,/,(E) is the averaged carrier
velocity, and DOS,,/,(E) is the density of states. Approximately,

Tn/p(E) oc ‘E - Ec/v|rii> (8)

where 7 is a scattering parameter associated with the detailed energy
relaxation mechanisms.

In our model, an energy-indepedent relaxation time, or r =4,
is used. This is consistent with the fact that the electron-polar
optical phonon (POP) scattering dominates the energy relaxation
for III-V semiconductors at room temperature.”” Also, in Egs. (72)
and (7b), the integration is essentially only within a window of kT
near the Fermi levels, and thus, we do not expect the relaxation
time to vary significantly with energy.

Assuming parabolic conduction and valence bands, Egs. (7a)
and (7b) can be further simplified as

9 (BB}~ GpdE)

& E}(E — Ep) (—%dE)
g [ - B (- FpaE) )

We can define the average energy of the tunneling electrons as

19)
Equ/p = ]TJdE(E Erafp) a5 3 (10)

Note that Er here as the reference energy can be either Ef, or Epp,
depending on which bulk we discuss. In our following discussion, we
will use Eq for the energy level and Eq ./, for Eq referred at E, 5.

The heat exchange Q, and Q, in the n and p bulks can be
expressed as

Oap

9E *—]411 (q|TT,| — Eqn), (11a)

d - n
Q= qJ E(qIT,| — (E — Er) 22
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1
Q= aJdE((E = Erp) — a5 = a]4b(EQ>P —q[T). (11b)

It is expected that the heat exchange is the product of the carrier
flux J4»/q and the heat exchanged per carrier, which are g|I1,| —
Eq and Eqp — ¢|I1,| for n and p bulks, respectively.

In Figs. 3(a) and 3(b), we plot the heat flux (Q, and Q,) and
the heat exchanged per carrier (q|I1,| — Eq, and Eqp — g|T1,|) vs
the bias in an InGaAs pn junction with doping levels
N4 = Np =2 x 10" em 3. According to the heat exchange perfor-
mance, we can roughly divide these curves into three bias regimes:
the forward heating regime, the reverse cooling regime, and the
reverse heating regime. The band alignment and the associated
energy levels are indicated in Fig. 3(c). When the junction is
forward biased, with the increasing bias, Q, and Q, first increase and
then drop to zero where the current density vanishes. This depen-
dence of Q, and Q, on the bias is consistent with the associated
current density. We also observe that the heating of the junction is
asymmetric with Q, being much larger than Q, under the forward
bias. The ratio Q,/Q, can be as large as 15. This can be verified by
investigating the heat exchanged per carrier in Fig. 3(b), where

(a) 3000

2500

2000

heat exchange in the n/p bulk
(

L L L L

-02 -041 0 01 02 03 04 05 06 07 08

bias (V)

Epp +q|T,|

Epn + q|Ty|

Reverse Heating

Reverse Cooling

Epp +q|T,|

ARTICLE scitation.org/journalljap

q|T1,| — Eq, increases approximately linearly with the bias, while
Eqp — q|T1,| is relatively unchanged. We explain this performance as
follows. Under forward bias, the current is the net electron tunneling
current from the n bulk to the p bulk. The filled states in the n bulk
are approximately between E. and Ef,, and the empty states in the p
bulk are between E, and Ep,. Since the difference between E, and
Ep, is much smaller than E; and Er, because of the existence of the
heavy hole valence band (HH-VB), Eq is pinned by the narrow
energy window of the empty states near Er, in the p bulk. Therefore,
on the p side Eq), — g|I1,| ~ g|I1,| is approximately a few kT. While
on the n side, g|IT,| — Eq, ~ q|I1,| — Erp =~ Ep, — Epp = qV.
When the junction is operated under small reverse bias, we can
observe cooling on both sides of the junction. Specifically, Q, and
Q, are negative under V~ —0.04to 0V and V ~ —0.05to 0V,
respectively. This phenomenon indicates that Eq is between Ep, +
qIl, and Ep, + gIl,. The alignment of the energy levels is qualita-
tively depicted in the second plot of Fig. 3(c). The dependences of
|Qu| and |Q,| on the bias are nonmonotonic with |Q,| and |Qp|
approximately peaking at V' = —0.02V and V = —0.025V, respec-
tively. This is due to the fact that the current and the heat exchange
per carrier have opposite trends with increasing reverse bias. As the
reverse bias increases, the current increases, while the magnitude of

(b) 08 T

A 0.02

06} [

05f 0.
.

n bulk
e 13 UK |
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L
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5 04r
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FIG. 3. (a) The heat exchange Q, in the n and p bulks of an InGaAs pn junction doped at Ny = Np = 2 x 10% cm~3 vs the bias. The red lines and black lines indicate
Qy and Q,, respectively. (b) The heating exchange per carrier q|TT,| — Eq,, and Eqp — q|TT,| vs the bias in the n and p bulks. The red lines and black lines indicate the
n and p bulks, respectively. Note that the lines are terminated when the associated current vanishes. (c) The alignment of the energy levels includes the transport energy
in the bulk (purple dashed lines) and the averaged energy of the tunneling electrons (black dashed lines) in various bias regimes. The arrows indicate the current direc-
tions as well as the associated heat exchange. The blue solid lines indicate the band structures.
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the heat exchange per carrier decreases. [Fig. 3(b)]. Note that the
sign changing of the heat exchange per carrier at V = 0 is due to the
change of the current direction. Also, note that, in this situation,
heating happens at the semiconductor/contact interfaces.

Under larger negative bias V << —0.05V, significant heating
can be observed on both sides of the junction. The magnitudes of
Q. and Q, are similar. In this situation, as depicted in the first plot
of Fig. 3(c), Eq is approximately in the middle of Er, + gII, and
Epp + gI1,. Unlike the cooling regime, here the Er, + gI1, is lower
than Egj, + gII, due to the large reverse bias.

We can further examine our assumption of the energy-
independent relaxation time here. Under small reverse bias, cooling
happens and the electrons absorb heat from the lattice [Fig. 3(a)].
This is associated with phonon absorption. Compared with acoustic
phonon absorption, POP absorption is usually stronger in III-V
materials, and the POP absorption relaxation time is approximately
energy-independent.”” Under large reverse bias, the heat exchange
per carrier is usually higher than the POP emission threshold of
33 meV; hence, POP emission with an energy-independent relaxa-
tion time dominates energy relaxation [Fig. 3(b)]. Under forward
bias, especially in the p bulk, the assumption can be problematic
since the heat exchange per carrier is comparable to the POP emis-
sion energy threshold. The acoustic phonon scattering may have a
significant contribution to energy relaxation in these situations.”’
However, as we pointed out above, the small integration windows
in Egs. (7a) and (7b) lead to weak dependence of I1,/, on r, and
thus the approximation is still valid.

We conclude by presenting |Q,| and |Q,| of tunneling junc-
tions with various doping levels in Fig. 4. The distinct three bias
regimes can be observed and the associated heat exchange perfor-
mance is consistent with our previous discussions. As the doping
level increases, the magnitudes of heat exchange increase due to the
larger current density. Also, the cooling regime shrinks because |I1|
decreases with doping.”

IV. INTERNAL TEMPERATURE PROFILES

In this section, we discuss the internal temperature profiles in
the bulk regions of tunneling junctions. We use an InGaAs tunnel-
ing junction with a doping level of Ny = Np = 2 x 10" cm™>. We
consider V.= —0.2V, V= -0.02V, and V = 0.1V as the typical
situations for reverse heating, reverse cooling, and forward heating,
respectively. Q, and Q, are computed using Eq. (11). The distribu-
tion of Q, is modeled as an exponential decaying function with
energy relaxation length [, in the n bulk. For the distribution of Qj,
as we discussed above, since lp is much smaller than [,, we assume
that the heating in the p bulk is a d-function in space, or effectively
I, = 0, for simplicity. Fourier’s law is used to compute the tempera-
ture profile from the heat exchange. Two device structures are used
in our simulation. One is with a long p substrate (>200um) and
short n bulk (1um), which is a simplified thin film device. The
other is with the n and p bulk of the same length of 1 um. On both
electrodes, we apply boundary conditions of a fixed temperature of
AT = 0.
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FIG. 5. Internal temperature profiles of tunneling junctions with various /,, device structures, and operating bias. (a)-(c) Device structures with long p substrates. (d)—(f)
Device structures with short n and p bulk. The operating bias are —0.2V, —0.02V, and 0.1V in (a)—(d), (b)—(e), and (c)—(f), respectively. The inset plots indicate the
structures and the heating profiles. The blocks labeled n and p indicate the neutral regions in the corresponding bulk. The blocks labeled with B indicate the barrier region.

In Fig. 5, we present the internal temperature profiles of the
two device structures under various operating bias. AT is the differ-
ence of the internal temperature and the ambient temperature. Here,
x <0 and x > 0 indicate the n and p bulk, respectively. We vary
I, = 0-500 nm. Note that setting I, = 0 is equivalent to assuming
that the input power J4, V is dissipated entirely in the barrier region,
which is similar to a simple resistor. In Figs. 5(a)-5(d), the junctions
are biased in the reverse heating regime, where approximately half
of the heat exchange is distributed in the n bulk. We observed
the junction temperature with nonzero I, to be lower than that
from the resistor model. Given [, = 500 nm, these deviations are
approximately 2.5K and 1.3K for the structures with a long p bulk
and a short p bulk, respectively. The relative deviations are both
approximately 30%. In the forward heating regime [Figs. 5(c)-5(f)],
as we mentioned, the heat exchange is more asymmetric with Q,
much larger than Q,. Since Q, contributes to the distributed heat
exchange, the relative deviations in the forward heating regime,
approximately 50%, are thus higher.

In the reverse cooling regime [Figs. 5(b)-5(e)], the tempera-
ture drop is on the order of several tens of mK. The temperature
drop is higher with a long p substrate and a small [,,.

V. DISCUSSION AND CONCLUSION

In this letter, by using Kane’s model with the four-band
Hamiltonian, we compute the heat exchange in direct tunneling

junctions and the associated internal temperature distributions. We
observe three distinct bias regimes. In the forward heating regime,
the heat exchange in the n bulk is much larger than that in the p
bulk due to the pinning of the average tunneling electron energy.
Considering this asymmetric nature of heat exchange and the dis-
tributed heating profile, we obtain lower junction temperatures
compared with those from simple resistor models. In the reverse
heating regime, the relative deviation is smaller because the heat
exchange is less asymmetric. However, given that the current
density can be high, the absolute deviations can be on the order of
several K. Our model also predicts that when the reverse bias is
small, cooling should be observed.

Our results suggest that the detailed heat exchange processes
should be considered when designing devices with interband tun-
neling. For example, for TFETs that work under large reverse bias,
one should compute the heat exchange in order to achieve better
estimation of the junction temperature. As we present, using a
simple resistor model can lead to approximately 30% deviations in
our simulations.

A TFET can also work in the reverse cooling regime. Although
the cooling phenomenon is a straightforward result of the Peltier
effect, it is rarely mentioned in the related literature because the tem-
perature drop is small. Recently, there are several new techniques
reported that may be useful for such measurements. For example,
by using scanning probe thermometry, sub-10mK temperature
resolution and nanoscale spatial resolution have been already
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achieved.”*”*" The observations of the junction temperature drop in
the reverse cooling regimes will not only verify our models but also
have impact on the design of devices with interband tunneling.

Note that we only consider the heat exchange in the direct
bandgap tunneling junctions in this work. A natural follow-on to
this work would be to discuss heat exchange in indirect bandgap
materials such as Si. The electron transport properties of indirect
tunneling junctions have been investigated in Kane’s original
paper.”'” The Peltier coefficients of the n and p bulks can be com-
puted through Eqs. (7a) and (7b) with a 7(E) associated with acous-
tic deformation phonons (ADPs) and intervalley scattering.”” One
also has to consider the heat exchange in the tunneling barrier
region. Since the indirect band-to-band tunneling is usually assisted
by phonons near the boundaries of the Brillouin zone, the heat
exchange in the barrier should not be negligible. Semiclassical
methods might not be applicable here because the thickness of a
tunneling barrier is usually tens of nanometers and is much
smaller than the phonon mean free path. Instead, a full quantum
simulation, such as one with the NEGF formalism,”® might be
required.
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