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Direct thermal-to-electric energy converters typically operate in the linear regime, where the ratio of
actual maximum power relative to the ideal maximum power, the so-called fill factor (FF), is 0.25. Here, we
show, based on fundamental symmetry considerations, that the leading order nonlinear terms that can
increase the FF require devices with broken spatial symmetry. Studying nonlinear, thermoelectric transport
across an asymmetric energy barrier defined in a single semiconductor nanowire, we find in both
experiment and theory that we can increase the FF as well as maximum power. Geometric symmetry
breaking combined with the design of nonlinear behavior thus represents a strategy for increasing the
performance of thermoelectric or hot-carrier devices.
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Introduction—The ability to effectively convert heat
stored in charge carriers into electricity is at the heart of
existing and emerging technologies ranging from thermo-
electric generators to hot-carrier photovoltaics and ther-
mophotovoltaics. Generally, such devices operate in the
linear-response regime where power output is fundamen-
tally limited [1–3]: the so-called fill factor FF, which
describes the shape of the current-voltage (I-V) curve in
the power-producing quadrant, has the value FF ¼ 0.25 by
definition in the linear response regime. This means that
the device’s maximum power is four times smaller than the
maximum power that corresponds to an ideal FF ¼ 1 [4].
Optimizing the FF is a well-established strategy to increase
the power output in photovoltaics, where a good silicon
single-junction cell typically reaches FF ≈ 0.8 [5]. This
strategy is, however, rarely considered in the context of
thermal-to-electric energy conversion.
To achieve FF > 0.25 in thermal-to-electric energy

conversion, it is necessary to introduce nonlinear I-V
behavior. What nonlinear features are the most promising
for increasing the FF? In the present work we show, based
on fundamental symmetry considerations, that the leading
order nonlinear terms that can increase the FF require
devices that respond asymmetrically to the direction
of external bias. This observation highlights device

asymmetry as a critical attribute for increasing thermo-
electric power. To experimentally demonstrate the role of
broken symmetry, we study thermoelectric transport, in the
nonlinear regime, across an asymmetric, ramp-shaped,
energy barrier at temperature 77 K. The barrier is epitax-
ially defined by heterostructure engineering in a single
semiconductor nanowire [Figs. 1(a)–1(c)]. The nanowire is
equipped at either end with independent heaters that allow
us to control the thermal bias in both directions along its
axis [Figs. 1(d) and 1(e)]. We observe a large asymmetry in
thermoelectric response with respect to the direction of
thermal bias. Crucially, in one of the two configurations, we
observe a FF > 0.25 that increases linearly in thermal bias,
qualitatively consistent with theoretical predictions based on
fundamental symmetry considerations. The strategy intro-
duced here, to design device symmetry and its nonlinear
behavior in order to increase the FF, offers new avenues for
increasing the performance of thermal-to-electric energy
converters. Importantly, this strategy is independent of and
complementary to strategies to increase the traditional
thermoelectric figure of merit ZT. ZT is a strictly linear-
response quantity that holds no meaning for thermoelectric
systems operating in nonlinear response regimes (see [6],
Sec. VIII for a more detailed discussion of the relationship
between FF and ZT).
Symmetry properties, nonlinear response, and fill

factor—We begin by considering fundamental symmetry
properties of a generic, n-type, two-terminal thermoelectric
device driven by applying a thermal bias ΔTðL=RÞ to the left
(L) or the right (R) contact, respectively, resulting in an
electrical current IðV;ΔTL;ΔTRÞ. For heating at the right
contact only ðΔTR ¼ ΔT > 0;ΔTL ¼ 0Þ the current can be
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expanded to lowest nonlinear order in voltage and thermal
bias as

IðV;0;ΔTÞ¼GVþLΔTþMV2þNΔT2þHRVΔT; ð1Þ

where G, L, M, N, and H are constants describing the
particular system. Heating instead at the left contact,
assuming that heating by itself does not alter the device
properties, that is Ið0; 0;ΔTÞ ¼ −Ið0;ΔT; 0Þ, we can
expand the current

IðV;ΔT;0Þ ¼GV −LΔTþMV2−NΔT2þHLVΔT: ð2Þ

For a spatially symmetric device it further holds that the
current reverses sign under a simultaneous reverse of bias
V and swapping of heating contact, that is

IðV; 0;ΔTÞ ¼ −Ið−V;ΔT; 0Þ: ð3Þ

A symmetric device, fulfilling Eq. (3), constrains the
expansion coefficients in Eqs. (1) and (2) to M ¼ 0 and
HL ¼ HR. The fill factor is defined as FF ¼ Pmax=ISCVOC,
where Pmax is the electrical power maximized with respect
to V, ISC the short-circuit current defined as the current at
V ¼ 0, and VOC the open-circuit voltage. From the non-
linear current expressions in Eq. (1) and (2) we evaluate
Pmax, ISC, and VOC (see [6]). The resulting fill factor,
expanded to lowest nonlinear order in thermal bias, is

FFðL=RÞ ¼
1

4
∓ ML

8G2
ΔT; ð4Þ

with þ=− corresponding to heating at L=R, respectively.
Hence, we can make our first key observation: for a
spatially symmetric device (M ¼ 0), to lowest order

nonlinearity [Eqs. (1) and (2)], the fill factor continues
to be restricted to its linear response value, FF ¼ 0.25.
Increasing the FF of a thermoelectric system using leading
order nonlinear behavior thus requires a system with
broken spatial symmetry, such that M ≠ 0, suggesting
symmetry-breaking as a novel strategy for increasing the
FF and thus thermoelectric power.
Observing asymmetric thermoelectric transport—How

can one realize an asymmetric and nonlinear thermoelectric
system in practice? One avenue is metallic superconducting
systems, where a junction with electrodes with different
superconducting gaps recently was shown to exhibit non-
linear thermoelectric effects at low temperatures [14,15]. In
semiconductor devices, an asymmetric thermoelectric
system has, to our knowledge, not been experimentally
demonstrated. It is however well established that nonlinear
thermoelectric systems can be realized in mesoscale
devices [16–18], potentially with asymmetric behavior
such as thermal rectification [19–22]. One approach to
realize such systems is by varying the chemical compo-
sition of semiconductor materials at the nanometer scale in
order to create potential barriers with energy selective
transmission [23–26]. In semiconducting nanowires, such
heterostructures can be synthesized with high control and
precision [27–29].
Our experimental device consists of a single InAs

nanowire with an InAs1−xPx segment where the ratio of
P to As is gradually increased to yield a ramp-shaped
energy barrier, both in conduction and valence band,
before abruptly transitioning back to InAs [Fig. 1(c)] [29].
We expect the carrier transport will be dominated by the
behavior of electrons in the conduction band, as the
chemical potential at InAs surfaces are known to be pinned
in the conduction band [30,31]. The presence and shape of
the heterostructure is confirmed by energy-dispersive x-ray

FIG. 1. (a) Scanning transmission electron microscope image and (b), energy-dispersive x-ray spectroscopy of a typical nanowire from
the same growth as the studied nanowire, indicating the energy barrier shape. (c) Approximate, idealized, structure of the conduction
(valence) band, EC (EV). (d) Device layout. A bias voltage V can be applied along the nanowire using the metallic leads (yellow).
A heating voltage ΔVH;L (ΔVH;R) can be applied on the left (right) side independently via the electrically insulated top heaters (red).
The side view shows oxide layers for insulation on top of p-type Si for the application of a global back-gate voltage (VBG). (e) Scanning
electron micrograph of the completed device.
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spectroscopy [Fig. 1(b)]. Both ends of the nanowire are
contacted by electrical leads, on top of which we place
electrically insulated top heaters [32,33] [see Figs. 1(d)
and 1(e)]. Applying a heating voltage ΔVH to one of the
top heaters generates Joule heat. The heat is transferred to
the corresponding side of the nanowire via thermal con-
duction through the electric leads, resulting in a local
increase of temperatureΔT. Using this design, thermal and
electrical biasing can be applied independently from one
another, and selectively in either direction across the
barrier.
We define the left (L) and right (R) terminals of the

device as the sides where the barrier has gradientlike shape,
and a steep side, respectively [Figs. 1(c) and 1(d)]. Electrical

bias is applied on the left side and current measured on the
right, such that I is positive when electrons flow from R to L
[Fig. 1(d)]. For thermal-bias measurements, ΔVH is applied
on either the left side (ΔVH;L) or the right side (ΔVH;R),
resulting in a corresponding local temperature increase in
the left (ΔTH;L) or right (ΔTH;R) end of the nanowire. The
experiments were performed at a base temperature of
T0 ¼ 77 K, meaning that the total temperature is given
as TðR=LÞ ¼ T0 þ ΔTðR=LÞ.
We find that I-V curves in the absence of thermal bias

(ΔVH;ðL=RÞ ¼ 0) are nonlinear already at V of a few milli-
volts [Fig. 2(a)]. Increase of ΔVH;LðΔVH;RÞ generates an
additional negative (positive) thermal current, resulting in a

FIG. 2. (a) I-V curves while stepwise increasing the heating voltages ΔVH;R (blue marks), or ΔVH;L (red marks), respectively. Arrows
indicate the direction curves shift for increasing ΔVH. Each data point is the result of averaging 6 sweeps (standard deviations are shown
in [6]). Solid black lines labeled L-B are calculated using Landauer-Büttiker theory [6] for barrier heightUtop ¼ 340 meV, barrier length
L ¼ 92 nm, base temperature T0 ¼ 77 K, equilibrium chemical potential μ0 ¼ 100 meV, and scaling factor A ¼ 710 (see [6] for
definition of A). The inset shows the relationship betweenΔVH and the resulting temperature biasΔT, where values forΔT are extracted
from fits (see [6]) to I-V curves in (a). (b),(c) Short-circuit current ISC and open-circuit voltage VOC as a function of ΔT. Error bars
indicate standard deviation, originating from the averaging of 6 sweeps (see [6]), which in (c) are smaller than the data point markers.
(d) Power P ¼ jIVj in the power-producing quadrants as a function of V. (e),(f) Maximum output power Pmax and fill factor FF as a
function of ΔT. The experimental values for Pmax are extracted from second order polynomial fits to curves in (d), see [6]. The dashed
line in (f) shows FF calculated from Eq. (4) using the values for G, L, andM extracted from experimental data (see [6]). Dotted lines in
(b),(c),(e),(f) show expected values under linear response, based on the extracted values for G and L.
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downward (upward) shift of the I-V curve. The sign of the
thermal current indicates that heating on one side of the
barrier results in a net electron flow to the opposite side. As
ΔVH;LðΔVH;RÞ is increased, the curve shape becomes more
concave (convex) in the power-producing quadrant (the
region between ISC and VOC). The change in curve shape
suggests an increase in FF for heating on the right side, and
a decrease in FF for heating on the left side.
To validate our results, and to determine the relation of

ΔVH to ΔT, we model the experiment within a Landauer-
Büttiker scattering framework [34], fully incorporating
nonlinear bias effects [35–37] (see [6]). Fits to the exper-
imental data are found with strong agreement for all I-V
curves [black solid lines in Fig. 2(a)], using a single set of
parameters [see caption to Fig. 2(a)]. The good agreement of
the fits provides evidence that the experimentally observed

behavior is indeed due to the asymmetric barrier, and not,
for example, due to imperfections in the nanowire.
Furthermore, we can determine values for ΔT for each
ΔVH [inset to Fig. 2(a)]. The fit indicates an equilibrium
chemical potential μ0 on the order of 100 meV. Given the
small experimental thermal energy of kBT0 ≈ 7 meV,
electron energies E in all experiments reported here are
thus expected to be well below the barrier top (E < Utop),
such that the device operates in the tunneling-transport
regime.
Spatial asymmetry and nonlinearity can increase the fill

factors—Importantly, the relationship between ΔVH and
ΔT indicates that the experimental heating arrangement
operates symmetrically: we observe the same ΔT when
ΔVH;L ¼ ΔVH and ΔVH;R ¼ 0, as when ΔVH;L ¼ 0 and
ΔVH;R ¼ ΔVH. Any observed asymmetries in the I-V
curves are thus not expected to be related to unintentional
asymmetries in the heater arrangement or performance.
This observation is consistent with the symmetric behavior
of ISC [Fig. 2(b)]. At short-circuit conditions, and for
symmetric heating, the response is expected to be sym-
metric with respect to the heating side irrespective of the
direction of thermal bias, since the transmission probability
across the barrier should be unchanged by temperature.
One main purpose of our study is to test whether device

asymmetry and nonlinear behavior can be used to increase
the FF beyond the linear response limit. To determine the
experimental FF, we compared the ratio between the
product ISCVOC [Figs. 2(b) and 2(c)] to Pmax, the maxi-
mum value of P ¼ jIVj, for each ΔT [Figs. 2(d) and 2(e)].
Most interestingly, when heating terminal R we find a
quasilinear fill-factor increase up to FF ¼ 0.29� 0.03 at
ΔT ≈ 10 K, an almost 20% improvement compared to the
linear-response limit FF ¼ 0.25 [Fig. 2(f)]. When heating
terminal L, we observe instead a corresponding decrease to
FF ¼ 0.21� 0.03. The observed quasilinear behavior of
the FF withΔT, as well as the observed splitting of FF with
respect to heating direction, is in good qualitative agree-
ment with the fundamental, lowest-order nonlinear pre-
diction for a system where M ≠ 0 [Eq. (4)].
To check for quantitative agreement with Eq. (4), we

extract values for all coefficients in the generic nonlinear
expansions of Eqs. (1) and (2). Details of this process are
described in [6]. Briefly, G and M are extracted from I-V
curves measured at ΔT ¼ 0 [Figs. 3(a) and 3(b)], L and N
are extracted from IðΔTÞ measured at V ¼ 0 [Figs. 3(c)
and 3(d)], andH is determined from measurements at finite
V and ΔT in the linear response limit [Figs. 3(e) and 3(f)].
The origin of the corresponding nonlinear effects is
illustrated in Fig. 3.
Using the values forM, L, andG, obtained in [6], Eq. (4)

somewhat underestimates the observed FF splitting [dashed
lines, Fig. 2(f)]. Comparison between Eq. (4) and the
Landauer-Büttiker model, which includes full nonlinear
behavior, indicates that about half of the experimentally

FIG. 3. Illustration of possible causes of the nonlinear effects
and associated asymmetric behavior observed here. Blue and red
colored regions illustrate Fermi-Dirac distributions. For consis-
tent sign convention, it is assumed that the electrical bias is
applied on the left side [as indicated in Fig. 1(d)]. (a),(b)
Nonlinear effects originating from electrical bias during tunneling
transport. An electrical bias V shifts μ by eV and causes electrons
to flow to the side with lower μ, but alters also the barrier shape,
such that IðVÞ ≠ −Ið−VÞ for finite V. To lowest nonlinear order,
these effects are described by I ¼ GV þMV2. (c),(d) Nonlinear
effects originating from temperature-induced changes in the
energy range of carriers participating in transport, described
by the Fermi-Dirac distributions. Increasing temperature on one
side causes electrons to flow to the colder side because electron
transmission is higher at higher energy. To lowest nonlinear order,
these effects are described by I ¼ LΔT þ NΔT2. (e),(f) When
producing power, the device is operated under both thermal and
electrical bias, such that nonlinear transport of both origins may
occur, and all five terms in Eqs. (1) and (2) are needed for the
lowest nonlinear order description.
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observed FF change is accounted for by the lowest-order
nonlinear prediction [Eqs. (1) and (2)], whereas higher-
order nonlinear terms account for the rest.
In addition to the change in FF, which describes a relative

power, we also observe a drastic increase in absolute power
as a function of ΔT [Fig. 2(e)]. The observed Pmax in the
nonlinear regime atΔT ¼ 10 K (ΔT=T0 ≈ 13%) is up to 20
times higher than the Pmax;lin ¼ ðL2=4GÞΔT2 predicted by
the device’s linear response properties [Fig. 2(e)]. The major
part of this increase can be attributed to the clearly nonlinear
behavior of ISC [Fig. 2(b)], which in the observed range of
ΔT is well described by ISC ¼ LΔT þ NΔT2 (see [6]).
A smaller portion of the increase can be attributed to an
increase in VOC, which also exceeds the linear response
prediction VOC ¼ ðL=GÞΔT [Fig. 2(c)]. AtΔT ¼ 10 K, we
find VOC=ΔT ≈ 1.5 mV=K, large compared to commonly
observed Seebeck coefficients in linear response both in
bulk and nanowire InAs [38–40].
Conclusion and outlook—We have shown that funda-

mental symmetry relationships dictate that samples with
broken geometrical symmetry are a pre-requisite for observ-
ing leading-order nonlinear effects that could increase the
thermoelectric FF. We also experimentally demonstrated the
leading-order asymmetric change in FF predicted by Eq. (4)
for an asymmetric device. This observation explains why
nonlinear I-V curves are rarely observed in conventional
thermoelectric systems, which typically are isotropic.
Although transport across our ramp-shaped energy barrier
was in the tunneling regime, where a very low current is
expected, we nevertheless observe thermoelectric power on
the order of 1 pW at ΔT ≈ 10 K, comparable to that
observed in plain InAs nanowires of comparable quality
and diameter at similar temperatures [41]. Future studies
using different barrier shapes and varied μ0 may be used to
explore whether power production and FF can be further
increased.
Importantly, our results suggest that improving the

thermoelectric FF is a promising approach for creating
more powerful thermoelectric devices and materials that can
be pursued in addition to efforts to increase the traditional,
linear-response ZT (see also [6] Sec. VIII). Looking to
photovoltaic devices for inspiration, where a FF > 0.75 is
not unusual, we can conclude that, for a given device or
material, there is potential for an up to threefold increase in
maximum power just based on FF, and more if nonlinear
increases in ISC and VOC can be realized. In order to
leverage the required nonlinear effects to leading order,
devices with broken spatial symmetry must be used. There
exists a wealth of systems that may be investigated to
explore this design route for use in direct thermal-to-electric
energy conversion. Examples include mesoscopic devices
other than the one used in this study, including layered, two
dimensional systems commonly used in hot-carrier photo-
voltaics [42–44]. A particularly promising candidate might
be monolayers of asymmetric molecules [45,46]. Another

route might be the design of anisotropic materials or
metamaterials that combine asymmetry with nonlinear
properties.
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