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Using Activated Transport in Parallel Nanowires

for Energy Harvesting and Hot Spot Cooling

Riccardo Bosisio, Cosimo Gorini, Geneviève Fleury and Jean-Louis Pichard
Service de Physique de l’État Condensé (CNRS URA 2464),
IRAMIS/SPEC, CEA Saclay, 91191 Gif-sur-Yvette, France

We study the thermoelectric effects in arrays of disordered nanowires in parallel, at temperatures
where charge transport between localized states is thermally assisted by phonons. We obtain large
power factors and electrical figures of merit, when the chemical potential probes the band edges of
the nanowires, the large thermopowers self-averaging while the small electrical conductances add.
The role of the parasitic phonon heat transport is estimated. We also show that phonon absorption
and emission occur at opposite ends of the array in band-edge transport, a phenomenon which could
be exploited for cooling hot spots in electronic circuits.

A good thermoelectric machine must be efficient at
converting heat into electricity and also provide a sub-
stantial electric output power for practical applications.
In the linear response regime, this requires optimizing si-
multaneously the figure of merit ZT = S2GT/(Ke+Kph)
and the power factor Q = S2G, T being the operat-
ing temperature, S the device thermopower, G its elec-
trical conductance, and Ke and Kph its electronic and
phononic thermal conductances. In the quest for high
performance thermoelectrics, semiconductor nanowires
(NWs) are playing a front role [1–6], apparently offer-
ing the best of three worlds. First, an enhanced S due to
strongly broken and gate-tunable particle-hole symmetry
[4, 7–9]. Second, a suppressed Kph by virtue of reduced
dimensionality [2, 3]. Finally, a high power output thanks
to scalability, i.e. parallel stacking [2, 5, 10–17].
In this letter, we study arrays of doped semiconductor

NWs, arranged in parallel and attached to two electrodes.
The NWs are either suspended or deposited onto an elec-
trically and thermally insulating substrate. A metallic
gate beneath the sample is used to vary the carrier den-
sity inside the NWs. This setup is referred to as field
effect transistor (FET) configuration and is sketched in
Fig. 1. If the thermopower or the thermal conductances
are to be investigated, a heater (not shown in Fig. 1) is
added on one side of the sample to induce a tempera-
ture gradient between the electrodes. We focus on the
phonon-assisted activated regime and assume (i) that
transport takes place in the NWs impurity band only
and (ii) that the substrate, or the NWs themselves if
they are suspended, act as a phonon bath to which NWs
charge carriers are well coupled. We thus consider inter-
mediate temperatures, where the thermal energy kBT is
high enough to allow inelastic hopping between localized
states of different energies (typically a few Kelvin de-
grees), yet low enough to neglect the possible presence of
other bands (typically tens of Kelvin degrees in weakly
doped crystalline semiconductors up to room tempera-
ture in amorphous materials) [18]. Following Refs. [19–
21], we solve numerically the Miller-Abrahams random
resistor network problem [22] to obtain S, G, and Ke.

FIG. 1. (Color online) Array of suspended (a) and deposited
(b) parallel NWs in the FET configuration. The NWs are
drawn in green, the two metallic electrodes in yellow, the
substrate in grey and the back gate in dark grey. The blue
[red] spot in (b) indicates the substrate region that is cooled
down [heated up] in the phonon-assisted activated regime,
when a charge current flows from the left to the right electrode
and the gate voltage is tuned so as to probe the lower edge of
the NWs impurity band.

This allows us to identify also the regions where heat
exchanges dominantly take place.

We find that once a large set of NWs is stacked in
parallel, the strong G, S and Ke fluctuations are sup-
pressed. Denoting by G0, S0 and Ke

0 the typical values
for a single NW, we observe more precisely (see Supple-
mental Material) that the thermopower of a large NW
array self-averages (S → S0) while its electrical and elec-
tronic thermal conductances G → MG0, Ke → MKe

0

as the number M of wires in parallel increases. Taking
full advantage of the gate, we move close to the impurity
band edges, where we recently obtained a drastic S0 en-
hancement [21]. We show that in this regime a large
S0 partly compensates an exponentially small G0, so
that substantial values of the power factor Q ≈ MS2

0G0

can be reached upon stacking plenty of NWs in parallel
(see Fig. 2). Remarkably, the electrical figure of merit
ZeT = S2GT/Ke is also found to reach promising val-
ues ZeT ≈ 3 when Q is maximal. Furthermore, we dis-
cuss how the phononic thermal conductance Kph will in-
evitably reduce the full figure of merit ZT and argue that,
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even if record high ZT is probably not to be sought in
such setups, the latter have the great advantage of offer-
ing at once high output power and reasonable efficiency
with standard nanotechnology building blocks. On the
other hand, we will also show at the end of the letter how
deposited NWs in the FET configuration can be used to
generate hot/cold spots “on demand”. The idea is sim-
ple to grasp: When the gate voltage is adjusted such
that the equilibrium electrochemical potential µ (defined
in the electronic reservoirs) roughly coincides with one
(say the lower) impurity band edge, basically all energy
states in the NWs lie above µ. Therefore, if charge car-
riers injected into the system around µ are to gain the
other end, they need to (on the average) absorb phonons
at the entrance so as to jump to available states, and then
to release phonons when tunneling out (again at µ). This
generates a cold and a hot spot in the nearby substrate
regions (see Figs. 1(b) and 3) that get scrambled in the
absence of the gate voltage. Such reliable and tunable
cold spots may be exploited in devising thermal manage-
ment tools for high-density circuitry, where ever increas-
ing power densities have become a critical issue [23].
Let us remark that parallel NW arrays can nowadays

be realized in different manners and with numerous ma-
terials [11–14, 16, 17]. Architecture and/or material
specific predictions, though very important for practi-
cal engineering purposes, are however not our concern at
present. On the contrary, our goal is to reach conclusions
which are as general as possible, relying on a bare-bone
but widely applicable model devised to capture the es-
sentials of the physics we are interested in.
Model and method. Each NW is modeled as a chain of

length L described by a tight-binding Hamiltonian with
on-site disorder:

H = −t

N−1
∑

i=1

(

c†i ci+1 + h.c.
)

+

N
∑

i=1

(ǫi + Vg)c
†
i ci . (1)

Here N is the number of sites in the chain (L = Na with

a lattice spacing), c†i and ci are the electron creation and
annihilation operators on site i and t is the hopping en-
ergy (inter-wire hopping is neglected). We assume that
no site can be doubly occupied due to Coulomb repul-
sion, but otherwise neglect interactions [24]. The site
energies ǫi are uncorrelated random numbers uniformly
distributed in the interval [−W/2,W/2], while Vg is the
constant gate potential. The electronic states are local-
ized at certain positions xi with localization lengths ξi
and eigenenergies Ei. For simplicity’s sake, we generate
randomly the positions xi along the chain (with a uniform
distribution) and assume ξi = ξ(Ei), where ξ(E) charac-
terizes the exponential decay of the typical conductance
G0 ∼ exp(−2L/ξ) at zero temperature and energy E.

The NWs are attached to two electronic reservoirs L
and R, and to a phonon bath, i.e. the system is in a three-
terminal configuration. Particles and heat(energy) can

be exchanged with the electrodes, but only heat(energy)
with the phonon bath. At equilibrium the whole system
is thermalized at a temperature T and both L and R
are at electrochemical potential µ (set to µ ≡ 0, at the
band center when Vg = 0). A voltage and/or tempera-
ture bias between the electrodes drives an electron cur-
rent through the NWs. Hereafter we consider the linear
response regime, valid when small biases δµ ≡ µL − µR

and δT ≡ TL − TR are applied.

We study the inelastic activated regime [20, 21].
Charge carriers (say electrons of charge e) tunnel elas-
tically from reservoir α = L,R into some localized states
i whose energies Ei are located in a window of order
kBTα around µα. They then proceed via phonon-assisted
hops to the other end, finally tunneling out. The carri-
ers’ hop along the NWs is of the order of Mott’s length
LM in space and Mott’s energy ∆ in energy [21]. At
the lowest temperatures considered in this work, ξ(µ) ≪
LM ≪ L and transport is of Variable Range Hopping
(VRH) type. An increasing temperature shortens LM

until LM ≈ ξ(µ), when the Nearest Neighbors Hopping
(NNH) regime is reached. The crossover VRH→NNH
takes place roughly at Mott’s temperature TM , whose
dependence on Vg can be found in Ref. [21].

The electron and heat currents are calculated by solv-
ing the random resistor network problem [22, 24]. The
method is summarized in the Supplemental Material. It
takes as input parameters the rate γe quantifying the
coupling between the NWs’ (localized) and the reser-
voirs’ (extended) states, and the rate γep measuring
the coupling to the NWs and/or substrate phonons.
We point out that we go beyond the usual approxima-
tion [20, 22, 24] neglecting the ξi’s variations from state
to state (ξi ≈ ξ(µ)), the latter being inappropriate close
to the band edges, where ξi varies strongly with the en-
ergy. Following Ref. [21] the random resistor network is
then solved for ξi 6= ξj . The particle and heat currents
thus obtained are related to the small imposed biases
δµ, δT via the Onsager matrix [25], which gives access to
G, Ke and S.

Power factor and figure of merit. By stacking a large
number M of NWs in parallel, the device power factor
can be enhanced Q ≈ MS2

0G0 without affecting its elec-
trical figure of merit ZeT ≈ S2

0G0T/K
e
0 . Fig. 2 shows

how the asymptotical Q/M and ZeT values (reached
when M > M∗ ≈ 100) depend on the gate voltage Vg

and on the temperature T . We observe in panel (a)
that the power factor is maximum for µ close the im-
purity band edge (black solid line) and for VRH temper-
atures. This parameter range represents the best com-
promise between two opposite requirements: maximizing
the thermopower (hence favoring low T and large Vg)
while keeping a reasonable electrical conductance (fa-
voring instead higher T and Vg ≈ 0). Formulas pre-
viously reported [21], giving the T - and Vg-dependence
of G0 and S0, let us predict that Q is maximal when
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FIG. 2. (Color online) Q/M in unit of k2

B/~ (a) and ZeT (b)
as a function of T and Vg. Data are shown in the large M
limit (M = 150) where there is self-averaging. The horizontal
lines give Vg’s value at which the band edge is probed at
µ (below [above] it, one probes the inside [outside] of the
impurity band). The red dashed lines T = TM separate the
VRH (T . TM ) and the NNH (T & TM ) regimes. The black
dashed line in (a) is the contour along which S0 = 2kB/e.
Parameters: W = t, γe = γep = t/~ and L = 450a.

|S0| = 2kB/|e| ≈ 0.2mVK−1 (black dashed line). A
comparison between panels (a) and (b) of Fig. 2 reveals
that, in the parameter range corresponding to the best
power factor (Vg ∼ 2.5t, kBT ∼ 0.6t), ZeT ≃ 3, a re-
markably large value. Much larger values of ZeT could be
obtained at lower temperatures or far outside the band,
but they are not of interest for practical purposes since
in those regions Q is vanishing. In the Supplemental Ma-
terial, Q and ZeT are shown to be roughly independent
of the NWs length L, in the temperature and gate volt-
age ranges explored in Fig. 2. Moreover Q/γe and ZeT
are almost independent of the choice of the parameters
γe and γep, provided γep & γe. When γep < γe, both
quantities are found to be (slightly) reduced. Thus, we
argue that the numerical results shown in Fig. 2 can be
addressed at a semi-quantitative level.
Let us now estimate the order-of-magnitude of the de-

vice’s performance. The substrate (or the NWs them-
selves if they are suspended) is assumed to supply enough
phonons to the NWs charge carriers for the condition
γep & γe to hold. Besides, we keep explicit the γe-linear
dependence of Q (and of Ke

0 that will soon be needed).
γe depends on the quality of the metal/NW contact. We
estimate it to be within the range 0.01 − 1 in units of
t/~, where t/kB ≈ 150K throughout [26]. This yields
γe ≈ 0.02 − 2 × 1013 s−1. For the sake of brevity, we in-
troduce the dimensionless number γ̃e = γe~/t. Focusing
on the region of Fig. 2(a) where the power factor is max-
imal, we evaluate the typical output power and figure of
merit than can be expected. We first notice that power
factor Q/M ≈ 4k2B/h maximum values in Fig. 2(a), ob-
tained with γ̃e = 1, would yield Q ≈ 7γ̃e × 10−7 W.K−2

for a 1-cm wide chip with M ≈ 105 parallel NWs. Since
Q controls the maximal output power Pmax that can be
extracted from the setup as Pmax = Q(δT )2/4 [27], one
expects Pmax ≈ 20γ̃e µW for a small temperature bias

δT ≈ 10K. In this region a large value ZeT ≈ 3 is
obtained, but to estimate the full figure of merit ZT =
ZeT/(1+Kph/Ke), the phononic partKph of the thermal
conductance must also be taken into account. To limit
the reduction of ZT by phonons, the setup configuration
with suspended nanowires is preferable (Fig. 1(a)). In
this case Kph ≈ MKnw

0 , Knw
0 being the typical phononic

thermal conductance of a single NW, and has to be com-
pared to Ke ≈ MKe

0 . Introducing the corresponding
conductivities κ’s, the ratio Kph/Ke ≈ κnw

0 /κe
0 is to be

estimated. Our numerical results show Ke
0 ≈ 1.5γ̃ekBt/~

in the range of interest where Q is maximal and ZeT ≈ 3
(at Vg = 2.5t and kBT = 0.6t, keeping other param-
eters in Fig. 2 unchanged). For a NW of length 1µm
and diameter 20 nm, this yields κe

0 ≈ 1γ̃e W/(K.m). The
measured thermal conductivity of Si NWs of similar ge-
ometry is κnw

0 ≈ 2W/(K.m) at T ≈ 100K [28]. We thus
evaluate for suspended NWs ZT ≈ ZeT/(1 + 2/γ̃e), i.e.
ZT ≈ 0.01 − 1 for ZeT ≈ 3 and γ̃e = 0.01 − 1. Those
estimations though rough are extremely encouraging as
they show us that such a simple and Si-based device shall
generate high electrical power from wasted heat (scalable
with M & M∗) with a correct efficiency (independent of
M & M∗).
Let us note that maximizing γe is important for achiev-

ing high Q and ZT . However at the same time γep & γe
should preferably hold. If the NWs themselves do not
ensure a large enough γep, the use of a substrate pro-
viding phonons is to be envisaged. Yet, this will add
a detrimental contribution Ksub to Kph. In general
the substrate cross-section (Σsub) will be substantially
larger that the NWs one (MΣnw). Thus, even for
a good thermal insulator such as SiO2, with thermal
conductivity κsub ≈ 0.7W/(K.m) at T ≈ 100K [29],
Z/Ze = [1 + (κsubΣsub + Mκnw

0 Σnw)/Mκe
0Σ

nw]−1 ≪ 1.
Better ratios Z/Ze could be obtained for substrates with
lower Ksub (Silica aerogels [30], porous silica [31], very
thin substrate layer) but they will not necessary guar-
antee a good value of γep (and hence of Ze). Clearly,
finding a balance between a large γep and a low Kph is a
material engineering optimization problem. Though the
presence of a substrate appears detrimental to the device
efficiency, we shall now see how it could be used for a
different purpose.
Hot spots cooling. Hereafter, we consider the deposited

setup sketched in Fig. 1(b) and assume a constant tem-
perature T everywhere. An intriguing feature of this
setup is the possibility to generate/control hot and cold
spots close to the substrate boundaries by applying a
bias δµ/e. This effect is a direct consequence of the heat
exchange mechanism between electrons in the NWs and
phonons in the substrate. Indeed, given a pair of local-
ized states i and j inside a NW, with energies Ei and
Ej respectively, the heat current absorbed from (or re-
leased to) the phonon bath by an electron in the transi-

tion i → j is IQij = (Ej − Ei) I
N
ij , I

N
ij being the hopping



4

500 1000 1500
x (in unit of a)

0

50

100

150
y 
(in

 u
ni
t o

f 1
5
a
)

-1.3e-03

0.0e+00

1.3e-03

500 1000 1500
x (in unit of a)

0

50

100

150

y 
(in

 u
ni
t o

f 1
5
a
)

-2.5e-03

0.0e+00

2.5e-03

FIG. 3. (Color online) Map of the local heat exchanges I
Q
x,y

between the NWs and the phonon bath (substrate), in unit of
t2/~, at the band center (Vg = 0, left) and near the lower band
edge (Vg = 2.25t, right). When phonons are absorbed by NWs
charge carriers in the small area of size Λ2

ph around (x, y),

I
Q
x,y > 0 and the substrate below is locally cooled down (blue).

When phonons are released, I
Q
x,y < 0 and the substrate is

locally heated up (red). Data are for M = 150 NWs of length
L = 1500a with interspacing 15a. Parameters: kBT = 0.25t,
Λph = 150a, W = t, γe = γep = t/~ and δµ = 10−3t.

particle current between i and j [21]. The overall hop-
ping heat current through each localized state i is then
found by summing over all but the i-th states:

IQi =
∑

j

IQij =
∑

j

(Ej − Ei) I
N
ij (2)

with the convention that IQi is positive (negative) when it
enters (leaves) the NWs at site i. Since the energy levels

Ei are randomly distributed, the IQi ’s (and in particular
their sign) fluctuate from site to site (see Supplemen-
tal Material for an illustration). The physically relevant

quantities are however not the IQi ’s, rather their sum
within an area Λph × Λph, where Λph is the phonons’
thermalization length in the substrate (i.e. the length
over which a local substrate temperature can be defined).
Given a point (x, y) and a Λph×Λph area centered around
it, such sum is denoted IQ

x,y. If IQ
x,y > 0 [< 0], a volume

Λ3
ph of the substrate beneath (x, y) is cooled [heated] [32].

Deeper than Λph away from the surface, the equilibrium
temperature T is reached.
Fig. 3 shows how IQ

x,y depends on the coordinates x, y
in the two-dimensional parallel NW array. Data are plot-
ted having estimated a ≈ 3.2 nm, t/kB ≈ 150K, and
λph ≈ 480 nm ≈ 150a for SiO2 substrate at the tem-
perature considered, T = 0.25t ≈ 37.5K. The estimates
are discussed in the Supplemental Material. Two cases
are compared in the figure: on the left, the situation in
the absence of a gate voltage, when charge carriers tun-
nel into/out of NWs at the impurity band center ; on the
right, the opposite situation when a large gate voltage
is applied in order to inject/extract carriers at the band
bottom. All other parameters are fixed. In the first case,
the heat map shows puddles of positive and negative IQ

x,y,
corresponding respectively to cooled and heated regions
in the substrate below. They are the signature of ran-
dom absorption and emission of substrate phonons by

the charge carriers, all along their propagation through
the NWs around the band center. In the second case, the
regions of positive and negative IQ

x,y are respectively con-
fined to the NWs entrance and exit. This is due to the
fact that charge carriers entering the NWs at µ around
the band bottom find available states to jump to (at a
distance LM in space and ∆ in energy, LM ≈ 10a and
∆ ≈ 1.1t here) only above µ. Therefore, they need to
absorb phonons to reach higher energies states (blue re-
gion). After a few hops, having climbed at higher ener-
gies, they continue propagating with equal probabilities
of having upward/downward energy hops (white region).
On reaching the other end they progressively climb down,
i.e. release heat to the substrate (red region), until they
reach µ and tunnel out into the right reservoir. As a
consequence, the substrate regions below the NWs ex-
tremities are cooled on the source side and heated on the
drain side (see Fig. 1(b)).
We point out that the maximum values of IQ

x,y are
roughly of the same order of magnitude with or with-
out the gate (see scale bars in Fig. 3). The advantage
of using a gate is the ability to split the positive and
negative IQ

x,y regions into two well separated spots at
the NWs extremities. One can then imagine to exploit
the cold spot in the substrate to cool down a hot spot
of an electronic circuit put in close proximity. Let us
also stress that the assumption of elastic tunneling pro-
cesses between the electrodes and the NWs is not nec-
essary to observe the gate-induced hot/cold spots. The
latter arise from the “climbing” up/down in energy that
charge carriers, at µ far into the electrodes, must un-
dergo in order to hop through the NWs (hopping trans-
port being favored around the impurity band center in
the NWs). Though in our model heat exchanges take
place only inside the NWs, phonon emission/absorption
will actually take place also at the electrodes’ extrem-
ities, roughly within an inelastic relaxation length from
the contacts. This has clearly no qualitative impact, as it
only amounts to a slight shift/smearing of the hot/cold
spots. We finish the discussion by giving an order of
magnitude of the cooling power obtained in Fig. 3. As-
suming again t/kB ≈ 150K, and Λph = 480 nm, we find
that a value of IQ

x,y = 10−3(t2/~) in Fig. 3 corresponds to
a cooling power density of the order of 2.10−10 W.µm−2.
We underline that this order of magnitude is obtained for
a given set of parameters (in particular for an infinites-
imal bias δµ = 10−3t that guarantees to remain in the
linear response regime). It should not be taken in the
strict sense but only as a benchmark value to fix ideas.
Conclusion. We studied arrays of doped semiconduc-

tor, parallel NWs in the FET configuration, focusing on
the activated regime where charge transport between lo-
calized states is thermally assisted by phonons. By tun-
ing the electrochemical potential µ near the band edges of
the NW impurity band, we showed how to take advan-
tage of electron-phonon coupling for energy harvesting
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and hot spot cooling. A natural extension of this work
would be to go beyond the linear response regime in order
to reach larger output powers.
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