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Abstract Thermoelectric (TE) devices that produce
electric power from heat are driven by a temperature gra-
dient (AT = Thot — Teold> Thoi: hot side temperature, Teqq:
cold side temperature) with respect to the average tem-
perature (7). While the resistance of TE devices changes as
AT and/or T change, the current—voltage (I-V) characteris-
tics have consistently been shown to remain linear, which
clips generated electric power (Pg.,) Within the given open-
circuit voltage (Voc) and short-circuit current (Isc). This
Pgen clipping is altered when an appropriate nonlinearity is
introduced to the I-V characteristics—increasing Pgc,. By
analogy, photovoltaic cells with a large fill factor exhibit
nonlinear /-V characteristics. In this paper, the concept of a
unique TE device with nonlinear /-V characteristics is
proposed and experimentally demonstrated. A single TE
device with nonlinear -V characteristics is fabricated by
combining indium phosphide (InP) and silicon (Si) semi-
conductor nanowire networks. These TE devices show Pg,
that is more than 25 times larger than those of comparable
devices with linear /-V characteristics. The plausible cau-
ses of the nonlinear /-V characteristics are discussed. The
demonstrated concept suggests that there exists a new
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pathway to increase Py, of TE devices made of
semiconductors.

1 Introduction

Thermoelectric (TE) power generation is an attractive
method for generating electrical power from various heat
sources [1-3]. In the past, progress in this field has resulted
from focusing on TE materials engineering aspects, rather
than TE device designs [4-6]. Various TE materials are
routinely evaluated by the dimensionless figure of merit
(ZT = S$*6T/x), where T is an operating average tempera-
ture, S is the Seebeck coefficient (S = —AV /AT, with AV
and AT being the total voltage and temperature differences,
respectively, across the gradient axis), o is the electrical
conductivity, and x is the thermal conductivity of the
material under study. For instance, a range of emerging
nanomaterials expected to increase ZT by increasing S and
decreasing x have propelled the development of exotic TE
materials controlled at the nanometer scale [7, 8]. Advances
have been made with superlattices [9-11], thin films
[12-15], organic semiconductors [16, 17], densely packed
nanopowders [18], and nanowires [19-22]. Nanowires
(N'Ws) have stood out as an especially desirable option due to
their reduced thermal conductivity while maintaining elec-
trical conductivity and the Seebeck coefficient [23-26]. The
thermal conductivity—and hence ZT—of a single nanowire
is heavily dependent on its physical dimensions [26]. The
collective properties of NWs forming a network, rather than
myriad discrete NWs, are further beneficial in TE applica-
tions, as heat must travel over a much longer distance in a
nanowire network than in a single nanowire [27]. Doping at
an appropriate level is key to semiconductor thermoelectrics,
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asitallows o to be enhanced in the extrinsic region, yet going
“deep” into the valence band (for p doping) decreases
S [28, 29]. ZT is often used to scale the Carnot efficiency in
obtaining power conversion efficiency. However, such ZT-
deduced power conversion efficiency does not always pro-
vide a practical way of optimizing device power perfor-
mance. In lies the direction of the current work how to
supplement ZT in addressing power generation from TE
devices.

In this paper, we present a new concept: nonlinearity.
We suggest that rather than relying on performance
improvements, electrical power generated from TE devices
at various temperatures can benefit from the concept of
nonlinear current—voltage characteristics. Traditionally, TE
materials are appropriately doped to ensure highly efficient
ohmic contacts in a TE device [30]. As a result, given a
conventional TE device architecture, the current—voltage
characteristic is linear. In contrast, the device presented in
this paper takes advantage of nonlinearity explicitly
introduced in current—voltage characteristics to increase
electrical power generation. It is conceivable that this new
concept in TE, if designed and implemented properly, adds
another parameter to utilize in optimizing TE devices—in
the same way that nonlinear current—voltage characteristics
have been known to be one of the key performance
parameters in photovoltaics [31, 32]. Nonlinearity in cur-
rent—voltage characteristics of TE devices can be estab-
lished, for instance, through the introduction of a rectifying
layer, interface, or inducing space-charge region without
substantially destructing overall charge transport [33, 34].
The new device architecture presented herein is made
possible by our unique processes of growing single-crystal
semiconductor NW networks on non-single-crystal copper
substrates [35]. The metal/semiconductor nanowire/metal
building blocks (i.e., TE cells, which are devoid of a thick
semiconductor substrate) can be successively stacked to
fabricate multistage TE devices, which can be physically
much thicker than single-stage TE devices [21]. In this
demonstration, Si and InP, two representative materials
available in our laboratory, were chosen for the NW
materials. Silicon (Si) NWs have been thoroughly pro-
duced and studied for TE [20, 21, 36]. Indium phosphide
(InP) NWs have been the object of study for optical and TE
applications in our laboratory [37, 38]. The current work
shows how Si and InP can be combined to achieve non-
linearity and increase overall TE efficiency.

2 Experimental
First, small (2 cm? in area) coupons were cut from a sheet

of flexible copper (Cu) foil that was ~ 50 pm thick. The Cu
coupons were further prepared with acetic acid, rinsed with

@ Springer

DI water, and air dried. In complete TE devices, the Cu
coupon served as a substrate as well as a bottom electrode.
InP and Si NW networks were grown on the prepared Cu
coupons in two different deposition systems. As a pre-
growth preparation step on the prepared Cu coupons, two
distinctive processes were developed for InP and Si NW
growth as follows. For the growth of InP NWs, electron
beam evaporation was used to deposit a 30 nm Si layer
directly on the prepared Cu coupons. Subsequently, the Cu
coupons were coated with colloidal gold particles with
diameters approximately 10-50 nm and allowed to dry in
air. A two-step metal organic chemical vapor deposition
(MOCVD) growth process, specifically developed for the
prepared Cu coupons, was used to grow the InP NW net-
work [35, 39]. The two-step MOCVD growth, consisting of
a NW growth mode (step 1) followed by a film growth
mode (step 2), formed a continuous layer on the tips of the
NWs. This ensured that a good ohmic contact (i.e., a top
electrode) was formed on the NWs without electrically
shorting the top electrode and the Cu coupon (i.e., the
bottom electrode). In the two-step MOCVD growth for InP
NW networks, growth conditions were as follows: in step
1, growth pressure: 150 Torr, molar V/III ratio: 3.8, growth
time: 45 min, and growth temperature: 560 °C, and in step
2, growth pressure: 150 Torr, molar V/III ratio: 1.5, growth
time: 55 min, and growth temperature: 500 °C. The pre-
cursors for the two-step MOCVD growth of InP NW net-
work were ditertiary butylphosphine (DTBP) and
trimethylindium (TMlIn). In the MOCVD growth, the InP
NW network was exposed solely to indium during the final
step of the growth to increase the surface area on which the
PECVD Si top layer was deposited. Following the InP NW
network growth, an n-type (Sb-doped) Si layer was
deposited by plasma-enhanced chemical vapor deposition
(PECVD) onto the nearly continuous surface made of InP
NWs that resulted from the two-step MOCVD growth. The
Sb-doped Si PECVD layer deposition was conducted at
500 °C, 0.5 Torr for 15 min with 180-250 kHz plasma
generated by a 12.6 kW power source. Precursors/standard
cubic centimeters per minute (sccm) flow for the Sb-doped
Si layer were disilane/10 sccm and triethylantimony/0.148
sccm (introduced as an n-type dopant) in a hydrogen/344
sccm carrier gas environment. This Si layer, referred to as
“PECVD Si” provided a doped semiconductor surface for
a top electrode and prevented shorting when a top electrode
was formed. The fabricated TE device, referred to as “InP
TE device,” made of Cu bottom electrode/evaporated Si/
InP NW network/PECVD Si/Cu top electrode, is
schematically shown in Fig. la.

For the Si NW network growth, carbon deposition was
performed on the prepared Cu coupon. The process of
depositing a carbon layer on Cu foils and the role graphene
plays within the context of growing Si nanowires have
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Fig. 1 Schematic of two TE devices: a an InP TE device composed
of an InP NW network and a PECVD Si layer, and b an InP/Si TE
device composed of InP and Si NW networks and a PECVD Si layer

been described and studied using Raman spectroscopy
[35]. The study showed that growing Si on Cu without a
graphene layer results in a polycrystalline Si layer rather
than NWs. After the graphene deposition, the Cu foils were
further coated with colloidal gold prepared from a 1 mM
hydrogen tetrachloroaurate and 1 % trisodium citrate
solution. Plasma-enhanced chemical vapor deposition
(PECVD) was utilized to grow silicon NW networks at a
growth temperature of 500 °C. The disilane flow rate was
10 sccm with a reactor pressure of 0.3 Torr and a growth
time of 15 min, resulting in unintentionally doped (UID) Si
NWs forming a 3D network. After the growth of Si NW
network, the reaction chamber was evacuated and the
sample was cooled to 50 °C in argon. The resulted TE
device based on Si NW networks is referred to as “Si TE
device”. The fabricated InP and Si TE devices were inte-
grated in a single structure by applying pressure between
the “InP TE device” and the “Si TE device,” forming the
“InP/Si TE device,” schematically as shown in Fig. 1b.
TE measurements of the InP TE device and InP/Si TE
device were taken at average temperatures ranging between
300 and 350 K. (these devices are schematically shown in
Fig. 1 and described above). Heat was supplied by a Joule
heater to the top electrode of the device, while a heat sink

removed heat from the bottom electrode, maintaining a
constant temperature gradient. Current—voltage measure-
ments were taken in the same direction of heat flow.
Current—voltage measurements were taken at different
temperature gradients by applying electrical voltage to the
top electrode while the bottom electrode was grounded.

3 Results and discussion

Scanning electron microscopy (SEM) was used to inves-
tigate the InP NW growths on Cu coated with an evapo-
rated Si layer before and after a PECVD Si layer was
deposited. Figure 2a illustrates as-grown InP NWs from
the two-step MOCVD growth described above. The two-
step MOCVD growth promoted the formation of large, up
to ~ 1 pum in diameter, spherical tips from 50 nm colloidal
Au and ~250 nm caps stemming from 10 nm colloidal
Au. These features provided an effective large surface area
for the formation of a top electrode. As shown in Fig. 2b,
the InP NW network and spherical tips grew up to 10 pm
long. The InP NWs grew uniformly across the area of
2 cm x 2 cm with total length/area ratio in the range of
10-50 pm~'. The InP NWs are oriented along the direc-
tions normal to the surface planes of non-single-crystalline
evaporated Si domains. Therefore, the InP NWs grew in
random directions. The evaporated Si layer served as a
nucleation layer that promoted the formation of InP NWs
on a Cu substrate, validated by the fact that InP grew as a
polycrystalline film when deposited directly on a Cu sub-
strate [35]. In Fig. 2c, d, SEM was further used to char-
acterize morphology of the InP NWs after having been
covered with a PECVD Si layer. This layer prevents
electrical shorting upon the application of a top electrode.
It is possible that in some areas where nanowire coverage
was particularly lower than the average, a blanket Si layer
was directly formed on the substrate and may dominate the
electrical and thermal transport properties, which would
have forced a portion of the electrical and thermal carriers
to propagate through a PECVD Si layer not associated with
the InP nanowires. However, based on SEM observation,
the InP NWs cover >95 % of the substrate surface; thus,
the contribution from the PECVD Si layer can be neglected
for the purposes of this study.

Structural information of NWs is also vital for TE
designs; therefore, transmission electron microscopy
(TEM) was performed on the InP NW network covered
with the PECVD Si layer in the single-stage InP TE device
(i.e., Fig. 1a) and is shown in Fig. 2e. Shown in Fig. 2f is a
selected area diffraction (SAD) pattern collected with a
diffraction aperture that covered a large number of InP
NWs. Based on unique features, fringe spacing, and pattern
symmetry of multiple diffraction spots present in Fig. 2e, it
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Fig. 2 Scanning electron microscope (SEM) images of InP grown by
the two-step MOCVD growth prior to the PECVD Si layer deposition
a at high magnification and b at low magnification. SEM images of
the same sample after PECVD Si layer was deposited ¢ at high
magnification and d low magnification. e TEM imaging of the sample

appears that the core of each NW is composed of single-
crystalline InP oriented along their respective <111>
directions. The PECVD Si layer formed a rough Si shell
around the InP NW. The core—shell structure is theoreti-
cally expected to be beneficial in simultaneously providing
a transport path for charged carriers and a scattering
mechanism for phonons [40, 41]. Additionally, rough sur-
face morphology has been shown to benefit TE properties
of NWs [25, 42]. Diffraction rings slightly offset from each
other were found to be associated with polycrystallinity of
the Si shell. Therefore, the NW network used in the single-
stage InP TE device is made of a large number of single-
crystalline InP NW cores, each surrounded by a polycrys-
talline Si shell.

Figure 3 offers various images of Si NWs used in the
single-stage Si TE device. Figure 3a shows a high magni-
fication SEM image, revealing a 3D network of intercon-
nections formed by fusing of neighboring NWs during
growth. Previously, it was found that NW networks allow
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imaged in c—d. There appears to be an InP crystalline core with a Si
shell. The InP core was delineated in the figure—the section indicated
between arrows. f The diffraction pattern of the NW, indicating the
presence of single-crystalline InP and polycrystalline Si

for electrical charge transport across farther trajectories
than the length of the individual NWs [27]. With many
conduction paths, electrical current will be able to flow
readily through the network, whereas the interconnections
may limit the propagation of phonons through the network,
reducing thermal conductivity [43]. In Fig. 3b, it is shown
that the average length of the NWs exceeds 15 um. The Si
NWs grew uniformly across the area of 2 cm x 2 cm with
total length/area ratio in the range 20-100 um~"'. A bright
field TEM image of a representative NW is shown in
Fig. 3c. The NWs exhibited a core—shell structure with the
core being single-crystalline silicon and the shell being
polycrystalline silicon. The Si crystalline cores ranged
from 10 to 20 nm in diameter. NWs with crystalline cores
and polycrystalline shells may potentially reduce thermal
conductivity by scattering phonons in the polycrystalline
shell, while the single-crystalline core provides a conduc-
tion path for electrical charges. The SAD pattern in Fig. 3d
indicates that there are both single- and polycrystalline
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Fig. 3 SEM image of an unintentionally doped silicon NW network
a at high magnification and b at low magnification. ¢ TEM image of
the same growth, showing delineation of a single-crystalline core in

phases. It appears that the zone is [110] with bright (111)
spots of single-crystalline Si, with a slight rotation due to
off tilt, and the surrounding shell is polycrystalline.
Current—voltage (/-V) measurements on the InP and
InP/Si TE devices taken at various temperatures are shown
in Fig. 4. Curves 4(a—d), representing the InP TE device,

(d) () (b)(a) @) (0 9)

Current (x104A)

05 '} A 2 A 2 2 A
-1 0 1 2 3 4 ) 6 7

Voltage (x104 V)

Fig. 4 Current versus voltage curves for the (a—d) InP TE device,
and (e-g) InP/Si TE device. Temperature gradients were varied at
a AT =0 °C, b AT =30 °C, ¢ AT =41 °C, d AT =50 °C and
e AT =5°C,f AT =20 °C, and g AT = 51 °C

the NW. d The diffraction pattern of the Si NW indicates the presence
of both single-crystalline and polycrystalline regions

reveal n-type conduction characteristics with the I—
V curves shifted into the second quadrant. Curves 4(e—g),
representing the InP/Si TE device, reveal p-type conduc-
tion characteristics with the /-V curves shifted into the
fourth quadrant. [Note: n-type and p-type bulk Si reference
samples were used to calibrate the measurement setup and
to confirm that n-type and p-type semiconductors show
Pgen in the second and fourth quadrants, respectively].
Power produced by the InP TE device in the second
quadrant suggests that the n-type PECVD Si top layer
dominates the power production when combined with an
unintentionally doped (UID) InP NW network. More
specifically, electrons in the n-type PECVD Si top layer
will easily dominate transport properties of the entire
device, regardless of the presence of the unintentional
doping of the InP NW network. Therefore, it is unsur-
prising that the overall device characteristics are more
closely aligned with that of the sole doped layer (i.e.,
n-type PECVD Si layer). The fact that the InP/Si TE device
produces power in the fourth quadrant (i.e., it behaves as a
p-type material) and that the InP TE device produces power
in the second quadrant (i.e., it behaves as an n-type
material) suggests that the InP/Si TE device behaves as a
p-type material overall, following the p-type conduction
characteristics of the Si TE device.

Curves (a—d) in Fig. 4 representing the InP TE device
show that as AT increases, so does Vo and Igc, along with
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the area under the curve. This indicates that the maximum
Py, associated with each I-V curve increases as AT
increases. Unlike semiconductor solar cells, the absence of a
PN junction with a fixed doping on both sides enables the
open-circuit voltage Voc to increase when the temperature
difference increases and is not limited by a fixed, built-in
depletion region. Curves 4(e—g) of the InP/Si TE device also
indicate that as the temperature difference increases, so does
the maximum output power found on each /-V curve. The
InP/Si TE device demonstrates a significant increase in
power production when compared to the InP TE device at
AT = 50 °C [i.e., curve 4(d)]. In contrast to the linear -
V curves 4(a—d), the I-V curves of the InP/Si TE device
present nonlinear characteristics, which resemble /-V char-
acteristics of photovoltaic (PV) cells at different illumination
levels, obviating the dependence between Vo and temper-
ature for the reasons stated above. Such nonlinear /-V curves
at various temperatures, based on its analogy to power
production in PV cells, can be viewed as a means of
increasing overall electrical power production for a given
energy conversion efficiency in TE devices, when compared
to traditional TE devices with linear /-V characteristics.

The nonlinear characteristics seen in InP/Si TE device
pose an interesting concept that could be applied to the
parameterization and optimization of semiconductor TE
devices. The phenomenon of nonlinearity may arise from
(1) one or more of the interfaces present in this device (in
the form of a rectifying layer) as either a Schottky barrier
or a PN junction, or (2) at the undoped NWs operating in
the space-charge-limited (SCL) transport regime:

1. As nonlinearity is not exhibited by the InP TE device
(see Fig. 1a), it is unlikely that a rectifying junction
(e.g., PN junction) is present at the interface between
the PECVD Si layer (n-type) and the p-type InP NWs.
Additionally, the nonlinearity must not have been
caused by the undoped 30 nm Si evaporated directly
on Cu, considering the identical interfaces are also
present in the single-stage InP TE device which does
not exhibit nonlinearity. Moreover, we have previously
tested Si NWs with different template layers and
different doping layers (including UID) and found no
trends of nonlinearity either [20, 21]. This barrier
could therefore have been created by forming a PN
junction when the n-type PECVD Si layer formed a
contact with the UID, slightly p-type Si NW network.
The nonlinear /-V curves (i.e., rectifying I-V curves)
could indicate the presence of a Schottky barrier in the
InP/Si TE device as shown in Fig. 1b. It has been
previously reported that a Si/graphene interface creates
a Schottky barrier with rectifying behavior [44-46],
and a Schottky barrier could have formed along with
the formation of graphene on the copper foil.
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2. It has been reported that undoped semiconductor NW's
experience space-charge-limited (SCL) transport with
characteristic nonlinear IV curves. SCL dominates
over small Schottky barriers at large enough volt-
ages—a region where TE may be more efficient [33]. It
is plausible that the Si NWs employed their higher
Seebeck coefficient to induce a larger voltage differ-
ence in the device, augmenting the nonlinearity of InP
NWs operating in the SCL region. Additionally, SCL
transport theory indicates that efficiencies will scale
proportionally with temperature, with the square of
conductivity, and with the cube of the Seebeck
coefficient, having the ability to exceed 10 % when
NW diameters are reduced to 20 nm [33]. Thus, our
results present a possible path to optimize electrical
power generation from TE devices, by optimizing the
curvature of nonlinear current—voltage characteristics.
As nonlinearity—or the fill factor often used for PV—
increases, so does efficiency. Therefore, it would be
desirable to have a dopant concentration high enough
to achieve low resistance contacts, yet low enough that
the NW networks still operate in the SCL transport
regime.

Figure 5a shows that the maximum power output of the
InP TE device at AT = 50 °C is ~0.4 nW, a normalized
power of 8 x 1072 W/°C. The small power output is
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Fig. 5 Power and current versus voltage curves at ~50 °C temper-
ature differences are shown a for the InP TE device and b for the InP/
Si TE device
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Table 1 Pmax» [Sc, and VOC

values for each TE device at Isc (LA) Voc (mV) Prax (nW) Normalized power (nW/°C) FF (fill factor)
~AT =50 °C InP 20 —0.08 0.4 0.008 0.25
InP/Si —40 0.6 10.4 0.2 0.433

attributed to the InP NWs; the contact resistance between
the UID NWs and the metallic interfaces reduced the
overall conduction of the device. Moreover, the low doping
of the InP NWs limits the conductivity of the device. A
compromise between device conductivity and InP NW
nonlinearity must be found and can be controlled by the
doping level [30, 33]. When this UID InP NW layer is
covered with the intentionally doped n-type PECVD Si
layer, the overall electrical conduction results in n-type
behavior as shown in the I-V curves(a—d) in Fig. 4.

Figure 5b reveals that the InP/Si TE device produced a
maximum power of ~10.4 nW at AT = 51 °C (i.e., nor-
malized power ~2 x 107'° W/°C). The normalized
power increased approximately 25 times compared to that
of Fig. 5a with the addition of the Si NW network layer.
Voc, Isc, and other TE characteristics for the two devices
are summarized in Table 1, showing that the addition of
the Si NW network increases Vo by a factor of 7.5, and
the magnitude of Isc by a factor of two. It appears that Si
NWs enabled higher generated power by providing a better
Seebeck effect, while the InP NWs offer nonlinearity to the
device, increasing the power factor for a given Isc and Voc.
The fill factor increased from 0.25 in the InP TE device
(typical for a linear device) to 0.433 because of the non-
linearity effects present in the InP/Si TE device. The
maximum current-voltage point (maximum power in
Fig. 5b) could be optimized by changing the device non-
linear characteristics, and thus optimized for a given load.
While the InP NWs may or may not increase, or even limit,
the open-circuit voltage, they introduce a nonlinear cur-
rent—voltage characteristic that can be used as another
tuning knob to optimize a TE device.

The concept of TE devices with nonlinear current—voltage
characteristics presented herein has a clear potential in
increasing electrical power output. The fill factor of the
nonlinear device (FF = 0.433) is larger than that obtained
for a linear current—voltage curve found in conventional TE
devices (FF = 0.25). Power output of these samples is low,
due to significant performance limitations. However, the
major cause is identified and can be alleviated by, for
instance, properly doping NWs and semiconductor layers
(e.g., PECVD Si and evaporated Siin Fig. 1a, b) present in a
TE device. Given the additional attributes of mechanical
flexibility and scalability, these TE devices present a viable
option for befitting application to heat sources with large
surface areas and/or odd shapes. Also, by constructing a

device composed of concatenated cells of varyingly doped
materials, a TE device can be optimized for a large temper-
ature gradient, employing a series of materials with bandgaps
appropriate for performance within different temperature
ranges [47]. Furthermore, our device architecture allows to
build a TE device that has a thickness much larger than that
obtainable by conventional thin film deposition technologies
or bulk semiconductor technologies, offering a new means to
deal with large temperature gradients.

4 Summary and conclusions

We presented a new concept that can be applied to
parameterize and optimize TE devices for electrical power
generation: nonlinearity. The concept is built upon TE cells
that are made of different semiconductor nanowire net-
works and that exhibit nonlinear current—voltage charac-
teristics when concatenated. The origin of this nonlinearity
phenomenon has not been conclusively identified in the
current study and is the focus of continuing work. How-
ever, several potential origins were considered, including
the presence of a Schottky barrier and the space-charge-
limited transport regime in the nanowire layer; either (or
both) of which may be inherent to the InP/Si TE devices
presented in this work.
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