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1. Introduction

We present a method to fabricate handcrafted thermoelectric devices on

standard office paper substrates. The devices are based on thin films of WS,,
Te, and BP (P-type semiconductors) and TiS; and TiS, (N-type
semiconductors), deposited by simply rubbing powder of these materials
against paper. The thermoelectric properties of these semiconducting films
revealed maximum Seebeck coefficients of (+1.32 & 0.27) mV K~' and
(—0.82 + 0.15) mV K" for WS, and TiS;, respectively. Additionally, Peltier
elements were fabricated by interconnecting the P- and N-type films with
graphite electrodes. A thermopower value up to 6.11 mV K~ was obtained
when the Peltier element were constructed with three junctions. The findings
of this work show proof-of-concept devices to illustrate the potential
application of semiconducting van der Waals materials in future
thermoelectric power generation as well as temperature sensing for low-cost

disposable electronic devices.
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Industry and wider society are pushing toward
the integration of electronic functionalities into
every mundane gadget, commonly referred to
as ubiquitous electronics.""* Several wide-
spread electronics applications like wearables,
smart tags/patches, and point-of-care devices
demand the development of ultra-low-cost and
disposable electronic components.p’ﬂ Dispos-
able silicon-supported devices may lead to a sig-
nificant electronic waste problem as only a
small fraction of them can be recyded.[*®!
Paper has emerged as a promising substrate
material for disposable electronic applications
due to its ultra-low-cost (10 000 times cheaper
than crystalline silicon) and biodegradability.[’~
') Moreover, its hypoallergenic character
makes it particularly suitable for biomedical
applications where disposable devices are preferred to avoid contagious
outbreaks.[' =7

Several paper-supported devices with different functionalities (e.g.
thermistors, gas sensors, strain gauges, field-effect transistors, and pho-
todetectors) have been reported to date.!' ") However, there is still
great opportunity for improving the strategies to power up these
devices. There is a massive global interest catered toward improved
energy storage applications like supercapacitors and solar cells that can
be easily fabricated and are cost-effective. The recent technique of
hand-drawn electrodes on paper substrates using pencils has opened
the door to paper-supported energy storage.?*% These paper-based
energy storage solutions are paving the way for “green” and sustain-
able devices to meet the ever-increasing demand for power. Using
simple hand-drawn techniques, paper-based supercapacitors have been
realized with high areal capacitances of 2.3 mF cm ™~ along with long-
term cycling stability.°! Biodegradable bacteria-powered batteries on
paper substrates have also emerged as a green solution for ubiquitous
electronics.[*!+3] Harnessing light for solar energy, organic solar cells
with power conversion efficiencies up to 13% have been achieved
using paper substrates.[****]

Thermoelectric-based power generators have the potential to scav-
enge heat waste (such as body temperature) to operate low-power con-
sumption devices.** 1 Paper-based thermoelectric devices offer the
opportunity to confirm the devices to a range of surfaces without com-
promising its performance; related examples have been reported
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recently.®°) Among these endeavors, pencil-drawn graphite thermo-
electric generators on paper substrates produced Seebeck coefficients of
16 pV K~' and open-circuit voltages of 9 mV at 60 K temperature dif-
ferentials.****) Recent devices with sputter-coated copper iodide and
bismuth have reached open-circuit voltages of 84.5 mV ata 50 °C tem-
perature differential. **1 Paper-supported thermoelectric devices can also
find applications in temperature sensing and photodetectors based on
the thermopile operation principle.[41] While these preliminary studies

(@)

vinyl mask on paper

removing mask

Figure 1. Fabrication of handcrafted Peltier elements on paper. a) A vinyl
mask is placed onto the surface of the paper with rectangular openings
where the semiconducting material will be deposited. b) The openings
where the N-type material (TiS;) will be deposited are first masked with
Nitto SPV224 tape. c) The P-type material (WS,) is deposited on the paper
surface by rubbing micronized WS, powder. d) The Nitto tape mask is
removed. e) The WS, films are masked with Nitto tape, and TiS; is
deposited on the unmasked paper by rubbing TiS; powder. f) The Nitto
tape mask is removed. g) Graphite pads are deposited at the edges of the
semiconducting rectangular films with an 9B pencil. h) The vinyl mask is
removed. i) The graphite pads are interconnected with 9B pencil to create
the series of junctions between the P- and N-type materials. j) Picture of
the completed device after fabrication.
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are promising, improvements in device characteristics may come via
the incorporation of van der Waals materials with intrinsic P- and N-
type character.

Herein, thermoelectric devices on standard copy paper with semi-
conducting van der Waals materials have been fabricated using tungsten
disulfide (WS,), tellurium (Te), and black phosphorus (BP) as P-type
materials and titanium trisulfide (TiS;) and titanium disulfide (TiS,) as
N-type materials. Notably, WS, has the largest P-type Seebeck coeffi-
cient of +1.32 £ 0.27 mV K}, whereas TiS; results in the highest N-
type Seebeck coefficient of —0.82 £ 0.15 mV K~'. Thus, from these
two materials we constructed a series of thermoelectric generators with
1, 2, and 3 P-N junctions. For each addition of a series junction, our
recorded thermoelectric voltage increases, reaching a maximum value
of 120 mV at a temperature difference of 22.3 °C.

2. Results and Discussion

The semiconducting van der Waals materials are deposited onto stan-
dard (untreated) copy paper by abrasion-induced deposition as
described elsewhere but we detail the fabrication of P-N junctions
using a masking technique here.*>**! Figure 1 shows an example of
our fabrication process for a 3-junction Peltier module consisting of
WS, (P-type) and TiS; (N-type). A vinyl-cutter (Portrait Silhouette) is
used to fabricate a stencil mask to deposit the P- and N-type materials.
Figure la illustrates a typical example of a vinyl mask placed on the sur-
face of a piece of standard copy paper. Pieces of low-tack Nitto SPV224
tape are placed on the mask openings (25 mm X 5 mm) designed for
the N-type semiconductor while the P-type counterpart is being
deposited. The different semiconductors are then deposited by rubbing
powder of the selected van der Waals material against the unmasked
regions of the paper substrate with a cotton swab. Using this method
results in films that are approximately 20 pm thick. Figure 1b—f show
how the P-type material, WS,, is deposited on the surface followed by
deposition of the N-type material, TiS;. Following this, we use a soft
graphite pencil (Cretacolor Monolith 9B, 204 09) to draw electrodes
on the ends of the semiconducting rectangles (Figure 1g). The stencil
mask is then removed leaving well-defined semiconducting rectangles
(alternating WS, and TiS;) with graphite leads at their ends (Fig-
ure 1h). Finally, the graphite electrodes are connected to form several
junctions of N- and P-type materials to form Peltier modules in series
(Figures 1i,j). See Figures S1 and S2, Supporting Information and
Zhang et al.l**) for scanning electron microscopy characterization of
the different van der Waals materials films on paper.

The performance of the fabricated devices is characterized by a
homebuilt probe station with two probes supplemented with
spring-loaded tips for the electrical connections and two probes with
thermocouples to measure the temperature difference across the mea-
sured devices. The sample stage consists of two commercially available
Peltier modules (TEC1-12706) side-by-side to apply a temperature gra-
dient across the sample. Figure 2a shows a picture of a thermoelectric
device consisting of three Peltier modules in series, formed by 3 P-N
junctions, tested in our homebuilt probe station. Figure 2b displays a
thermal camera image of the same device, where the difference in tem-
perature between the two sides of the device is evident. Note that, due
to the difference in emissivity of the different materials, the thermal
image is not quantitative, and an accurate temperature difference mea-
surement has to be carried out with the thermocouple probes. The ther-
mocouple probe accuracy (100 mK) gives a precise measurement of
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Figure 2. Apparatus for testing thermoelectric devices on paper. a)
Picture of the experimental setup used to characterize the thermoelectric
performance of the fabricated devices. A homebuilt probe station is used to
make electrical connection to the graphite pads, and two probe arms are
supplemented with thermocouples that are used to measure the
temperature difference across the device. Two commercial Peltier elements
are used to control the temperature difference across the device. b)
Thermal camera image of the device under study when the two Peltier
elements are biased to have an approximately 4 °C temperature difference.

the temperature of the Peltier modules. Also, as shown in the qualitative
thermal camera image (Figure 2 and Figure S3, Supporting Informa-
tion) the Peltier elements produce a homogeneous temperature across
the surface contributing to the accuracy of the measurements.

We begin with the thermoelectric properties of the individual
semiconducting van der Waals materials. Figure 3a shows current
versus voltage (IV hereafter) characteristics of a WS, film on paper
with graphite electrodes (see the inset for a picture of the device)
for various temperature differences between the cold side and the
hot side. Upon temperature difference increase the slope of the IVs
increases, as expected for a semiconducting material with thermally
activated conductivity, **] and the open-circuit voltage (i.e. the volt-
age at which I = 0) progressively shifts away from zero. Note that
these measurements are performed with double sweeps to look for
any hysteresis and voltage shifts. Unlike in other studies where the
thermoelectric voltage shift is directly measured with a voltmeter,
we extract this value from linear fits to current versus voltage char-
acteristics that provides a higher degree of accuracy in its determina-
tion and avoids systematic uncertainties due to offsets in the
electronic measurement setups. The voltage shift (Vy,) is due to the
thermoelectric effect:

Vi = =S(Th—T¢) M

where § is the Seebeck coefficient of the WS, film and T}, and T,
are the temperature of the hot and cold sides. We determined that
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the contribution of the metal probes and graphite pads to the mea-
sured thermopower is lower than 20 pV K~' (Figure S4, Support-
ing Information).

Figure 3b plots the built-in thermoelectric voltage (AV) as a func-
tion of the temperature difference (T;, — T. = AT). The dataset follows
a linear trend, and its slope gives a direct measurement of the Seebeck
coefficient of the WS, film on paper. For this WS, film, we record a
Seebeck coefficient of +1.09 mV K™, indicating hole majority carriers
(P-type). This is roughly four times larger than the Seebeck coefficient
obtained from polycrystalline WS, pressed pellets (= 0.25 mV K~ ')[**]
and is likely a result of the large surface to volume ratio of the film on
paper device and its ability to hold a higher temperature difference
when compared with bulk counterparts.**! In the films, the heat must
dissipate through the substrate/air interface which is less efficient when
compared with bulk counterparts. Figure 3c,d illustrates the same char-
acterization as in Figure 3a,b but now for a TiS; film on paper. For this
TiS; film, we obtain a Seebeck coefficient of —1.01 mV K, indicating
electron majority carriers (N-type). This is also larger than the value
obtained from bulk pressed pellets of TiS; (= 0.625 mV K~").[¥#8]
Although we do not fully understand the origin of the improvement in
the WS, and TiS; film over bulk pellets, we believe that it may arise
from a difference in their density of charge carriers. While in the
pressed pellets, the WS, and TiS; flakes are surrounded by other flakes
of similar dielectric constant, the porous structure of the films on paper
ensures that the flakes are more exposed to atmospheric adsorbates that
can affect the doping level of the flakes. Detailed characterizations of the
thermoelectric properties of films of Te, BP (from two different
sources), BP (3% Ge), and TiS, on paper are provided in the Support-
ing Information.

Table 1 summarizes the obtained results on the single-material films
(see Figures S5-S8, Supporting Information). Among all studied mate-
rials, WS, gives rise to the largest P-type Seebeck coefficient of
(132 £ 0.27) mV K" for 21 fabricated devices, whereas TiS;
produces the greatest N-type Seebeck coefficient of (—0.82 £
0.15) mV K~' among 17 tested devices. It is noteworthy to mention
that slightly different Seebeck coefficients are measured for BP from
two different sources and growth methods. In this regard, our in-house
BP, grown by high-pressure synthesis, yields a larger Seebeck coeffi-
cient, whereas the BP sourced from Smart Elements is based on the
vapor transport method. Moreover, we further studied a second batch
of BP samples in-house with 3% of Ge added to the growth capsule.
While the compositional and structural characterization showed us that
a negligible amount of Ge was included in the structure, we measured
a huge increase in the Seebeck coefficient (more than a factor of 2) of
the material in comparison to the pristine BP. Due to the environmental
degradation of BP upon atmospheric exposure,[w]
employ WS, as a P-type semiconductor for the fabrication of the Peltier
modules to ensure their stability and reproducibility. Statistical analysis
of all the films revealed that the variation in the measured Seebeck coef-
ficient roughly scales with the magnitude of the obtained values. A
thorough characterization of the electrical resistivity of these films,
another important parameter to assess the performance of these materi-
als in thermoelectric applications, can be found in full detail in Zhang et
al.l** Briefly, films of WS, show resistivity values in the 70-370 Q-m
range and TiS; ~ 4 Q-m. See Figure S9, Supporting Information for
the resistivity estimation for Te and BP (3% Ge) films on paper that
were not reported in Zhang et al./**]

The thermoelectric properties of the fabricated devices using
a series of junctions between WS, and TiS; are characterized in

we decided to

© 2022 The Authors. Energy & Environmental Materials published by
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Figure 3. Characterization of the thermoelectric performance of WS, and TiS; films. a) Current versus
voltage characteristics (IVs) of a WS, film with graphite electrode pads at different temperature
differences (AT). Upon increase of AT, the IVs increase their slope and shift toward higher voltage
values developing a voltage offset (AV). These sweeps are doubled to look for any hysteresis or
voltage shifts. The inset shows a picture of the device measured. b) AV as a function of AT, measured
in the WS, film for several temperature difference cycles. The slope of the dataset provides a direct
measurement of the Seebeck coefficient of the WS, film. The inset shows a box plot representation of
the Seebeck coefficient measured on 21 WS, films. c) IVs of a TiS; film at different AT showing a
shift toward negative voltages upon increase of AT. These sweeps are doubled to look for any
hysteresis or voltage shifts. The inset shows a picture of the device measured. d) AV as a function of
AT, measured in the TiS; film for several temperature difference cycles. The inset shows a box plot

representation of the Seebeck coefficient measured on 17 TiS; films.

Table 1. Summary of the thermoelectric property statistics for single mate-
rial films. Seven materials are presented with the number of devices mea-
sured, the median Seebeck coefficient value, the standard deviation, and the
median two-terminal resistance.

Material # Devices Median S Standard deviation
(mv K™ (mV K™

WS, 21 13 0.3

Te 6 0.48 0.05

BP (smart elements) 6 043 0.04

BP (in-house) 6 0.56 0.04

BP (in-house, 3% Ge) 6 14 0.4

TiS3 17 —0.82 0.15

TiS, 6 —0.28 0.02

Figure 4. Figure 4a shows the built-in voltage measured for a ther-
moelectric device formed with 1, 2, and 3 P-N junctions in series
as a function of the temperature difference between the two ends of

Energy Environ. Mater. 2024, 7, 12488 4 of 6

12
junction device, an output power of 6 pW

was measured. In comparison, thermoelectric
devices created with sputtered films produce
output powers of 215 oW The output
power is moderately low and reflects the high
internal resistances of our thin-film thermo-
electric generator (from the slope in Fig-
ure 4b, we estimate that the resistance of the
device is in the 1 GQ range). Improvements
in output power could be achieved with opti-
mization of thin film deposition and granular
structure; both topics are the focus of future
research. The large thermopower values
obtained from these proof-of-concept devices,
however, can be considered in very appealing applications such as
temperature sensing (for biophysical sensors e.g.) or infrared pho-
todetection where the generation of large open-circuit voltages is
highly desired.

3. Conclusion

In conclusion, we have presented the thermoelectric properties of
abrasion-deposited thin films on paper and multi-junction thermoelec-
tric generators. Out of the seven tested materials, WS,, Te, BP (Smart
Elements), BP (in-house), BP (in-house with 3% Ge), TiS,, and TiSs,
the highest P-type Seebeck coefhicients, and the highest N-type coeffi-
cient have been accomplished using WS, and TiS;, respectively. Using
these two materials, we fabricated and reported the characteristics of 1,
2, and 3 P-N junction thermoelectric generators. A remarkably high
output voltage of 120 mV for the three-junction device was recorded at
a temperature difference of 22.3 °C. The findings of this work high-
light the promising use of van der Waals materials on paper for applica-
tions in low-cost, biodegradable thermoelectric devices.

© 2022 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 4. Characterization of the thermoelectric performance of a Peltier element with 1, 2, and 3
junctions. a) Voltage shift as a function of the temperature difference across the devices for Peltier
elements formed with 1, 2, and 3 junctions. The slope of the different datasets provides a direct
measurement of their thermopower values that is nearly proportional to the number of junctions
forming the Peltier element. b) IVs of a Peltier element with 3 junctions with a negligible
temperature difference across the device (black) and with an approximately 22 °C temperature
difference (red). The device presents current flow, even in unbiased conditions, of ~—0.2 nA (called
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short circuit current, ), and it develops a voltage shift (called open-circuit voltage V,.) of

approximately 120 mV.
4. Materials and Methods

Tungsten disulfide (WS,) micronized powder was purchased from Hagen
Automation Ltd.

TiS, (PN: 12826.06) high purity powder purchased from Alfa Aesar.

TiS; powders were synthesized by a solid—gas reaction of metal powders of Ti
(Goodfellow, 99.5%) with sulfur (Merck, 99.75%) at molar ratios of M/S = 3 in a
vacuurm-sealed ampoule annealed at 550 °C for 60 h.*"

In-house black phosphorus (BP) was prepared via a high-pressure procedure in
a piston-cylinder press (Rockland Research Co.), and a pressure of 2 GPa at a high
temperature of 1073 K for 1 h. At the start, tiny pieces of amorphous red phos-
phorus (Alfa-Aesar) were ground in an agate mortar inside a nitrogen-filled glove
box; the material was sealed in a niobium capsule and then placed inside a cylin-
drical graphite heater. After quenching and releasing pressure, pieces of BP (6—
7 mm in diameter; 5 mm in thickness) were recovered.*” The as-prepared BP
chunks were crushed and manually ground in an agate mortar before abrasion-
induced deposition on paper. A second set of BP samples were synthesized in-
house but adding a 3% of Ge to the capsule. Structural and chemical composi-
tion characterization shows that Ge was not incorporated into the lattice within
the experimental uncertainty. We thus believe that a very small presence of Ge
could be acting as a diluted dopant within the BP crystals.

Commercially available black phosphorus (Smart Elements) and Tellurium
(Novaelements) high purity (>99.99%) chunks were crushed and manually ground
in an agate mortar before abrasion-induced deposition on paper.
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