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Abstract: Here, cellulose paper-based thermoelectric generators packaged inside Kapton
layers are fabricated that demonstrate enhanced physical stability and flexibility with
impressive power outputs at low temperature heating. The work introduces a successful
combination of copper iodide (Cul) and bismuth (Bi) coated cellulose papers, two non-toxic
and simple conductors which act as p-type and n-type legs in the generator, respectively. The
power output characteristics of a generator comprising ten p-n junctions are measured and
analysed at different temperature gradients. A high output voltage of 845 mV and
corresponding output power of 215 nW are obtained from the device at a temperature
difference (AT) of ~50 °C, which is comparable to expensive and toxic thermoelectric devices
reported in the literature. The presented device fabrication method is a very simple and
economical approach to fabricate paper based eco-friendly thermoelectric devices that can be

used for low-grade heat conversion applications.
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Introduction

About two-thirds of all the energy produced on this planet is irreversibly dissipated as waste
heat [1, 2]. Thermoelectric materials directly convert temperature gradients into electrical
power and can play an important role in future energy needs [3]. Thermoelectric generators
have the potential to be applied in waste heat recovery systems and can also be used to
generate “clean fuel” hydrogen by supplying electricity to the water electrolysis units from
waste heat [4-8]. Conversion of waste heat into electric power offers alternative energy that
can help reduce our dependence on fossil fuels. Recent years have witnessed significant
interests in thermoelectric research in order to scavenge waste heat by thermoelectric
generators [9-15].

Thermoelectric devices work according to the principle of the Seebeck effect to
generate electric power from temperature difference; for this reason, maintaining a high
temperature gradient across the device is essential to generate a practically useful voltage
output. It follows trivially that the voltage produced by a thermoelectric generator may be
enhanced by employing thin films of suitable leg length which can hold higher temperature
differences as compared to their bulk counterparts [16]. Also, it is useful to minimise device
size/thickness [17], and, by limiting system weight, thin-film configurations also afford
greater specific power density than their bulk (3D) counterparts with respect to thermoelectric
material consumption [18]. Furthermore, thin-films enable the development of versatile
systems suited to an array of applications, such as wearable devices prepared using flexible
substrates [19-21]. Relative to 3D designs, additional advantages of thin-film-based devices
include the reduced consumption of raw materials, rapid fabrication, and waste minimisation.
Currently, however, thermoelectric devices are typically prepared using expensive and toxic
materials in conjunction with difficult and energy-intensive manufacturing procedures [22-

25].



Here, a simple cellulose paper-based fabrication protocol is presented that utilises
cost-effective and low-toxicity thermoelectric materials, with the resulting generators
exhibiting promising power outputs at low temperatures. The devices consisted of copper
iodide (Cul) and bismuth (Bi) films deposited as p- and n-type legs, respectively, on cellulose
paper substrates. In addition to exhibiting high p-type conductivity, Cul also possesses
extremely low thermal conductivity (0.5 W m™ K™)[26] and a characteristically high Seebeck
coefficient [26-28], making it an attractive semiconductor for thermoelectric applications [26,
29], Similarly, Bi was selected due to its n-type semi-metallic behaviour, with the material
displaying a higher Seebeck coefficient and lower thermal conductivity than most other
metals [30-32]. By utilising cellulose paper as a substrate for the configuration, it was
ensured that the devices were economical and able to sustain a high temperature gradient;
notably, the thermal conductivity of cellulose paper (0.07-0.10 W m™ K™) [33] is lower than
the corresponding values for Cul, Bi and borosilicate glass (1.0-2.0 W m™ K™ [34, 35], with
the latter used as a common substrate material in thermoelectric generators reported
throughout the literature [11, 26]. The abundance and degradable nature of cellulose paper
can assist in the fabrication of cheap and disposable electronic devices [36, 37]. However,
fibrous surface of cellulose paper can have adverse effects on electrical conductivity if the
deposited films are extremely thin. Therefore, thin films with sufficient thickness have been
used to minimize such effects on conductivity. In order to further enhance devices stability
and flexibility, a Kapton tape (polyimide) was selected as the base of the device for being
flexible and robust, including its advantages such as low thermal conductivity (0.12 W m™* K’

1) and thermal stability at high working temperatures [38].



Experimental Details
Thin film deposition
Copper (99.7% purity) and bismuth (99.9% purity) sputter targets, used as primary sources to
deposit respective thin films, were obtained from Kurt J. Lesker Company Ltd. and PI-KEM
Ltd., respectively. Cu and Bi films (thickness: 200 nm, deposition rate: ~20 nm min™) were
deposited by sputter-coating (Model: Quorum Q150T S coater) onto cellulose paper
substrates (size: 8 cm x 3 cm, paper thickness: 100 um) at room temperature under argon
atmosphere. The sputtering chamber was evacuated to 10™ mbar prior to each deposition run.
Conversion of Cu film into Cul film
Cul thin-films on cellulose paper were obtained by the reaction of sputtered Cu thin-films
with iodine vapour. In a closed petri dish (diameter: 15 cm, height: 1.5 cm), solid iodine
granules (1 g, Sigma-Aldrich) were evenly spread beneath the Cu-sputtered paper, which was
mounted horizontally at a distance of 1.5 cm above the iodine granules with the Cu thin-film
facing downwards (supported by a adhesive tape at the paper borders); this iodination setup is
illustrated schematically in Figure 1. The formation of Cul from reaction of iodine vapour
(I2(g)) with metal copper (Cug)) can be expressed as [27]:

20uey +1Ig) = 2Cul Q)
Complete conversion of the Cu film to Cul was achieved after 5 h of reaction at 40 °C, with

heating provided by a hot-plate.
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Figure 1. Schematic illustration of the configuration employed to prepare Cul thin-films on

cellulose paper through reaction of sputtered Cu thin-films with iodine vapour.

Fabrication of paper based thermoelectric generators

The as-obtained Cul- and Bi-sputtered cellulose paper substrates were cut into strips (length:
10 mm or 20 mm, width: 5 mm) to act as p- and n-type legs, respectively, of two planar ten
pair thermoelectric devices (L10 and L20 with leg lengths 10 mm and 20 mm, respectively);
all of the steps involved in the preparation of these Cul- and Bi-sputtered strips are illustrated
in Figure 2. Each of the thermoelectric devices comprised ten pairs of alternating p-type
(Cul) and n-type (Bi) paper strips connected in a series configuration using copper foil and
carbon conductive paint, with high-temperature polyimide tape placed beneath the strips to
secure them in position (Note: the effective leg lengths of the device L10 and L20 after
connecting with copper foils were ~6 mm and ~16 mm, respectively). After complete drying
of conductive paint of each as-constructed device at 50 °C (on a hot-plate for 2 hr), its upper
surface was also covered with polyimide tape, which was then pressed using a press machine
(model: Devilpress, Swizzex Group Ltd.) under 10 MPa pressure (at room temperature for 1
min) in order to increase the structural stability of the system and to avoid exposure of the
Cul and Bi films to air. Sequential photographs of the assembly process are shown in Figure
3. In order to compare the output properties, single pair devices of leg length 10 mm (Device-

1) and 20 mm (Device-2) were also constructed with similar procedure.
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Figure 2. Photographs showing the cellulose paper used for deposition (a), as-sputtered Bi-
coated paper before (b) and after being cut into strips (c), and Cu-sputtered paper prior to
reaction with iodine vapour (d), during the iodination process (e) and following completion of

the iodination and cutting steps (f).
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Figure 3. Sequential photographs depicting the process used to assemble the thermoelectric
generators. After using high-temperature polyimide tape to secure ten pairs of alternating p-
and n-type legs (Bi- and Cul-coated cellulose paper strips, respectively) in position (a),
electrical connections between the legs were formed with conductive carbon paste and copper
tape (b) and polyimide tape was applied to the top surface of the device to suppress air-
exposure of the Bi and Cul films and increase physical stability (c); a completed device is
pictured in (d).

Characterisation of the thin films

Measurements of the Seebeck coefficient and characterisation of morphology of the Bi and
Cul films were carried out using as-coated 10 mm x 5 mm cellulose paper strips. The
Seebeck coefficient was measured using a custom-built apparatus by applying a temperature
difference (AT) along the length of each strip using built-in resistive heaters at the electrodes
and measuring the generated thermoelectric voltage (AV) [39]. Temperatures were measured

using k-type thermocouples and all the voltage readings were recorded using digital



multimeters (resolution 1 pV). The Seebeck coefficients of the films were estimated using the

expression [40, 41]:

S=- (i—Z) .............. @)

The electrical conductivity of the films was measured using the standard four-probe method;
in a typical measurement, currents (I = 10-50 pA) were supplied through the outer probes and
generated electrical potentials between inner probes were measured. The electrical

conductivity (o) of the samples was obtained using the following expression [42, 43]

I

O === e, )

- V 2ms

where | is the applied current, V is the corresponding voltage, and s is the probe spacing;
suitable correction factors were applied to obtain final values [43]. In the case of Bi-sputtered
strips, the final thickness of each Bi film was assumed equal to 200 nm in conductivity
calculations, in accordance with the thickness setting applied during Bi-sputtering. For Cul
film, a thickness of 1.4 um (estimated from cross-sectional scanning electron microscopy
(SEM), Figure S1 (Supporting Information)) was used during estimation of the Cul
conductivity.

The morphologies of the films were examined by scanning electron microscopy
(SEM) using Zeiss Evo LS25 SEM, using an accelerating voltage of 20 kV and emission
current of 20 pA. Powder X-ray diffraction (XRD) pattern of the Cul film was recorded in
order to confirm its formation using a Bruker D8 Discover diffractometer with Cu Ka
radiation, with a 20 step size of 0.025° and dwell time of 0.5 s.

Thermoelectric testing of the generators

The thermoelectric performance of generators was investigated by fixing the devices on a
hot-plate using polyimide tape and applying a temperature difference (AT) in the direction
parallel to the n- and p-type legs, and digital multimeters (HMC 8012 DMM) were used to

measure the open-circuit voltage (Vo) and short-circuit current (lp) at different temperature
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differences. The measurement setup is schematically illustrated in Figure S2 (Supporting
Information). From these measurements, the maximum power output (Pmax) was estimated

using the standard expression,

Pmax = (%) ....................... (4)

which assumes a linear relationship between the generated voltage and current [44].

Stability of output voltage and current from the thin film devices is also important
when they are used under bending or flexible modes. The reliability of a device (L20) outputs
were tested after bending it for multiple times as illustrated in Figure S3 (Supporting
Information). Subsequently, its performance under a curved mode was investigated by
mounting onto the surface of a curved hot surface (a 1L beaker filled with hot water) and
measuring its outputs. The device was firmly fixed on the beaker surface using polyimide
tape by creating a direct contact of the device’s topside whereas the bottom side was away
from the beaker surface which was achieved from an insulating separator strip (thickness
~1mm) attached on the bottom side of the device in order to achieve temperature difference
along the thermoelectric legs, and its output voltages were measured at two different
temperatures of water.

Results and Discussion

As shown by the SEM images in Figure 4, the as-deposited Cu and Bi films appeared
morphologically homogeneous across the examined surface of the cellulose paper.
Furthermore, Cul films obtained after vapour iodination of sputtered Cu seemingly had a
smoother surface than the Cu films from which they formed. The conversion of Cu into Cul
was confirmed through XRD analysis of the Cul deposited paper substrate (Figure S4
(Supporting Information)); the pattern has all the peaks that match with the standard structure

of cubic phase Cul (JCPDS File No. 06-0246).



Before testing thermoelectric devices, the thermoelectric properties of individual Cul

and Bi paper strips were examined by thermoelectric measurements. The Seebeck coefficient

(S), electrical conductivity (o), and power factor (PF) data are shown in Figure 5; with S =

140 puV K'and o = 28.1 S cm™, the PF of Cul film was estimated as ~56 uW m™ K (at 30

'C). The value of S was found to increase with increasing measurement temperature, yielding

a maximum PF of ~65 uW m™ K at 80 "C. For the Bi film, the values were fairly stable over

the measured temperature range with S = -45 pV K* and ¢ = 1.58 x 10° S cm™ at room

temperature, producing a PF of ~31 pW m™ K™ A list of properties is summarized in Table

Table I. Summary of properties of Cul and Bi thin films used in the fabrication of the

devices.

Sample | Film Seebeck Electrical Powero factor
thickness | coefficient conductivity (at30 C)

Cul film 1.4 pm 140 pVv K 28.1Scm™ 56 pW m™ K

Bi film 200 nm -45 pv K 1.58 x 10°S cm™ 31 pW m* K?
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Figure 4. SEM images of Cu-coated cellulose paper (a-b), Cul films fabricated via vapour

iodination of Cu films (c-d), and Bi-coated cellulose paper (e-f).
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Figure 5. Measured temperature-dependent Seebeck coefficient of Cul (a), and Bi (b),
alongside corresponding changes in the electrical conductivity (c) and power factor (d).
When thermoelectric legs are exposed to a temperature gradient (AT = Ty, — T, where
Trand T are hot and cold side temperatures of the legs), they generate an electrical potential
(AV) of magnitude dependent on the Seebeck coefficient (S) of the leg and the temperature
gradient (AT) along it, according to the expression [45].
AV = =SAT e, (5)
Thus, AV is practically limited by the maximum temperature gradient that can be maintained
over the length of the leg, which is in turn dependent on both its length and the thermal
conductivity of the thermoelectric material. As shown by Figure 6a, the open-circuit voltage
(Vo) and short-circuit current (lp) increased linearly with applied AT, with Vq and I, reaching

maximum values of 87.5 + 1.2 mV and 3.7 £ 0.2 pA at AT = 49 K, respectively; substituting
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these quantities into Equation (4), one obtains a corresponding Pnax Value of 80.9 + 4.5 nW.
From the plotted linear fit of the Vo(AT) relationship, a Seebeck coefficient of 1.81 mV K™ is
estimated for the device, or 181 pV K™ for each p-n pair; this value is in close agreement
with the sum of individual contributions from one p-type Cul leg (S = ~ 140-155 pV K™) and

one n-type Bi leg (S = ~ -45 pV K™), equal t0185-200 pV K™.
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Figure 6. Output performance characteristics of the ten pair device (L20), including measured
relationships between the open-circuit voltage (Vo), short-circuit current (lg) and the
temperature gradient (AT) in the direction parallel to the p-n legs (a), and the estimated
maximum power (Pmax) as a function of AT (b).
A key asset of the present thermoelectric generator design is its flexibility, which

enables its use in applications involving curved or uneven surfaces. To illustrate this point,
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the as-prepared device (L20) was mounted onto the surface of a 1L beaker filled with hot
water; a photograph of this setup is shown in Figure 7, alongside a graph depicting the
measured output voltage at different water temperatures. The output voltages measured at
temperatures of 40 °C and 60 °C were 21 + 0.8 mV and 38 = 1.5 mV, respectively; although
these values are lower than expected from Figure 6, one may reasonably account for the
discrepancies by noting that the temperature of the outer beaker surface was likely marginally

lower than the measured temperature of the water.
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Figure 7. Photograph showing the application of the thermoelectric generator to utilise
thermal energy from the curved surface of a heated beaker (a), a schematic side-view
illustration of the junction between the beaker and the device (b), and a graph plotting the
measured output voltage at water temperatures of 40 °C and 60 °C (c). As depicted within the
illustration, an insulating separator was situated between the beaker and the bottom end of the

device in order to attain a temperature difference between the ends of each thermoelectric leg.

When bending a thermoelectric generator to suit a given surface topography, it is
crucial that its performance does not deteriorate as a result of the deformation. As shown
graphically in Figure S3 (Supporting Information), which also depicts various stages during
bending of the thermoelectric generator, the open-circuit voltage measured at a temperature
difference of 35 °C decreased by only 1.5% after 50 successive bending cycles, whilst short-

14



circuit current diminished by 7.5% over the same sequence. However, following a further 50
bending cycles there was negligible variation in the output characteristics, suggesting that the
initial deterioration resulted from cracks that formed during early bending cycles. The Kapton
tape has a major role in maintaining physical stability of the device during such bendings.

In order to maximise the power produced by a thermoelectric generator, it is
important to suppress resistive losses by minimising the length of each thermoelectric leg.
However, maintaining a given temperature difference between the two ends of a
thermoelectric leg becomes increasingly difficult as the length of the leg is decreased, as the
maximum sustainable temperature gradient is limited by the thermal conductivities of the
thermoelectric material and the underlying substrate. To address these considerations in the
context of the present thermoelectric generator design, a one-pair device with reduced leg
length (Device-1)was tested and the open-circuit voltage across the device was measured for
a period of thirty minutes at a temperature difference of ca. 30 °C, as plotted in Figure 8.
From the stability of the voltage output it is clear that the temperature gradient across the
device reached a sustainable equilibrium during the experiment, indicating that the shortened

legs did not inhibit the ability of the system to operate under this temperature condition.
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Figure 8. Stability of open circuit voltage from the one-pair device (Device-1) under a

constant heating at one side (50 °C).
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Figure 9. Photograph of one-pair devices (a) Device-1 (i) and Device-2 (ii), in addition to

plots depicting their output performance: plot (b) shows the variation of open-circuit voltage

(Vo) and short-circuit current (lp) from the Device-1 as functions of temperature difference,

with the estimated maximum output power (Pmax) of the system plotted in (c), whilst plot (d)

displays the corresponding variations of V, and I from the Device-2 alongside the associated

relationship between Ppax and hot-side temperature (e).
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A comparison of one-pair devices of two different leg lengths is provided by Figure 9,
which displays the measured variations of V, and Iy from the photographed systems as
functions of temperature difference, in addition to the corresponding Pmax estimates obtained
from Eq. (4). Whilst the two devices produced similar Vo, measurements across the
investigated temperature range, the Device-1 yielded I, values that were over two times those
of its Device-2. Consequently, Pmax estimates from the Device-1 significantly exceeded the
corresponding values associated with the Device-2, with the former reaching 28 nW at a
temperature difference of ca. 50 °C in comparison to 11 nW in the latter case. One may
rationalise this result by recognising that decreasing the length of each thermoelectric leg
leads to a corresponding reduction in series resistance, thereby enhancing lo in accordance

with the expression[46]

Spyn AT
[hy=2— (6)

Rint
where Sy, is the total Seebeck coefficient of the one-pair p-n junction or device, AT is the
applied temperature difference, and Ryt is the internal resistance of the device. It follows from
Eqg. (4) that one may further enhance the thermoelectric performance by increasing the
number of junctions within the device. In order to address this point, a ten-pair thermoelectric
generator (L10) with reduced leg length was characterised under applied AT values of 10-50
°C; Vo and lp measurements acquired over this range are plotted in Figure 10a, with
corresponding Pmax estimates displayed as a function of AT in Figure 10b.Whilst the Vy
values yielded by this device are similar to those obtained from the L20 device, as displayed
previously in Figure 6a, reduction of the leg length once again resulted in a significant
enhancement in l; for instance, with AT set to 49 °C, the L10 device produced 10.2 pA under
short-circuit conditions, which is almost three times the 3.7 nA exhibited by the L20 device.
Accordingly, the L10 configuration was capable of providing an estimated maximum power
of 215 nW at a 49 °C temperature difference, representing a considerable improvement with

18



respect to the L20 device, for which a corresponding Pnax value of 80 nW was estimated.
Furthermore, it should be noted that the power estimates shown in Figure 10b are
comparable, and in many cases superior, to the maximum power characteristics of planar
devices reported elsewhere in the literature, which are typically fabricated using expensive
and toxic thermoelectric materials [47-49]: Table Il compares the maximum power estimate
at a AT value of 49 °C with the thermoelectric power outputs from a representative selection
of these literature prototypes.

Theoretically estimated device output voltage, current, and power outputs are
summarized in Table 111, which shows that the estimated power output values are higher than
the experimentally observed values. However, the experimental power outputs of one pair
devices (Device-1 and Device-2) are in near agreement with the estimated values. There are
more differences in the outputs of ten pair devices (L10 and L20), which is mainly arising
from the theoretical estimation of the internal resistance of the ten pair devices for which the
resistance of one pair devices was taken as a reference (For example, if the resistance of a one
pair device is R then the resistance of a ten pair device is considered as 10R). But the
actual/measured internal resistance of the ten pair devices was more than the estimated values
because of the additional contact resistance from carbon conductive paint. The measured
internal resistance values of the one pair devices were 0.71 kQ (leg length ~10 mm) and 1.65
kQ (leg length ~20 mm). Similarly, for ten pair devices, the internal resistance values were
7.35 kQ (leg length ~10 mm) and 17.10 kQ (leg length ~20 mm). Therefore, there can be
many factors associated with such changes such as measurement errors, additional internal
resistance of the devices due to electrical connections used in between the thermoelectric
elements, lack of uniform heating of all the thermoelectric elements during the
measurements, etc. For illustration, the difference in the experimentally observed output

values and the estimated values can be minimized by achieving direct electrical contact
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between the p-type and n-type films which avoids the use of conducting paints, as this
approach minimizes the internal resistance of the resulting device.

Further, the stability in the performance of these devices with ageing was studied by
testing one of the devices (Device-1) after 2, 7 and 15 days. A fixed temperature difference
(30 °C) was applied for every measurement in order to make comparison of the outputs. The
data shown in Figure S5 (Supporting Information) suggests that the devices produce fairly
stable outputs over time. However, a small increase in the output voltage at the expense of a
small decrease in the current was observed after 7 days and both the voltage and current were
quite stable thereafter as it can be observed from comparing results of day-7 and day-15. As
a result, device’s overall performance was quite similar and stable as it was in the beginning
but with a small reduction of 1.3% in the power output. Further, a comparison between the
power output stability of this Kapton covered and an uncovered one pair device has been
made to observe the role of Kapton tape. Figure 11 shows the relative power outputs of the
devices as a function of number of days, the data of which are all normalized to the output
reading of the first day. In case of uncovered device, a reduction of 3.5% in the power output
has been observed while it is 1.3% for the Kapton covered device, which indicates that
Kapton protection layer can help maintain stable performance and also improves device’s
physical structure.

For real applications, these planar devices can be directly fixed on a hot surface with
an insulating separator strip on one side of the thermoelectric elements as illustrated in Figure
7, where the device was directly fixed on a hot beaker to demonstrate its working. To achieve
a good physical contact between the hot surface and the device, high temperature adhesive
tapes such as Kapton tapes can be used to mount the devices on the desired surface. Further,
the number of thermoelectric elements should be increased to get higher power outputs from

the devices. Overall, materials like Cul with attractive thermoelectric properties and low-
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toxicity can help build simple and low-cost devices that can be used for low-grade heat

conversion applications.
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Table Il. Voltage and power outputs comparison of the present device with the reported

planar generators.

Open- Normalised open Normalised
Number Temperatur
Thermoelectric circuit Maximum circuit voltage maximum power Referen
of p-n e difference
materials voltage power (NW) (uV K pair?) (nW K* pair?) ce
pairs (K)
(mVv)
p-type Cul & n-type This
10 49 84.5 215
Bi 172 0.439 work
p-type Cul & n-type
GZO (Gallium-doped | 17 20 35 11 103 0.032 [50]
zinc oxide)
p-type Sh,Tes & n-
15 35 210 700 [38]
type BizTes 400 1.333
p-type Sh,Te; & n- 20 50 300 353 [51]
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type Bi,Tes 300 0.353
p-type Sh,Te; & n-

100 40 430 32 [48]
type Bi,Tes 107 0.008
p-type Sh,Te; & n-

242 22 294 5,900 [52]
type Bi Tes 55 1.108
p-type SnTe & n-

4 120 366 [53]
typePbTe 250 521 0.762
p-type NbSe, & n-type --

100 60 38 [54]
WS, 0.006

Table I11. Summary of theoretically estimated device properties and comparison with

experimentally measured power output values. The internal resistance of one pair devices

have been used to estimate the internal resistance of the corresponding ten pair devices (For

ex. Device-1: Rint = 0.71 kQ; for ten pair device Rijyy = 0.71 kQ x 10 pairs = 7.1 kQ). The

Seebeck coefficient of 1 p-n pair, Spair= (Scu + Sgi) =185 UV/K; Scu =140 pV/K, Sgi = -45

MV/K.
Device Number | Seebeck Estimated Internal Estimated Estimated | Measured
details of p-n coefficient | open circuit resistance Short-circuit power power output at
pairs of one p-n | voltage (Riny) of the | current output at AT=49 K (nW)
pair (Spair) | (Vo=Spair X device (kQ) | (1o=Spair X AT=49 K
(UVIK) AT) at AT=49 AT/Rip) (nW)
K (mV) (LA)

Device-1 1 185 9.06 0.71 12.8 29 28
(leg length
~10 mm)
Device-L10 10 185 90.6 7.1 12.8 290 215
(leg length
~10 mm)
Device-2 1 185 9.06 1.65 55 125 11
(leg length
~20 mm)
Device-L20 10 185 90.6 16.5 55 125 80
(leg length
~20 mm)
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Conclusions

This work presents a simplified method for fabricating thermoelectric devices with promising
output powers and physical stability. The chosen p-type material, Cul, is a well-suited
material for designing cellulose paper based devices from which higher thermal gradients can
be achieved even at low temperature heating, which in turn result in higher power outputs.
Further improvements in the device performance are possible by using better electrical
connections between the legs or by directly connecting the Cul and Bi films to avoid
unnecessary electrical connections between them. Overall the cellulose paper based devices
securely packaged inside thermally stable layers like Kapton tape can have better life time
and stability. Such devices can be very simple to design and fabricate, and are low-cost and
suitable for low-grade waste heat recovery.
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Highlights

e Cellulose paper-based thermoelectric generators packaged inside Kapton layers are
fabricated

e A high output voltage of 84.5 mV and power of 215 nW are obtained at a temperature
difference of 50 °C

e A very simple and economical approach to fabricate paper based eco-friendly
thermoelectric devices
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