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Here we obtained thermoelectric (TE) textiles on the base of the commercial cotton and polyester fabrics. For
this we used deposition of copper iodide (Cul) thin films via low-temperature cheap and scalable method
Successive Ionic Layer Adsorption and Reaction (SILAR). The TE textiles are comfortable to wear, breathable,

Texmel nontoxic, light-weight, flexible and air-permeable. The Cul films in the TE textiles are composed of accreted
ga’:‘; hs;ructure flakes with nanoscale thickness (<50 nm) or of nanowalls. Their crystal grains are less than 50 nm, contain a

significant number of dislocations and an increased lattice parameter, and consequently have large compression
microstrains. The TE textiles with Cul coated cotton and polyester have the Seebeck coefficients in the range of
120-180 pV K~ !, which are constant at the temperatures 290-365 K. The most effective single p-Cul thermo-
electric leg has low internal resistance 2 k. Its specific output power at temperature gradient 50 K is 31 yW/m?.
Three experimental flexible wearable TEGs of simple and affordable designs having each four thermocouples
with n-Alumel and p-Cul thermoelectric legs on the thick cotton, thin cotton and polyester confirm the possibility
of obtaining electricity using the developed TE textiles under conditions of temperature gradients from 5 to 50 K
at near-room temperatures. The best TEG obtained on the polyester fabric has at temperature difference 50 K
output TE characteristics: open circuit voltage 44 mV, short circuit current 1.3 pA, output power 16 nW. These

characteristics remain unchanged after repeated bends of TEGs in the different directions.

1. Introduction

Recently, the rapid development of Internet of Things and minia-
turized electronic devices have greatly increased demand for wearable
power sources. Wearable thermoelectric generators (TEGs) that can, for
example, convert body heat into electricity are promising for a pow-
ering of multifunctional devices for real-time health monitoring and
activity tracking or meet individual cooling needs [1-13]. In addition,
wearable thermoelectric devices can be used as self-powering thermo-
electric (TE) sensors for a detecting temperature, pressure or strain
[6,10-13]. Ideally, a wearable device should be comfortable to wear,
breathable, nontoxic, light-weight, and even washable, for multiple
uses [14-15]. To this end, an integration of thermoelectric materials
with fabric is the most acceptable solution [1-13,16]. In particular,
textile-based TEGs that can perpetually convert the ubiquitous tem-
perature gradient (AT) between human body and ambience into elec-
trical energy have attracted intensive attention to date
[1-6,9,10,12,16]. In most designs, TE yarns, filaments or fibers are

formed, which are then woven or inserted into fabrics [1,3,5,7,9,12].
These flexible thermoelectric yarns, fibers or filaments are mostly made
by organic polymers or polymer/inorganic semiconductor composites,
and also by organic polymer composites with carbon nanotubes (CNTs)
or with graphene as fillers. They can be n- and p-conductivity type
[1,9]. For instance, in [3] thermoelectric composites of poly(3,4-ethy-
lene dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) as p-type
coating and polyurethane based composites with multi-walled CNTs of
n-type were deposited directly on commercial polyester yarn via a dip
coating method. The designed generator for the body heat conversion
[3] has a sandwich structure similar to the classical inorganic TEG. This
vertical (out-of-plane) type TEG allows generating of small temperature
difference in the fabric thickness direction. Probably due to the short
length of the thermoelectric legs, it generated low open current thermo-
voltage (V,.) of ~800 uV and output power (P,,) of ~2.6 nW at
AT = 66 K [3]. Vertical TEG for the harvesting of low-temperature
waste heat was designed in [12] by sewing the thread filled by CNTs
into a felt fabric. Its V,. was 10 mV and P,,, was ~8.5 nW at AT = 25 K.
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Fig. 1. Photos of thick cotton (tkC), polyester (PE), and thin cotton (tnC) fabrics (a) and of the corresponding Cul coated thermoelectric textiles tkC/Cul, PE/Cul, and
tnC/Cul obtained through the deposition of Cul films via SILAR (b). (c)-SEM images of these thermoelectric textiles.

In [7] high-quality inorganic crystalline thermoelectric micro/nano-
wires of p-type Big 5Sb; sTe; and n-type Bi,Se; were obtained by means
of thermally drawing method. They were hermetically sealed in bor-
osilicate glass tubes with polymer coating. The resulting thermoelectric
fibers with p-BiysSby sTe; and n-BiSes cores had high thermoelectric
properties as their bulk counterparts. The hundreds of meters of con-
tinuous TE fibers were then woven into fabric to construct the wearable
restructuring vertical TEG with mW/cm?-level output power density
through integration of a large number of p-n fiber pairs as thermo-
electric legs. So, TEGs of vertical type based on textiles composed of
different sets of TE fibers, filaments or yarns demonstrate excellent
design flexibility, however, for their manufacture, a significant re-
structuring of the textile fabrication technology is necessary.

A much more technological approach is to create flexible in-plane
TE devices by applying thin film thermoelectric semiconductors and
conducting films as ohmic contacts to commercial textiles. According to
[1,4,5,8,13,16], it is a cost-effective and practical way to add efficient
thin film organic and inorganic conductive and semiconductor TE
materials to fabrics. For example, in [1,5,16] in-plane TEGs were
manufactured using PEDOT:PSS-coated strips of commercial polyester
or cotton textile (p-type thermoelectric legs) connected with thin silver
or constantan wires (n-type thermoelectric legs). For TEG with five
pieces of polyester fabric strips and five Ag wires maximum P,,, was
12.29 nW at AT = 75.2 K. For TEG comprising 5 pairs of p-n thermo-
electric legs of PEDOT:PSS-coated cotton fabric strips and constantan
wires, the V,. of 18.7 mV and maximum P,, of 212.6 nW were

generated at temperature difference of 74.3 K. In [13] a wearable
highly stretchable self-powered temperature sensor was fabricated as
knitted TE fabric using a commercially available knitted textile with a
jersey structure composed of 80% 150-denier polyester and 20% 70-
denier cotton and thermoelectric inks of PEDOT:PSS, silver nano-
particles (AgNPs), and graphene inks. The optimized sensor as in-plane
thin film thermocouple fabricated with AgNPs and PEDOT:PSS coatings
on the textile has linear temperature-sensing capability and generates
V,. of 1.1 mV for /AT = 100 K [13]. In [4] all-fabric TEG was created
by vapor printing of persistently p-doped poly(3,4-ethylenediox-
ythiophene) (PEDOT-C]) onto commercial cotton electrically connected
with Ag paint and carbon fibers. TE textile has Seebeck coefficient of
16 uV K~ '. The P,, = 4.5 nW was generated at AT = 30 K. The
Seebeck coefficient presented in [4] is rather low, that is the bottleneck
for all known organic thermoelectric materials [1,3-5,9,13,16]. More-
over, authors [4,13] indicate the inconstancy of S in a small AT interval
near room temperature for organic TE materials, which makes ther-
moelectric devices based on them difficult to control.

We were not able to find in the literature data on the manufacture of
thin films of inorganic TE semiconductors on textile. The fabric-based
flexible wearable thermoelectric devices presented recently in
[1,2,8,11] were designed on the basis of thick films of inorganic
semiconductors with a thickness from 11 pym to 395 pm [2,8], or con-
tained TE pillars of 5 mm height of inorganic semiconductors [11],
similar to the classical sandwich bulk TEGs. Authors [8] report scalable
screen-printing of efficient inorganic 11 —395 pm thick TE layers of
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Fig. 2. SEM images and XRF data of the fabrics.

Table 1
X-ray fluorescence spectroscopy data of the fabrics.

Element Cotton Polyester

at. (%)

C 60 46

(0] 40 52

Ca - <1

S - <1

P - <1
Table 2

SILAR modes for making samples of thermoelectric textiles with fibers coated
by thin Cul films.

Sample Substrate Anionic precursor, M Nal ~ Number of SILAR cycles
tkC/Cul 1 Thick cotton 0.05 40

tkC/Cul 2 0.075

tkC/Cul 3 0.1

tnC/Cul Thin cotton 0.1

PE/Cul_1 Polyester 0.05

PE/Cul_2 0.075

PE/Cul_3 0.1

PE/Cul_4 0.05 80

PE/Cul_5 0.075

semiconductor tellurides on a glass fabric using printing inks consisting
of the particles p-type Big 5Sb; sTes or n-type Bi,Te, ;Seq 3, binders, and
organic solvents. The inability to replace glass cloth with commercial
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Fig. 3. Optical properties of the thermoelectric textiles with thick cotton (tkC),
thin cotton (tnC) and polyester (PE) fibers coated by Cul films: (a) — diffuse
reflectance spectra R(A); (b)-graphs for the Cul band gap finding by means of
the Kubelka-Munk function.

cotton or polyester is associated with post-growth heat treatments. As it
mentioned in [8], glass fabric lost porosity and breathability in areas
coated with thermoelectric material. Moreover, as indicated in [2],
notwithstanding glass fabrics have the feasibility to be fabricated in the
form of clothing, specially designed fabric structures with large holes
must be utilized to ensure the penetration of TE materials during
screen-printing, which cannot be adapted to well-established weaving
techniques.

The aim of the present work is to develop an approach for the
fabrication of wearable fabric-based TEG which could combine the
existing weaving techniques with promising inorganic thin film TE
material copper (I) iodide (Cul) [15,17-22]. Cul is an environment
friendly material composed of nontoxic and naturally abundant ele-
ments, and in its y phase (y-Cul) shows a p-type conductivity due to
shallow acceptor level of copper vacancies [17-19]. According to [19],
high thermoelectric performance in the wide band gap Cul is explained
by its high value of S in the range from 123 pV K~' [22] up to
207 pV K~ [15,21] and high conductivity (with respect to the large
band gap) from 7 x 10> Q ' m™! [18] up to (2-5) x 10°Q ' m™!
[22] and 1.1 x 10* Q' m™! [15], as well as the low value of thermal
conductivity. An important advantage of thin Cul films is the possibility
of their manufacture on flexible polyimide [15], polyethylene naph-
thalate [19] and poly(ethylene terephthalate) [18-19,22] substrates,
while maintaining the structure and TE properties when bending,
which accompanied by stretching and compression of the films
[15,18-19,22]. Different processes were successfully used for a pro-
duction of the thermoelectric p-type y-Cul thin films in [15,17-19].
Among them, vapor- and solid-phase iodination of Cu films obtained by
resistive thermal evaporation [15,17], thermal evaporation of Cul
powder [17], solid-phase iodination of reactively sputtered CusN films
[18], and reactive sputtering of Cul [19]. All these methods include the
stage of vacuum deposition, so they cannot be considered as simple,
cheap and affordable. Recently, we managed to obtain Cul thin films
appropriate for use in TEGs via low cost, affordable and suitable for
mass production chemical method Successive Ionic Layer Adsorption
and Reaction (SILAR) carried out in aqueous solutions at room tem-
perature [20-22]. In [20] SILAR method was used for a deposition of
Cul thin films as TE material for vertical thermoelectric nanogenerator,
which functioning (V,. of 0.09 mV and P, of 0.4 nW) carried out due



N.P. Klochko, et al.

PE/Cul. 3

tkC/Cul 3 tkC/Culi3

PE/Cul_3

Intensity (arb. units)

Intensity (arb. units)

Intensity (arb. units)

Thin Solid Films 704 (2020) 138026

(b)
2.0 PE/Cul_3
1.0 i
0 lm Lo 1 1 1 M )
5 10 15 20 25 30
i Energy (keV)
20+ tkC/Cul_3
Cul
1.0
Lou
oL " " ! I U
5 100 15 20 25 30
Energy (keV)
20r U
' tnC/Cul
1.0 [l Cu I}
OQ ~ Ll 1 I 1 J
5 10 15 20 25 30
Energy (keV)

Fig. 4. SEM images (a) and XRF spectra (b) for three samples of thermoelectric textiles with Cul coatings obtained by means of 40 cycles of the SILAR method using
anionic precursor 0.1 M Nal onto thick cotton (sample tkC/Cul_3), polyester (sample PE/Cul_3) and thin cotton (sample tnC/Cul).

Table 3

X-ray fluorescence spectroscopy data for all samples of the thermoelectric textiles.

Element at. (%) in the thermoelectric textile sample on fabric
Cotton Polyester
tkC/Cul_1 tkC/Cul 2 tkC/Cul 3 tnC/Cul PE/Cul_1 PE/Cul 2 PE/Cul_3 PE/Cul_4 PE/Cul 5
Cu 13 26 28 14 <1 2 1 4 32
I 12 23 29 13 <1 1 1 3 27
C 47 31 27 44 67 65 68 62 24
(0] 28 20 14 29 31 32 30 31 14
S - - <3 <1 <1 - <1 <1 3

to a spontaneous temperature gradient ~7 K between uncoated area on
the FTO substrate and the FTO area coated by Cul film, which occurs
under an uniform heating of the entire device to 30 —50 °C. In [21] Cul
films with thermopower factor of 61.2 yW m ™~ ' K2 and the Seebeck
coefficient of 207 pV K~ ! were deposited via SILAR on glass substrates
for thermoelectric conversion of near-infrared solar light in-plane TEG.
Single p-type thermoelectric leg made with (0.5 X 3) cm? area Cul thin
film can generate at near-room temperatures V,. of 2.8 mV and
Py = 0.2nW at AT = 15K [21]. In [22] SILAR method has been used
to create p-type Cul thermoelectric leg on poly(ethylene terephthalate)
substrate for a new flexible wearable in-plane TEG. The obtained flex-
ible Cul thin film single p-thermoelectric leg demonstrates at near-room
temperatures output power of 17.1 yW/m? at the temperature gradient
of 35 K [22].

Here, through the coating of Cul thin films via SILAR method onto
commercial cotton and polyester fabrics we obtain different samples of
thermoelectric textile. Due to the features of the SILAR method, it is
possible to apply Cul thin films to all fibers on both sides and in the
middle of the fabric, and even to form Cul nanoparticles inside the fi-
bers, since aqueous solutions easily penetrate there. We study mor-
phology, crystal structure and properties of the Cul coatings on the
different textile fibers depending on the substrate material and on the
SILAR mode. Output parameters of single p-type thermoelectric legs
made from the different samples of Cul coated fabrics at near room
temperatures investigated. Based on the experimental results, three

most effective samples of these thermoelectric textiles selected. Then,
experimental designs of lightweight, flexible and air-permeable wear-
able in-plane thermoelectric generators developed and manufactured,
and output characteristics of these TEGs researched at AT in the range
of 5-50 K.

2. Experimental details

In this study, to obtain samples of Cul coated thermoelectric textile
of 2 x 3 cm? area we used as substrates commercial woven fabrics,
namely, thin cotton (tnC), thick cotton (tkC) and polyester (PE), which
photo presented in Fig. 1(a). To make Cul thin film coatings we em-
ployed SILAR modes described earlier in [20-22]. Briefly, we used
aqueous solution containing 0.1 M CuSO,4 and 0.1 M Na,S,03 as a ca-
tionic precursor, into which textile substrates immersed for 20 s. Then,
the substrates rinsed in distilled water for 10 s. After that, the fabrics
were immersed for 20 s into aqueous Nal solution (anionic precursor),
which concentration was 0.05, 0.075 or 0.1 M to carry out the reaction
of strongly adsorbed Cu* ions on the fiber surfaces and inside the fibers
with I” ions to obtain Cul. The final stage of one SILAR cycle was a
rinsing in the distilled water for 10 s for a washing out textiles. Such
SILAR cycles for the Cul deposition onto fabric repeated 40 or 80 times.

Morphology of these woven fabrics and thin films Cul deposited on
their fibers was observed by scanning electron microscopy (SEM) in a
secondary electron mode as in Refs. [20-22]. SEM instrument “Tescan
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Fig. 5. XRD patterns (a) and plots of sheet resistance R, versus temperature T (b) for three samples of thermoelectric textiles with Cul coatings obtained by means of
40 cycles of the SILAR method using anionic precursor 0.1 M Nal onto thick cotton (sample tkC/Cul_3), polyester (sample PE/Cul_3) and thin cotton (sample tnC/
Cul). For comparison, X-ray diffraction patterns of pure tissues are also shown in (a).

Vega 3 LMH” operated at an accelerating voltage 30 kV without the use
of additional conductive coatings, when scanning conductive Cul
coated textiles. However, for morphology studies by SEM of the pure
fabric we used thin Cr film (~10-15 nm thick) as conductive coating,
which evaporated in vacuum at 10~* Pa residual gas pressure im-
mediately before SEM research. Chemical analysis of the pure fabrics
and of the samples from series tkC/Cul, PE/Cul, and tnC/Cul was car-
ried out by X-ray fluorescence (XRF) microanalysis using an energy
dispersive spectrometry (EDS) system “Bruker XFlash 5010”. Energy
dispersion spectra were taken from the 50 X 50 pm areas. Quantifi-
cation of the spectra was carried out in the self-calibrating detector
mode.

To analyze crystal structure, we recorded X-ray diffraction (XRD)
patterns by a “DRON-4” diffractometer with Bragg-Brentano focusing
(theta — 2 theta). The crystalline phases were identified by comparing
the experimental diffraction patterns with the reference database
JCPDS by using PCPDFWIN v.1.30 software. Average crystallite size D
of Cul was determined from the X-ray line broadening method using the
Scherer's formula as in Ref. [20]. Calculation of the Cul lattice para-
meter a was performed in the presence of a sufficient number of

diffraction peaks (more than four) in the XRD pattern by the method of
least squares using the “UnitCell” program. Crystal lattice microstrains
we obtained from the relation ¢ = Ad/d (where d is the crystal inter-
planar spacing according to JCPDS, and Ad is the difference between
the corresponding experimental and reference interplanar spacing), and
dislocation density evaluated through 1/D? as in Ref. [20].

Optical spectra of diffuse reflectance R(\) of the Cul coatings de-
posited via SILAR on the fabrics were studied for the different tkC/Cul,
PE/Cul, and tnC/Cul samples using spectrophotometer “SF-2000”
equipped with reflection attachment “SFO-2000”. Optical reflection
measurements were performed at light incidence angle § = 8° relative
to normal to the surface. Optical band gaps E, for direct allowed tran-
sitions in the Cul films were determined as described in [23] from the
Kubelka-Munk function:

(1 -ry

F®) ="—0¢ &)

As shown in [23], a plot of (F(R)*hv)? vs hv yields a direct band gap
value E, of the Cul by extrapolating of (F(R)+hv)? linear part on hv.
By means of the conventional hot probe method [24] we determined
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Fig. 6. SEM images (a) and XRF spectra (b) for four samples of thermoelectric textiles with Cul coatings obtained on polyester via SILAR method by means of 40 or

80 cycles using 0.05 M or 0.075 M Nal anionic precursor.

p-type conductivity of the all Cul semiconductor films deposited via
SILAR on the different fabrics. Sheet resistance R of Cul layers in the
different tkC/Cul, PE/Cul, and tnC/Cul samples was obtained by means
conventional measurement four-point in-line probe method using a
homemade setup described in [23] as four-point collinear probe re-
sistivity p measurement system, since p = R; X film thickness [25]. The
measurements were carried out in the near-room temperature range ~
295 —335 K. Sheet resistance values calculated according to [23,25] as
follows:

(2)

where V is the voltage between the second and third probe measured
with a high-impedance voltmeter; I is the constant current between the
first and fourth probes; F is a correction factor for the accounting the
ratio of the distance between the probes and the size of the thermo-
electric textile; sF/In2 = 2.35.

For a measurement of the Seebeck coefficient we used a homemade
four-point Seebeck system shown in [23], in which TE textile was
suspended in the air between gold ring contacts, which were set at a
distance 2.3 cm between hot plate of the Peltier module that act as a
heat source, and cold aluminum plate as a sink. According to [26], four-
point design reduces the effect of thermal contact resistance. To ensure
good thermal contact between the thermocouples and the sample sur-
face, they were glued to the TE textile with a thermally conductive/
electrically insulative epoxy adhesive EP30AN-1. The thermocouple
ceramic tubes were heat-sunk into the epoxy adhesive, thereby redu-
cing cold-finger effects, when the thermocouples can draw heat away
from the sample leading to a temperature difference across the ther-
mocouple bead [26]. The Seebeck coefficient of TE textile was found
from the slope of the AV vs. AT.

In accordance with [19], V,,, and P, of the single thermoelectric
textile p-leg in the form of fabric strip of 3 cm long and 0.5 cm wide

coated by Cul were obtained as functions of I, for several AT in the
5-50 K range, thermoelectric IV-characteristics and power-current
characteristics, respectively. From V,,, plotted against I, we obtained
values of V. at load resistance Rj,qq = °°, and short circuit current I,
when Ry,qq = 0. For electrical connection of the single TE textile p-leg
through two copper wires with a multimeter we used silver-filled
conductive epoxy adhesive “Kontaktol”, and thus obtained ohmic Cul/
Ag contacts. The ohmic nature of the Cul/Ag contacts was confirmed by
linear current-voltage characteristics with low contact resistances.

Based on the results of studies, three most effective samples of these
thermoelectric textiles selected, and experimental designs of flexible
wearable TEGs manufactured. For every TEG we used four strips of Cul
coated fabrics of (0.5 x 3) cm? area each as p-type thermoelectric legs.
We connected them electrically in series with thin Alumel wires as n-
type thermoelectric legs and placed on the surface of pure thick cotton
fabric. For electrical connection, we used “Kontaktol” and obtained
ohmic Cul/Ag and Alumel/Ag contacts. The ohmic nature of the
Alumel/Ag contacts was confirmed by linear current-voltage char-
acteristics with low contact resistances. Output parameters (P, Voo
and I;) of the fabricated flexible in-plane TEGs were obtained, when
connecting n- and p-type thermoelectric legs thermally in parallel on
the surface of pure thick cotton fabric at near room temperatures, if AT
between opposite hot and cold Ag electrodes in the thermoelectric
textile in the 5-50 K range was provided by resistive heating of the hot
Ag contact with a Peltier module.

In accordance with [16,17,21,22], internal electrical resistance R;,;
of the single p-Cul thermoelectric legs and of the wearable textile TEGs
was calculated from the corresponding thermoelectric IV-characteristics
and from P, vs. I plots by equation:
Rine = ngc/4Pmax (3)

Accordingly, maximum output power per unit area, i.e. specific
output power P*,.q, (in nW/m?) was evaluated for the obtained p-type
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Fig. 7. XRD patterns and plots of sheet resistance R, versus temperature T for four samples of thermoelectric textiles with Cul coatings obtained on polyester via
SILAR method by means of 40 or 80 cycles using 0.05 M or 0.075 M Nal anionic precursor.

Cul single thermoelectric leg as P, = Bna/(0.5 X 3)-1074.

3. Results and discussion

As seen in Fig. 1, the fabrics we selected differ significantly in
woven density. In addition, Fig. 2 shows that the structures of the fibers
in the tissues are also very dissimilar. The natural cotton samples in
Fig. 2(a) are woven from the fibers of complex shape with rough sur-
face, while the smooth cylindrical shape of the fibers is typical for the
synthetic polyester fabric in Fig. 2(b). Fig. 2 contains also the corre-
sponding XRF spectra. Note that Cr in the XRF spectra belongs to the
electrically conductive chromium film and is not a part of tissues.
Chemical compositions of these fabrics obtained by the EDS micro-
analysis presented in Table 1.

Thermoelectric textiles were made using these fabrics. Table 2
shows manufacturing modes for all obtained samples of thermoelectric
textiles with fibers coated by thin Cul films. Optical diffuse reflection
spectra in Fig. 3(a) confirm the significant reflectance in the entire
visible range for the pure fabrics and also for the thermoelectric textiles
with fibers coated by Cul. As seen in Fig. 3(b), band gaps E, for direct
optical transitions in the Cul coatings deposited via SILAR are in the

2.9-3.0 eV range, which is close to typical for Cul [15,17-22]. Based on
the band gap data, the formation of this wide-gap semiconductor on the
surface of the fibers is confirmed. X-ray diffraction analysis has revealed
that all samples presented in Table 2 contain single-phase and poly-
crystalline coatings with cubic copper iodide crystal structure (zinc-
blende, y-Cul, JCPDS #06-0246).

It was shown in our previous works [21-22], that thickness of Cul
films prepared by the SILAR method naturally increases with increasing
number of cycles, and also with concentration of the anionic precursor
from 0.05 M to 0.1 M Nal. For example, for copper iodide films made in
the same modes on poly(ethylene terephthalate) substrates in [22], the
Cul film thickness increased from 0.1 to 0.82 um at 40 SILAR cycles
when concentration of the anionic precursor enhanced from 0.05 to
0.1 M Nal. Here we found that the material of the tissue substrate
makes a significant contribution to the change in the morphology and
properties of copper iodide films obtained via SILAR. Fig. 4 shows SEM
images and XRF spectra for three thermoelectric textiles with thickest
Cul coatings for each of three types of fabric, obtained by means of
40 cycles of the SILAR method using anionic precursor 0.1 M Nal. We
can see in Fig. 4(a), that the outer and inner fibers of all tissues are
equally coated with Cul films. According to SEM images with higher
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Fig. 8. SEM images (a), XRF spectra (b), XRD patterns (c) and plots of sheet resistance R, versus temperature T (d) for two samples of thermoelectric textiles with Cul
coatings obtained on thick cotton via SILAR method by means of 40 cycles using 0.05 M or 0.075 M Nal anionic precursor.

Table 4

Crystal structure data for Cul coatings in the thermoelectric textiles according to their X-ray diffraction patterns.

Structure parameter Thermoelectric textile sample on fabric

Cotton Polyester
tkC/Cul_1 tkC/Cul 2 tkC/Cul_3 tnC/Cul PE/Cul_1 PE/Cul 2 PE/Cul_3 PE/Cul_4 PE/Cul 5
D, nm 6-12 11-13 8-13 16-17 - 11-14 14-24 9-11 12
£10° a. u. 15-16 10-14 12-14 6-11 - 7-16 5-13 10-20 15
1/D? nm™2 0.007-0.028 0.006-0.008 0.006-0.016 0.003-0.004 - 0.005-0.008 0.002-0.005 0.008-0.012 0.007
a A - 6.052 6.072 6.075 - - - - 6.067

(according to JCPDS #06-0246, a = 6.051 ;\).

resolution in Fig. 4(a), these films are not smooth, especially on thick
cotton and on polyester, and are composed of accreted flakes with
nanoscale thickness (<50 nm) or of nanowalls. Chemical X-ray fluor-
escence microanalysis (Fig. 4(b), Table 3) shows, that all Cul films
contain sulfur from the chemically unstable compound sodium thio-
sulfate Na,S,03 in the cationic precursor that is typical for Cul films
fabricated on different substrates by the SILAR method using such so-
lutions [20-22]. As the comparison of the chemical composition of the
samples tkC/Cul_3, tnC/Cul and PE/Cul_3 in Table 3 shows, the thin-
nest is the Cul film, which deposited on the polyester fabric, because
the percentage of copper and iodine atoms in the sample PE/Cul 3 is
the smallest, compared to C and O, which are related to the PE sub-
strate. The lower content of Cu and I atoms in the sample tnC/Cul
compared to the sample tkC/Cul_3 is explained by the lesser tissue
density. As confirmation of this, XRD patterns in Fig. 5(a) demonstrate
much more intense peaks of y-Cul X-ray diffractions (JCPDS #06-0246)
in the both samples on the cotton fabrics tkC/Cul_3 and tnC/Cul, as
compared with PE/Cul_3.

Data on the surface morphology, chemical composition, and crystal
structure of the copper iodide layers in all other samples of

thermoelectric textiles are shown in Figs. 6-8 and in Tables 3—-4. They
demonstrate a general increase in the Cul film thickness for all samples
with increasing concentration of the anionic precursor and the number
of SILAR cycles. In addition, the looser and rough structure of the
cotton fabrics than the polyester one contributes to the buildup of more
thermoelectric material Cul. For example, the X-ray diffraction of the
thinnest sample PE/Cul_l in Fig. 7 does not have Cul peaks, and the
sheet resistance of this sample is the largest. It is seen in Table 4 that all
Cul films have a similar crystalline structure. They are nanocrystalline,
contain a significant number of dislocations and an increased lattice
parameter a, and consequently have large compression microstrains e.
Values of D less than 50 nm obtained on the base of XRD data presented
in Table 4 correspond to the thickness of the Cul flakes and nanowalls
shown in the SEM images in Figs. 4(a), 6(a), and 8(a).

With that, plots of Ry vs. T in Figs. 5(b), 7(b) and 8(d) show that
among the samples of the cotton-based thermoelectric textile the
sample tnC/Cul with copper iodide layer on thin cotton fibers has the
greatest resistance. Apparently, the loose structure of the tnC fabric
prevents the movement of charge carriers in the Cul coating, despite the
significant thickness of the copper iodide layer. The temperature
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Fig. 9. Thermoelectric voltages induced in response to the temperature gradients AT along the thermoelectric textiles with Cul coated cotton (a) and the corre-
sponding plots of output voltage V,,, (solid symbols) and output power P,,, (opened symbols) for some temperature gradients AT versus output current I, for the
single p-Cul thermoelectric legs with an area of (0.5 x 3) cm? each in the thermoelectric textile: tkC/Cul_1 (b); tkC/Cul_2 (c); tkC/Cul_3 (d); tnC/Cul (e).

dependences of Ry in Figs. 5(b), 7(b) and 8(d) show unusual transport
properties of the p-type Cul thin films in TE textiles. In [27,29-31] the
same crossover from semiconducting to metallic behavior with in-
creasing temperature, which cannot be explained by thermal activation
of the carriers, and a typical p minimum in the temperature-dependent
resistivity graph have been shown for nanocrystalline Cul thin films
obtained through different techniques. According to [27,30], the
semiconductor carrier transport occurs in the nanocrystalline Cul films
through nearest neighboring hopping. As indicated in [27], when in the
Cul thin films the nearest neighbor hopping distance > > Bohr exciton
radius (Cul Bohr exciton radius is 1.5 nm [28]) the hopping energy is
lesser than the activation energy required for the thermally activated
transition of charge carriers to the valence band. Such conduction

mechanism has been observed for the thermally evaporated cubic cu-
prous iodide films [27] and for Cul films deposited via SILAR on PET
and glass substrates [29] at near-room temperatures. At elevated tem-
peratures metallic transport in Cul films carried out in accordance with
the ionized impurity scattering and the carrier—carrier scattering model
for degenerate semiconductors [27,29-31].

At the same time, we took into account that in order to reduce the
resistance of the samples from the PE/Cul series, it is necessary to in-
crease the thickness of the Cul coatings by increasing the number of
SILAR cycles. Figs. 6 and 7 present an effect of the number of SILAR
cycles on the morphology, structure and properties of the thermo-
electric polyester-based textiles PE/Cul with Cul coatings deposited
using lesser concentrations of the anionic precursor Nal. Fig. 8 shows
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Fig. 10. Thermoelectric voltages induced in response to the temperature gradients AT along the thermoelectric textiles with Cul coated polyester (a) and the
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the single p-Cul thermoelectric legs with an area of (0.5 X 3) cm? each in the thermoelectric textile: PE/Cul_2 (b); PE/Cul_3 (c); PE/Cul 4 (d); PE/Cul5 (e).

similar data for cotton-based textiles tkC/Cul. It can be seen that the
most electrically conductive among all the samples are tkC/Cul_3, PE/
Cul_4 and PE/Cul 5 with R; in the range (1-4) x 10° Q/sq.

According to the graphs of the thermoelectric voltages induced in
response to the temperature gradients along the thermoelectric textiles
with Cul coated cotton (Fig. 9) and polyester (Fig. 10) we have de-
termined the values of the Seebeck coefficient in the range of
130-180 pV K~ ! irrespective of the fabric. Note that S for all samples is
constant in the temperature range 290-365 K.

Plots of the output voltages and output powers versus output cur-
rents obtained for the single p-Cul thermoelectric legs with an area of
(0.5 x 3) cm? each, made from the thermoelectric textiles are shown in
Figs. 9 and 10. According to [19,21,22], the open circuit voltage for
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such single-leg thin film thermoelectric modules is described by the
equation V,. = SAT. The values of the Seebeck coefficient calculated
from this ratio using thermoelectric IV-characteristics are in the range
of 120-160 pV K~ ! regardless of temperature gradient, with the ex-
ception of the sample PE/Cul_3, which S = 85 pV K™ '. These values of
the Seebeck coefficient coincide with the S values obtained from the
slope of the AV vs. AT within the experimental error. The comparison of
the Seebeck coefficients confirms the ohmic nature of the silver-filled
conductive epoxy adhesive “Kontaktol” contacts to the thermoelectric
textile we have made. As can be seen in Fig. 10(a), the sample PE/Cul_3
has the smallest value S = 105 uV K~ '. The difference in the Seebeck
coefficient values obtained by different methods for single p-Cul ther-
moelectric leg PE/Cul_3 can probably be explained by the insufficient
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Fig. 11. Photos of three wearable textile TEGs having four thermoelectric textile strips each and their output voltage V,,, (solid symbols) and output power P,
(opened symbols) for some temperature gradients AT versus output current I, (a) — TEG based on tkC/Cul_3; (b) — TEG based on tnC/Cul_3; (c)-TEG based on PE/

Cul 5.

thickness of the copper iodide layer according to XRF data in Fig. 4(b)
and EDS values of Cu and I in Table 3.

Figs. 9, 10 show good output characteristics V,., I, and P, for
single p-Cul thermoelectric legs in the samples tkC/Cul_2, tkC/Cul_3,
PE/Cul 4 and tnC/Cul. The single p-Cul thermoelectric leg made from
textile sample PE/Cul_5 demonstrates the best V,, I, and P,y,.

The obtained at AT = 50 K specific output powers of the p-type Cul
single thermoelectric legs were P, =~ 7 uyW/m? for tkC/Cul_2 and
tkC/Cul_3, P*pnee = 10 pW/m? for tnC/Cul, P¥pqe =~ 9 uW/m? for PE/
Cul_3, P*yq = 4 pW/m” for PE/Cul 4, and P*,q, = 31 pW/m?> for PE/
Cul_5. It turned out that the larger thickness of the copper iodide layers
on the tissues does not always provide them with thermoelectric effi-
ciency. Probably, the lower density of the thin cotton and polyester
fabrics provide reduced thermal conductivity, which determines their
good thermoelectric output characteristics. In addition, as shown by
calculations of the internal resistance of these samples according to
Eq. (3), the output characteristics are better at low R;, values. For ex-
ample, single p-Cul thermoelectric legs in tkC/Cul_2 and in PE/Cul 4
have Ry, = 15 kQ, and Ry, of tkC/Cul_3 and tnC/Cul ~ 7 kQ. The most
effective single p-Cul thermoelectric leg PE/Cul 5 has Ry, = 2 kQ.
Note, that within the experimental error, the internal resistance is
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almost independent of the temperature gradient in the AT range
15 - 50 K, which is in good agreement with the temperature de-
pendences of the surface resistances of TE textiles at T > 300 K in
Figs. 5(b), 7(b) and 8(d).

Fig. 11 shows photos of three wearable textile TEGs having four
thermoelectric textile strips each and their output parameters. The
design of TEG is based on the idea of [4] for a manufacturing of
wearable all-fabric thermoelectric generator, whose advantage is the
ability to incorporate fabric thermopiles into garments. The additional
plus of our design compared to that proposed in [4] is the increased
output power due to the use of thermoelectric Alumel wires instead of
carbon filaments in [4] and thus we created in our design the ther-
mocouples with p-Cul and n-Alumel branches. Calculations of the in-
ternal resistance of these TEGs according to Eq. (3) confirmed the re-
lationship between R;,; and output characteristics. TEG on the base of
tkC/Cul_3 has R;,; = 120 kQ, R;,, of TEG based on tnC/Cul ~ 70 k<,
and R;,, of TEG on PE/Cul_5 does not exceed 40 kQ. It is seen in Fig. 11,
that the best TEG obtained on the polyester fabric has V,, = 44 mV,
I, = 1.3 pA, and P,,, = 16 nW at temperature difference 50 K. The
other two TEG samples also have good output characteristics, like the
best textile TEGs reported in [1,4,6,9,12]. The TEG samples we
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fabricated kept the output parameters unchanged after repeated bends
more than 50 times in different directions, similar to that shown in the
photos in Fig. 11, which confirms their favorable mechanical perfor-
mance.

4. Conclusions

Via low-temperature cheap and scalable method SILAR we have
deposited copper iodide thin films onto commercial cotton and polye-
ster fabrics and so obtain different samples of thermoelectric textiles, in
which Cul coat all fibers on both sides and in the middle of the fabric,
and even inside the fibers. The Cul films are composed of accreted
flakes with nanoscale thickness (<50 nm) or of nanowalls. Their crystal
grains are less than 50 nm, contain a significant number of dislocations
and an increased lattice parameter, and consequently have large com-
pression microstrains. Material of the tissue substrate makes a sig-
nificant contribution to the change in the morphology and properties of
copper iodide films obtained via SILAR. In particular, the looser and
rough structure of the cotton fabrics than the polyester one contributes
to the buildup of more thermoelectric material Cul with lower sheet
resistance. The TE textiles with Cul coated cotton and polyester have
the Seebeck coefficients in the range of 120-180 uV K~', which are
constant at the temperatures 290-365 K. The most effective single p-Cul
thermoelectric leg has low internal resistance 2 kQ. Its specific output
power at temperature gradient 50 K is 31 pW/m?. Three experimental
flexible wearable TEGs of simple and affordable designs having each
four thermocouples with n-Alumel and p-Cul thermoelectric legs on the
thick cotton, thin cotton and polyester confirm the possibility of ob-
taining electricity using the developed TE textiles under conditions of
temperature gradients from 5 to 50 K at near-room temperatures. The
best TEG obtained on the polyester fabric has at temperature difference
50 K output TE characteristics: V,. = 44 mV, I, = 1.3 pA, and
P, = 16 nW, like the best textile TEGs reported in the literature. These
characteristics remain unchanged after repeated bends of TEGs in the
different directions. The next stages of research will be a reproducibility
of the data presented in this work for a large number of TE textile
samples and reliability tests of these TEGs.
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