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Abstract
The article presents a new design of vertical thermoelectric nanogenerator (TENG) on the base of thin-film CuI/FTO com-
position with ohmic Cr/Cu contacts, which combines the functions of UV–Visible photosensor. Its functioning as the TENG 
carried out due to the spontaneous temperature gradient approximately 7 K, which occurs under the uniform heating of the 
entire device at temperature 30 °C. The open circuit voltage of TENG test sample is Voc = 0.09 mV and maximum output 
power is Pmax = 0.4 nW at temperature 50 °C. UV–Visible photosensor based on Cu/Cr/CuI/FTO/Cr/Cu composition possess 
high values of photocurrents Iph under illumination, which eliminates necessity of amplification of the photosensor signal. 
The photoresponse and reset times of the photosensor are τp ≈ 30–100 s and τr ≈ 20–100 s, respectively. The explanation of 
the possibility of using CuI thin films, solution-produced by the affordable successive ionic layer adsorption and reaction 
(SILAR) method as both thermoelectric and photosensitive material is based on the studying of surface morphology, crystal 
structure, chemical composition and optical properties.

1 Introduction

New approaches to the harvesting and transforming into 
electricity the waste energy from the living environment 
instead of the conventional battery to power small elec-
tronic devices and systems are attracting increasing attention 
[1–9]. In particular, wireless power supply is a critical issue 
in realizing the internet of things (IoT), in which sensing, 
data collection, and communication would be performed 
using a trillion-sensor network [2, 5]. In accordance with 
[5, 8], there are four forms of energy sources available for 

harvesting from the environment, namely, visible light, radio 
frequency electromagnetic radiation, motion, and heat flow. 
As the sizes of the devices shrunk to the nanoscale, the 
power consumption also decreases to the nW level. There-
fore, a thermoelectric energy scavenging using a network of 
thermoelectric nanogenerators (TENGs) could be a viable 
source of power for autonomous wireless devices through 
transforming of little heat flow into electricity [1–7]. How-
ever, the key challenge is to create a significant temperature 
gradient (ΔT) across the device without a spatial temperature 
difference in the environment [3, 5], because ΔT is a driving 
force of the TENG.

In TENG described in [2], which elaborated using a 
microelectromechanical system process, the temperature 
gradient can be created, for example, by a circulating air 
flow or infrared (IR) radiation, between suspended silicon 
nitride membrane and bulk silicon frame. Since membrane 
has a negligible mass, its temperature is free to fluctuate con-
trary to the bulk silicon frame. According to [2], the power 
generated by an individual membrane by using air flow 
under near-room temperature is around 0.3 nW for ΔT ≈8 K. 
However, the microfabrication process used in [2] to make 
this TENG requires appropriate expensive equipment.
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Authors [3] presented thin-film nanogenerator for the har-
vesting environmental IR radiation. This nanogenerator was 
obtained through deposition from solutions of nanocompos-
ite films contained hydrothermally synthesized molybdenum 
disulfide  (MoS2) nanoclusters and tellurium (Te) nanowires. 
In this nanogenerator of planar (in-plane) type, one of the Ag 
electrodes was coated by nanocomposite film on the base of 
 MoS2 used as photothermal material with higher IR absorb-
ance. Under heating,  MoS2 nanoclusters as a part of  MoS2/
polyurethane nanocomposite film absorb infrared radiation 
and thus form in TENG the gradient ΔT across thermoelec-
tric nanocomposite layer with Te nanowires. The difference 
between two electrodes (hot Ag electrode coated by  MoS2/
polyurethane film and cold naked Ag electrode) connecting 
the ends of a nanocomposite layer with Te nanowires can 
generate electricity, when whole nanogenerator submitted to 
a heat source, that is, without a spatial temperature gradient.

An interesting and relevant approach is the creation of 
semi-transparent thermoelectric materials based on avail-
able and non-toxic wide band gap compounds [10–12], in 
contrast to the designs of thermoelectric generators devel-
oped in [2, 3]. This approach opens up prospects for the 
further development of semi-transparent electronics in the 
field of developing smart windows or screens, semi-trans-
parent optoelectronic devices, etc. For example, in [9] we 
developed and successfully tested a new design of semi-
transparent vertical (out-of-plane) type TENG using an 
array of vertically aligned ZnO nanorods electrodeposited 
on transparent conducting fluorine doped tin oxide (FTO) 
substrate. An operation of this TENG caused by the tempera-
ture gradient between tops of ZnO nanorods and uncoated 
FTO that spontaneously created due to heat flow from solar 
near-infrared (NIR) light and/or mid-infrared (MIR) radia-
tion from the ambient warm. The obtained by TENG in [9] 
output power at near-room temperature without a spatial 
temperature gradient in the environment is ~ 62 pW/cm2. The 
network of such TENGs can serve as a source of electricity 
sufficient to make sensors wholly autonomous in energy, 
according to the data [2, 13], by the harvesting NIR energy 
of sunlight and heat from ambient.

In [9] arrays of ZnO nanorods were obtained on FTO 
substrates by pulsed electrochemical deposition method, 
which is suitable for large surfaces and suggests low capital 
expenditure based on simple process equipment. However, 
low cost affordable Successive Ionic Layer Adsorption and 
Reaction (SILAR) method is even easier and more adapted 
for mass production [14]. Moreover, as we showed earlier 
[15, 16], copper iodide (CuI) films produced by SILAR 
have promising thermoelectric properties. We used in this 
work SILAR technique for the creation of vertical TENG 
with design similar to [9]. Some disadvantage of the pro-
posed TENG design is the opaque Cr/Cu metal frontal elec-
trode, which is then supposed to be replaced to increase 

transparency with a transparent conductive oxide film. In 
addition, as it turned out from our experiments, the same 
CuI/FTO based TENG design can be used as a photosensor 
of photoconductor type, if between its electrodes will be 
applied a voltage from an external source. In this way, it is 
possible to create a two-function device that is an interesting 
modern approach.

Thus, in this paper, we investigate a new design of TENG 
created using CuI/FTO compositions with solution-produced 
copper iodide thin films. By means studying surface mor-
phology, crystal structure, chemical composition and optical 
properties of CuI films, we explain the spontaneous occur-
rence of the temperature gradient and the functioning of the 
above TENG as a whole. Additionally, on the base of study 
of the CuI/FTO photosensitivity to ultraviolet (UV) and vis-
ible light we demonstrate for the first time the possibility of 
using the TENG design as efficient UV–Visible photosensor 
of photoconductor type.

2  Experimental procedures

In this study, we used 2 × 3 cm FTO glass substrates (TEC 7 
from Pilkington NSG TEC™). Deposition of CuI thin films 
on FTO via SILAR method was carried out using an aqueous 
solution containing 0.1 M  CuSO4 and 0.1 M  Na2S2O3 as a 
cationic precursor. FTO substrates were immersed in about 
three-quarters or on half of their square into the cationic 
precursor for 20 s. Then, the substrate washed with distilled 
water for 10 s. For the reaction of the firmly adsorbed  Cu+ 
ions on the FTO surface with  I– ions to obtain CuI monolay-
ers, the substrates were then immersed for 20 s into aqueous 
NaI solution (anionic precursor), which concentration was 
0.05, 0.075 or 0.1 M. After that, FTO substrates washed 
with distilled water for 10 s. The listed procedure was one 
SILAR cycle of CuI film deposition. Such SILAR cycles 
were repeated 40‒60 times. Thereafter, the deposited CuI 
film on FTO washed with distilled water and dried in an air 
stream. The thickness of the CuI films t in the 0.1‒1.2 μm 
range was determined gravimetrically as in [14], taking for 
a calculation the bulk CuI density 5.67 g/cm3. The cop-
per iodide films that deposited on the opposite side of the 
FTO substrates removed by wiping with 20% sulfuric acid 
solution. In appearance and as seen in Fig. 5, the resulting 
CuI films are semi-transparent and well bonded to the FTO 
substrates.

Morphology of CuI films deposited on FTO substrate 
via SILAR method was observed by scanning electron 
microscopy (SEM) in a secondary electron mode. The 
SEM instrument “Tescan Vega 3 LMH” operated at an 
accelerating voltage 30 kV without the use of additional 
conductive coatings. Chemical analysis of this CuI film 
in the CuI/FTO sample, and also of FTO substrate was 
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carried 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 × 50 μm film area. Quantification of the 
spectrum was carried out in the self-calibrating detector 
mode.

Optical properties of CuI films in UV–Visible-near IR 
range (at wavelengths (λ) 300–1100 nm) studied with an 
“SF-2000” spectrophotometer equipped with “SFO-2000” 
specular and diffuse reflection attachment. FTO substrates 
were used as control samples when optical transmission 
spectra To(λ) of CuI/FTO samples were recorded. Optical 
band gaps Eg of the CuI films were determined from their 
absorption coefficients (α) calculated as described in [17]:

Then, the optical band gaps Eg were obtained via the 
following equation [17]:

where A is a factor that depends on the transition probabil-
ity and can be assumed to be constant within the optical 
frequency range, and hν denotes the photon energy. The Eg 
value obtained graphically through an extrapolation of the 
linear portion of the (α·hν)2 dependence on hν.

The Urbach energy (Eo), that originates from the optical 
transitions caused by subband gap photons, which are mainly 
due to the presence of point defects in the CuI material was 
determined, in accordance with [17], by equation:

where αo is a constant, which corresponds to optical absorp-
tion coefficient at the absorption onset. To wit, αo is a coor-
dinate of the convergence point of the Urbach “tail”, i.e. 
α = αo, when hν = 0. Therefore, the structural disorder of the 
CuI film was assessed from the Eo determined by fitting the 
linear portions of ln(α) versus hν near hν ≈ Eg as the slope 
cotangent.

The light scattering in the CuI film, haze factor (Hf), 
was calculated as the ratio of the diffuse reflectance Rd to 
the total reflectance R, that is Hf = Rd/R.

Infrared transmission spectra for FTO substrate and for 
CuI/FTO samples with CuI films deposited via SILAR 
were obtained using Fourier transform infrared spectros-
copy (FTIR) method with a Fourier spectrophotometer 
SPECTRUM ONE (PerkinElmer) in the 400–4000 cm−1 
range (at wavelengths from 2.5 to 25 μm) and at a resolu-
tion of 1 cm−1 at room temperature. In addition, for IR 
studies by means of FTIR spectroscopy we used tablets 
with potassium bromide (KBr) filler. For this, CuI film was 
scraped off the FTO substrate surface with a scalpel, and 
then mixed with KBr, triturated and tableted.

(1)� = 1∕t ⋅ ln(1∕To).

(2)(� ⋅ h�)2 = A ⋅ (h� − Eg),

(3)a = �o ⋅ exp(h�∕Eo),

To analyze phase compositions and structural param-
eters of the CuI films, we recorded X-ray diffraction pat-
terns by a “DRON-4” diffractometer as in [16] (XRD 
method). The microstrains ε in the nanocrystalline CuI 
films ε = Δd/d (where d which is named here d-spacing is 
the crystal interplanar spacing according to the reference 
database JCPDS, and Δd is the difference between the cor-
responding experimental and reference interplanar spac-
ing) estimated by an analyzing the broadening of the X-ray 
diffraction peaks using the Scherrer’s method [18]. The 
average crystallite size (D) was calculated using Scherrer’s 
formula as in [14, 18]:

where λ is X-ray wavelength; β = (B–b), when B is the 
observed Full Width at Half Maximum (FWHM), and b is 
the broadening in the peak due to the instrument in radians, 
θ denotes the Bragg’s angle of the X-ray diffraction peaks 
(111) and (220). Dislocation density was evaluated as 1/D2 
according to [19]. Texture quality of CuI films estimated by 
the Harris method [9, 20] using values of pole density P(hkl), 
which determines an axis of the crystal plane that is oriented 
normally to the surface.

To analyze a photosensitivity of the copper iodide films 
towards UV and visible light, we made CuI/FTO based 
test samples, on which ohmic chromium/copper (Cr/Cu) 
banded contacts applied through vacuum deposition on the 
naked FTO and on the CuI surfaces, as presented in Fig. 1. 
The same test samples we research here as a new design 
of vertical TENG, which schematic illustration and two 
setups for their characterization are also shown in Fig. 1. 
Figure 1a on the right shows a schematic design of our 
TENG consisted of FTO plate, which on half its square 
covered by CuI film, with two banded Cr/Cu contacts. In 
the process of the TENG/photosensor test sample creating, 
vacuum deposition of Cr and Cu carried out at 25° angle to 
the substrates on limited areas of FTO and CuI through a 
shadow mask in order to avoid a shunting. Then, conduc-
tive adhesive with silver filler applied to the Cr/Cu surface 
for providing galvanic contacts with copper wires.

The proposed design of the TENG/photosensor pro-
vides dual functionality of the device due to the spon-
taneous occurrence of temperature gradient between the 
two contacts on account of the more intense absorption 
of IR radiation by a CuI film compared to FTO. Besides 
using of FTO due to its transparency in the UV and visible 
radiation range provides greater absorption of the incident 
radiation by a CuI film, since the UV–Visible photodetec-
tor is illuminated through the FTO side. Reliable operation 
of the TENG/photosensor is ensured by the thermally and 
mechanically stable ohmic Cr/Cu contacts under operating 
conditions, in particular due to the physical properties of 
chromium.

(4)D = (0.9 ⋅ �)∕(� ⋅ cos�),
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Temperature gradient ΔT between CuI and uncoated FTO 
substrate was created and investigated using hot plate of the 
Peltier element “TEC1-12730”, on which test sample CuI/
FTO without Cr/Cu contacts or test sample of the developed 
TENG/photosensor was located as it shown in Fig. 1a on the 
left. Temperature distributions over the heated area, includ-
ing ΔT between CuI surface and uncoated FTO substrate, 
fixed and measured by an infrared camera “FLUKE Ti10”.

Figure 1b shows schematic setup with a variable resistor 
“R” as a load for a measuring of output characteristics of 
TENG test sample under illumination with halogen lamp 
with reflector “Philips Plusline L1CT/10” in order to heat 
the entire device up to 50 °C. Here “V” is a voltmeter for a 
measuring of output voltage Vout; “A” denotes a microampere 
meter for a measuring of output current Iout. Note that the 
TENG in Fig. 1b is fixed in a holder so that the CuI film is 
at the bottom, and the light enters the CuI film through the 
FTO plate from glass side.

In order to study the photosensitivity of the created 
UV–Visible photosensor of photoconductor type, we meas-
ured photoresponse curves of the TENG/photosensor test 
samples at bias voltage 0.5 V between two Cr/Cu contacts. 
The test samples were illuminated with UV (λ = 365 nm), 
blue (λ = 465 nm), green (λ = 525 nm) or red (λ = 625 nm) 
light-emitting diodes having wide-angle beam divergences 
to ensure uniform illumination from the glass side (Fig. 1b). 
The intensity (power density) of the light on the TENG 
surface was 0.5  W/cm2. Photocurrent Iph was recorded 
during illumination of the TENG/photosensor test sample 
τon = 300 s, after that, the light was turned off. A photo-
sensitivity S of the photosensor was calculated as S = Iph/Id, 
where Id is dark current. In accordance with [21], the pho-
toresponse time τp of the test sample was determined as the 
time required to achieve 63% of the maximum photocurrent 
Iph after the start of the illumination. The reset time τr was 
defined, according to [21], as the elapsed time to reach the 

Fig. 1  Schematic illustration of the developed thin-film vertical 
TENG/photosensor test sample on the base of CuI/FTO and two set-
ups for its characterization. a—Setup for a measuring of temperature 
distribution over the heated TENG area (on the left) and schematic 
design of TENG without and with Cr/Cu contacts (on the right). 

b—Setup on the left to obtain output characteristics of TENG under 
illumination by halogen lamp (at zero voltage bias) and setup on the 
right for a measuring the photosensitivity of Cu/Cr/CuI/FTO/Cr/Cu 
composition as UV–Visible photosensor (at bias voltage 0.5 V from 
DC power supply)
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37% of the maximum photocurrent after the switching off 
the light.

3  Results and discussion

Figure  2 shows SEM image of CuI film deposited on 
FTO substrate via SILAR as compared with SEM image 
of uncoated FTO substrate. Obviously, such network-like 
fibrous CuI structure with a huge specific surface area must 
provide a high adsorption of the components of ambient 
air, primarily atmospheric gases and water vapor. On the 
contrary, the surface of FTO is dense and smooth, therefore, 
there are much less adsorption centers on it.

According to the XRF data in Fig. 3 and Table 1, the 
copper iodide film is enriched with iodine. Probably, such 
chemical composition corresponds to the presence of a large 
number of copper vacancies in the CuI film, which are point 
acceptor centers causing a high electrical conductivity of 
this material. Tin in both XRF spectra are components of 
FTO substrate. In accordance with [22], the appearance of 
O and C, might be attributed to  H2O,  O2 and  CO2 adsorbed 
on the surface of the CuI crystals in air. Thus, the excess 
oxygen content in the XRF spectrum of CuI/FTO in Fig. 3 
and Table 1 can be explained by the adsorption of water and 
oxygen on the large specific surface of CuI. In addition, the 
presence of carbon can be evidence of unavoidable pollution 
with organic matter.

Besides, it is seen ~ 4 at. % of sulfur in XRF spectrum 
of CuI. As we noted earlier [16], the presence of sulfur is 
the distinctive feature of CuI films obtained via the SILAR 
technique. Probably, the source of S is a chemically 

unstable thiosulfate complex in the cationic precursor 
solution. Despite the fact, that we could not find any infor-
mation in the literature, to our opinion, sulfur, which is an 
element of the sixth group, can form acceptor levels in the 
copper iodide and thus increase the electrical conductivity 
of the p-CuI films. On the other hand, an excess of sulfur 

Fig. 2  Top view SEM images of 1.2 µm thick CuI film deposited on FTO substrate via SILAR method for 60 cycles using 0.1 M NaI anionic 
precursor (on the left) and of the uncoated FTO substrate (on the right)

Fig. 3  Chemical composition of CuI/FTO sample with 1.2 µm thick 
CuI film deposited on FTO substrate via SILAR method using 0.1 M 
NaI anionic precursor (a) as compared with uncoated FTO substrate 
(b), according to data of their X-ray fluorescence microanalysis
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in the film may cause an impurity crystalline phase of 
copper sulfide.

Figure 4 shows XRD patterns of three CuI/FTO samples 
with 0.1–0.8 µm thick CuI films deposited on FTO substrates 
via SILAR by using different concentrations of the anionic 
precursor (0.05, 0.075 and 0.1 M NaI). All diffraction pat-
terns show the obvious presence of two crystalline phases, 
one of which relates to the FTO substrate, and the other one 
identified as the CuI film on its surface. Additional diffrac-
tion peaks in Fig. 4 that correspond to the crystal interpla-
nar spacing d ≈ 3.63 Å refers probably to unknown impurity 
crystalline phase. As it seen in Fig. 4, each XRD pattern 
contains several diffraction peaks, which belong to cubic 
Marshite copper iodide structure (zincblende, γ-CuI, JCPDS 
#06-0246).

Thus, all CuI films are polycrystalline. The intensity of 
the CuI diffraction peaks increases with the thickness of the 
films, which, in turn, grows with increasing concentration of 
the anionic precursor NaI. Calculations revealed that all CuI 
films are composed of very fine grains, since average crystal-
lite size D yielded the 7–18 nm range. At that, the grain size 
does not depend on the CuI thickness and the SILAR mode. 
CuI films have slight preferred orientation in the (220) plane 
(P(hkl) = 1.6 for 0.8 µm thick CuI film in Fig. 4) and high 
microstrains ɛ⋅ = (1.0–1.5)·10−2 a.u. Dislocation density, 
evaluated as 1/D2, was 3·1015—2·1016 lines/m2.

Figure 5 shows optical properties in the UV–Vis-NIR 
range of the thicker CuI films (t in the 0.6–1.2 µm range) 
deposited via SILAR onto FTO substrates. It is evident that 
these CuI films are translucent due to strong diffuse reflec-
tion and light scattering, their maximum transparency To is 
not above 8.5%. The band gap Eg for direct optical transi-
tions shown in Table 2 Eg ≈ 2.9‒3.0 eV calculated through 
the (α·hν)2 dependence on hν in Fig. 5 is close to the value 
2.95‒3.1 eV for bulk CuI at near-room temperature [23, 
24]. The average Urbach energy of the CuI films deposited 
via SILAR Eo ≈ 0.2–0.7 eV is quite large, probably due to 
their nanocrystallinity and because of the presence of large 
number of defects. Optical reflection spectra Rd(λ) in Fig. 5 

confirm the significant diffuse reflectance in the entire vis-
ible range, and the extremely large values of haze factor Hf 
correspond to the high light-scattering, which agrees well 
with the morphology of the CuI surface shown in Fig. 2.

Figure 6 shows infrared images with well distinguishable 
temperature gradients ΔT ≈ 7 K between surfaces of the CuI 
films and uncoated FTO in the CuI/FTO samples, which 

Table 1  XRF data concerning 
chemical compositions of CuI/
FTO sample with 1.2 µm thick 
CuI film deposited on FTO 
substrate via SILAR method 
using 0.1 M NaI anionic 
precursor and of uncoated FTO 
substrate

Sample

CuI/FTO FTO

Element (at. %) (at. %)
C 12 34
O 6 47
S 4 –
Cu 37 –
Sn 3 9
I 38 –
Ca – 3
Si – 7

Fig. 4  XRD patterns CuI/FTO samples with 0.1–0.8  µm thick CuI 
films deposited on FTO substrates via SILAR by using different con-
centrations of the anionic precursor NaI
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spontaneously created under heating the whole device up 
to ~ 30 °C using the Peltier element as shown in Fig. 1a. In 
addition, Fig. 6 shows also a photo of the CuI/FTO sample, 
lying on the Peltier element surface. It can be seen that ΔT 
does not depend essentially on the thickness of the CuI film 
and on the mode of its deposition by the SILAR method.

To explain the causes of the spontaneous temperature gra-
dients we used infrared transmittance spectra of three CuI/
FTO samples as compared to uncoated FTO substrate, which 
shown in Fig. 7a. It is seen in Fig. 7a, that CuI films decrease 
distinctly the transmittance in the short-wavelength infra-
red range, that is at least partly due to their absorption of 
heat. The corresponding three FTIR spectra of copper iodide 

material scraped from these samples (Fig. 7b) allow us to 
find out the reason for the absorption of infrared radiation 
by the copper iodide films with large specific surfaces. Thus, 
according to the literature data, two characteristic peaks of 
nanocrystalline γ-CuI in FTIR spectra, which assigned to 
Cu-I stretching vibrations are located at 610.6 cm−1 [25] 
or at 638.92 cm−1 [26], and at 474 cm−1, according to [25]. 
Our results of analysis via Fourier transform infrared spec-
troscopy method also demonstrated the presence of simi-
lar peaks in the all copper iodide FTIR spectra in Fig. 7b. 
The absorption bands with maxima at 3427 and 1632 cm−1 
correspond to the stretching and deformation vibrations of 
water molecules [25–27]. These peaks may come from the 
surface adsorption of ambient water. Two peaks at stretch-
ing frequency of ~ 2900 cm−1, according to [26], contribute 
to the C–H bond, for example due to the inevitable organic 
pollution of the CuI surface.

The FTIR spectra in Fig. 6b show also intense absorp-
tion in the 900–1250 cm−1 region with maxima at 1070 and 
1019 cm−1. This absorption band can be explained by traces 
of the solutions from which CuI films were obtained by the 
SILAR method. Namely, maxima at 1070 cm−1 is possibly 
attributed to the vibration of the sulfate ions  SO4

2−, and max-
ima at 1019 cm−1 can be associated with the oscillations of 

Fig. 5  Optical properties in the 
UV–Vis-NIR range of CuI films 
with thickness t, which were 
deposited on FTO substrates 
via SILAR using different con-
centrations of anionic precursor 
NaI: a—transmittance spectra; 
b—graphs for the determina-
tion Eg according to Eq. (2); 
c—diffuse reflectance spectra; 
d—haze factor spectra

Table 2  Values for the optical band gap Eg and for the Urbach energy 
Eo of the CuI films with thickness t in CuI/FTO samples, which pre-
sented in Fig. 5

Sample Eg (eV) E0 (eV)

T (ΜM) NaI

0.6 0.075 M 3.0 0.2
0.8 0.1 M 2.9 0.2
1.2 0.1 M 2.9 0.7
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tetrathionate ions  S4O6
2−. The presence of sulfate ions is con-

nected with the use of copper sulfate in the cationic precur-
sor, and tetrathionate ion is formed in the cationic precursor, 
where the  Cu2+ ions in the presence of sodium thiosulphate 
are reduced to  Cu+ ions according to the following equation:

(5)
2CuSO4 + 3Na2S2O3 → Cu2S2O3 + 2Na2SO4 + Na2S4O6

The  Cu+-ions form soluble complexes with the thiosul-
fate ions in the cationic precursor according to the following 
reaction:

This complex along with ions  Cu+,  SO4
2−and  S4O6

2− can 
be firmly adsorbed on the substrate and on the CuI film sur-
face, not being removed when washed in distilled water, and 

(6)Cu2S2O3 + Na2S2O3 → 2Na
[

Cu
(

S2O3

)]

Fig. 6  Infrared images taken during heating with the Peltier element 
as shown in Fig.  1a for CuI/FTO samples with different CuI thick-
nesses t, which were deposited on FTO substrates via 40 cycles of 
SILAR using different concentrations of anionic precursor NaI. Photo 

of CuI/FTO sample with 0.6  μm thick CuI film obtained through 
SILAR method using 0.075  M anionic precursor, which lies on the 
hot surface of the Peltier element

Fig. 7  a—Infrared transmit-
tance spectra for FTO substrate 
and for three CuI/FTO samples 
with different CuI thicknesses 
t, which were deposited on 
FTO substrates via 40 cycles 
of SILAR using different con-
centrations of anionic precur-
sor NaI; b—FTIR spectra of 
the KBr supported CuI tablets 
obtained by scraping copper 
iodide from these samples
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then can react in the anionic precursor with sodium iodide 
to form CuI as follows:

The above interpretation is confirmed by the XRF data on 
the presence of sulfur in the CuI films.

The peak at ~ 1600 cm−1 can also correspond to C=O 
vibration of gaseous molecules adsorbed on the CuI surface 
[25–27], and peaks at ~ 1020–1070 cm−1 may additionally 
refer to C–O bond [26] or C–H bond [27]. So, as seen in 
Fig. 7b, mid-infrared radiation is absorbed by CuI surface 
mostly because it is coated with organic and inorganic spe-
cies. In this way, there is an important conclusion from our 
FTIR investigations, which is associated with a high adsorp-
tion capacity of the CuI films obtained via SILAR method 
due to their large specific surface. When water and other 
organic and inorganic species on the CuI surface absorb 
infrared radiation, this causes the energy increase through an 
exciting of O–H stretching and other vibrations. The above 
effect can manifest itself in a greater heating of CuI film in 
CuI/FTO samples compared to uncoated FTO. We observed 
a similar phenomenon in [9] as the greater heating of arrays 
of ZnO nanorods compared to uncoated FTO in ZnO/FTO 
sample ensuring its functioning as semi-transparent solar 
TENG. Note, that NIR radiation with λ = 2.9 μm (i.e., with 
wave number ~ 3435.6 cm−1) has exactly such energy as the 
intense absorption peak in the FTIR spectra in Fig. 7b.

Further, we research output characteristics of the new 
design of vertical TENG test sample, which consisted of 
FTO plate partly covered by 0.6 µm thick CuI film, with 
banded Cr/Cu contacts shown in Fig. 1a. Figure 8 shows 
output voltage Vout and output power Pout versus output 
current Iout for TENG test sample on the base of CuI/FTO 
under heating up to 50 °C by means its illumination from 
the back side with the halogen lamp using setup presented in 

(7)2Na
[

Cu
(

S2O3

)]

+ 2NaI → 2CuI ↓ +2Na2S2O3

Fig. 1b. Before measurements of the output characteristics, 
the TENG test sample illuminated for half an hour, so that 
the device was completely warmed up. Figure 8 shows open 
circuit voltage Voc = 0.09 mV and maximum output power 
Pmax = 0.4 nW, when the whole test sample was submitted 
to a heat source and the average temperature of the TENG 
increased up to 50 °C. The obtained values correspond to 
those given for TENGs in [2, 3, 9]. A network of such thin-
film nanogenerators by utilizing waste heat from environ-
ment may become a source of electricity sufficient, accord-
ing to [2, 13], for autonomous operation of sensors.

Further, we found out that the design of the vertical 
TENG developed by us can be successfully used as the 
photoconductor type photosensor with composition Cu/Cr/
CuI/FTO/Cr/Cu, due to the semiconductor CuI film and to 
the ohmic character of Cr/Cu contacts with both CuI and 
FTO. Figure 9 shows results of study the photosensitivity 
to ultraviolet and visible light for two test samples created 
on the base of the CuI films deposited on FTO substrates 
via SILAR. As it seen in Fig. 9, both test samples are the 
most sensitive to UV, due to the fact that the deposited via 
SILAR CuI films have a fairly wide band gap for direct 
optical transitions (Eg ≈ 2.9‒3.0 eV, according to Fig. 5). 
Along with this, the optical transitions caused by subband 
gap photons mainly due to the presence of point defects in 
the CuI, which was confirmed by large values of the Urbach 
energy in Fig. 5, explain the photosensitivity S of these films 
to visible light. Note, however, that S regularly decreases 
with increasing wavelength of light. The photocurrents Iph 
recorded during illumination of the CuI/FTO test samples 
are large enough to not require amplification of the photo-
sensor signal, the photoresponse time of the test samples 
τp ≈ 30–100 s, the reset time τr ≈ 20–100 s. As it seen in 
Fig. 9c, by the change of the SILAR mode for the deposition 
of CuI film, it is possible to control both the photosensitivity 
of the photosensor as a whole, and its selectivity with respect 
to the different light colors.

4  Conclusions

The researched in this work new design of vertical thermoe-
lectric nanogenerator on the base of thin-film CuI/FTO com-
position with ohmic Cr/Cu contacts combines the functions 
of UV–Visible photosensor, that is, presents a two-function 
device. A distinctive feature of this device is its functioning 
as a TENG due to the spontaneous temperature gradient, 
which occurs at the uniform heating at the temperature range 
303–323 K without a spatial temperature gradient in the 
environment. The explanation of the possibility of using CuI 
thin films produced by the SILAR method as both thermo-
electric and photosensitive material turned out to be possible 
after studying their surface morphology, crystal structure, 

Fig. 8  Output voltage Vout (a) and output power Pout (b) versus out-
put current Iout for TENG test sample on the base of CuI/FTO with 
0.6 µm thick CuI film deposited via SILAR using 0.075 M NaI ani-
onic precursor, at heating up to 50 °C by the halogen lamp
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chemical composition and optical properties especially in 
the infrared range. It revealed that the obtained CuI films are 
wide-gap semiconductor material with many point defects 
caused optical transitions by subband gap photons. This 
generally provides the electrical conductivity and photo-
sensitivity of the CuI films deposited on FTO substrates via 

SILAR method to ultraviolet and visible light. The proposed 
design of UV–Visible photosensor possess high values of 
photocurrents Iph under illumination trough FTO side, which 
eliminates necessity of amplification of the photosensor sig-
nal. The photoresponse and reset times of the photosensor 
are τp ≈ 30–100 s and τr ≈ 20–100 s, respectively. The large 
specific surface of the CuI films ensures favorable conditions 
for the adsorption of traces of the solutions from which CuI 
films were obtained by the SILAR method, and of gases and 
vapors from the atmosphere, in which infrared radiation, 
being absorbed, causes vibrations and stretching of molecu-
lar bonds that leads to the CuI heating. The created in this 
way temperature gradient approximately 7 K between CuI 
film and uncoated FTO substrate at total device tempera-
ture 30 °C ensures the functioning of the thin-film vertical 
TENG with Cu/Cr/CuI/FTO/Cr/Cu composition presented 
here. The output characteristics of the proposed design of the 
TENG provide the open circuit voltage Voc = 0.09 mV and 
maximum output power Pmax = 0.4 nW at temperature 50 °C.
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