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ABSTRACT

Copper oxide (p-type CuO) and zinc oxide (n-type ZnO) thin film semiconductors were synthesized and evaluated as
low-cost, environmentally friendly materials for a proof-of-concept thermoelectric device. The fabrication
process involved alkaline vapor oxidation for CuO and a combination of electrodeposition and chemical bath
deposition for ZnO, offering scalable and energy-efficient routes. The influence of NaOH concentration (3M, 4M,
SM) on CuO film properties was systematically studied. X-ray diffraction (XRD) and scanning electron
microscopy (SEM) analyses revealed that films synthesized in SM NaOH exhibited enhanced crystallinity and surface
morphology. Alkaline vapor oxidation was conducted for 24 and 48 hours, and both CuO and ZnO films were
subjected to thermoelectric characterization. Using a custom-built setup, Seebeck coefficient, electrical
conductivity, and thermoelectric power factor (PF) were measured. The highest PF values were observed for ZnO
(2.310 nW/K?*m) and CuO oxidized for 48 hours (2.746 nW/K?m). These values align with reported ranges in recent
literature and demonstrate the potential of CuO-ZnO systems in all-oxide thermoelectric generators. The results
confirm that simple chemical processing routes can produce oxide thin films with viable thermoelectric performance,
supporting sustainable and cost-efficient device fabrication. Furthermore, the morphological tuning through
oxidation duration and concentration offers a pathway for material property engineering without requiring high-
vacuum or high-temperature conditions. This study highlights the feasibility of integrating CuO and ZnO as a p—n
Junction pair in micro-scale or flexible energy recovery modules, particularly for wearable electronics or self-
powered sensors operating in ambient or low-heat environments. The favorable material compatibility, low
toxicity, and mechanical stability of the films also make them attractive candidates for next-generation energy
harvesting technologies in distributed and low-power applications.
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INTRODUCTION

Thermoelectric materials are a promising form of green
technology that we need to agree because it can minimize
the energy demand in relation to its ability to recycle the
unused heat (Xiong et al. 2013). For example, conventional
generators create electricity by burning the fuel, but the
thermoelectric technology is more appealing approach to
preserve the environment because it reuses the waste heat
from the industry and auomotive sector (Shuai et al. 2017).
Thermoelectric materials are compatible with any
applications because they have no moving parts, create no
noises, compact and have ability to operate for long term
with minimum maintenance (Zlatic et al. 2012).
Thermoelectric materials can be characterized by knowing
the dimensionles figure-of-merit (ZT) where it is composed
of three key properties, which are Seebeck coefficient (a),
electrical conductivity (o) and thermal conductivity (k).
The combined variable, , is usually called the thermoelectric
power factor (TPF);

ZT = a?aT/x (1)

The ZT value can be improved by negotiating with
the o, ¢ and x (Su et al. 2011). Among the thermoelectric
materials, p-type CuO and n-type ZnO semiconductors
were chosen as thermoelectric materials has much
interested due to its non-toxic, abundance, balance of
desirable properties, cost-effectiveness, and ease of
fabrication. Ongoing research and development efforts
focus on improving the thermoelectric performance of
CuO-ZnO by exploring novel nanostructuring approaches,
advanced doping strategies, and composite material
systems (Sulaiman et al. 2022). Due to their high degree
of crystallinity, metal oxides have exceptional thermal
stability at high temperatures and outstanding electrical
conductivity. These characteristics will cause the material
to improve thermoelectric power factor (TPF), which will

(®)

allow the creation of TE devices with high efficiency and
high temperature. According to literature (Zappa et al.
2014), highest TPF for p-type CuO and n-type ZnO
semiconductors are 369.8 nW/(mK?) and 8.1 nW/(mK?)
respectively. There are variety of method to synthesis
p-CuO and n-ZnO including PVD, CVD, thermal
oxidation, electrodeposition and etc. In this work, we
present the fabrication by simple and low-cost physical
methods of both p-CuO and n-type ZnO samples by using
alkaline vapor oxidation, electrodeposition and chemical
bath deposition methods.

METHODOLOGY

EXPERIMENTAL PROCEDURES

To synthesize the sample, first p-type CuO and n-type ZnO
thin film have been fabricated independently in order to
evaluate their intrinsic and individual thermoelectric
properties. CuO were fabricated by alkaline vapor
oxidation method (Soejima et al. 2013). It was done while
ZnO were synthesized by electrodeposition and chemical
bath deposition technique (Nkrumah et al. 2013).

Firstly, copper PCB substrates and acrylic holder were
fabricate before the substrates were deposited by p-type
CuO and n-type ZnO thin film. Figure 1 shows the copper
PCB design and dimension used in this experiment. Four
samples of p-type CuO thin film were deposited onto the
copper pcb substrate by using different molarity of NaOH
which were 3M, 4M for 24 hours and 5M for 24 and 48
hours at 60 . Then, n-type ZnO thin film was fabricate by
electrodeposit zinc onto the copper PCB substrate by using
zinc foil which act as the anode and its electrolyte ( and
immersed it in the 1M NaOH solution which was
concentrated with zinc oxide powder for one day. All these
five samples were characterized by using SEM and XRD
to identify its morphology and elements present.

Three samples were prepared which were p-type CuO

FIGURE 1. (a) Real figure of PCB substrate and
(b) illustration design and dimension of the copper PCB substrates.



that oxidized by 5SM NaOH for 24 and 48 hours as well as
n-type ZnO to undergo thermoelectric characterization.
Seebeck coefficient and the electrical conductivity of the
samples were determined by temperature gradient—voltage
experiment and current-voltage experiment respectively.
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Seebeck coefficient and electrical conductivity were
determined for all three samples by using a custom
experimental set-up as in Figure 2. Lastly, the PF of each
sample can be calculated by using the Seebeck coefficient
and electrical conductivity values obtained.

FIGURE 2. Custom experimental set up to determine the Seebeck
coeficient and electrical conductivity of the samples.

RESULTS AND DISCUSSION

PHYSICAL PROPERTIES CHARACTERIZATION

COPPER OXIDE DEPOSITION IMAGE

The experiment was conducted to determine the
homogenous distribution of p-type CuO on a copper
substrate. Figure 3 shows that 5M NaOH can uniformly
distribute p-type CuO onto the substrate. The concentration
of NaOH affects the stability of the dispersion of p-type
CuO particles in the solution. Higher NaOH concentrations
can enhance the stability of the dispersion, preventing

particle settling or agglomeration during the deposition
process. This results in improved electrical and thermal
transport properties, leading to enhanced thermoelectric
performance.

ZINC AND ZINC OXIDE DEPOSITION

The deposited Zn can be seen on the copper substrate using
naked eyes as it appeared in silver like color. Figure 4
shows the deposited Zn thin film on the copper substrate.
After zinc was deposited, zinc oxide will be deposited by
chemical bath deposition. The sample appear white after
the process which indicates n-typeZnO layer.

FIGURE 3. Deposition of CuO on Cu substrate by using (a) 3M NaOH, (b) 4M NaOH, (c) 5M NaOH for 24 hours and (d) 5SM
NaOH for 48 hours.
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FIGURE 4. The real image of the zinc deposited on the copper substrate. (b) The illustration image of the deposited zinc and zin
oxide on the copper substrate. (c¢) The real image of the zinc oxide deposited on the copper substrate.

SCANNING ELECTRON MICROSCOPY (SEM)
ANALYSIS

COPPER OXIDE

Figure 5 show the surface morphology of the samples
for CuO at magnification of x1000, x3000 and x5000
and the surface morphology of copper pcb substrate
as a reference. To be compared copper structure that
oxidized by 5SM NaOH in Figure 7 can grow copper
homogenously on the substrate while copper substrate
still can be seen in Figure 5 and 6 when oxidized by
3M and 4M NaOH. Figure 8 highlight the structure

of p-type CuO oxidized by 5SM NaOH for 48 hours
that can be observed has quiet high degree of vertical
alignment compared to surface that was oxidized by
SM for 24 hours in Figure 7.

The thickness of copper oxide layer can be
observed under SEM with magnification of x550.
Figure 9 shows the thickness for copper oxide layer
which has been oxidized with SM NaOH for both 24
and 48 hours. The comparison in Figure 9 shows that
the copper oxide layer that was oxidized for 48 hours
is almost three times thicker than copper oxide layer
which was oxidized by 24 hours.

00  10pm  s—

0000 Jan 10, 2023

Copper pcb
substrate
can be seen.

FIGURE 5. SEM characterization of (a) copper PCB and copper oxide oxidized by 3M NaOH solution for 24 hours with
magnification of b) x1000, ¢) x3000, and d) x5000 respectively
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FIGURE 6. SEM characterization of copper oxide oxidized by 4M NaOH solution for 24 hours with
magnification of a) x1000, b) x3000, and c) x5000 respectively

im
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Vertical
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FIGURE 7. SEM characterization of copper oxide oxidized by SM NaOH solution for 24 hours with
magnification of a) x1000, b) x3000, and c) x5000 respectively
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FIGURE 8. SEM characterization of copper oxide oxidized by SM NaOH solution for 48 hours with magnification of a) x1000, b)
x3000, and ¢) x5000 respectively

SED 7.0kV WD20mmP.C.28 HV  x550 20pm  —
Sample 0000

May 29, 2023

SED 7.06V WD1TmmP.C.36 HV  x550
Sample 0000

P —
May 29, 2023

FIGURE 9. SEM characterization of copper oxide layer thickness that was oxidized by (a) 24 hours and (b) 48 hours by SM NaOH

ZINC OXIDE

The zinc structure formed in Figure 10 shows the
layer-by-layer flat platelet structure which yielding
the same result as Alias & Mohamad (2015). However,
the time to electrodeposit was different, taking only
30 minutes compared to 1 hour for Alias & Mohamad
(2015). This allows time consumption to be minimized.

Figure 11 shows the structure of zinc oxide
formed after chemical bath deposition technique. It
was similar to the result obtained by Jyoti et al. 2013,
but the particles were more uniform and spherical due
to the high deposition temperature applied. According
to Jyotietal. 2013, deposition temperature affects the
size of the particles, changing the shape and increasing
the size.
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FIGURE 10. SEM characterization of zinc deposited by electrodeposition with magnification of a) x1000, b) x3000, and c) x5000
respectively
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FIGURE 11. SEM characterization of zinc oxide deposited by electrodeposition with magnification of a) x1000, b) x3000, and c)

x5000 respectively
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X-RAY DIFFRACTION (XRD) ANALYSIS

Figure 12 shows that the CuO peak for CuO layer that has
been oxidized by 5SM NaOH for 24 hours can clearly be
seen compared to CuO that have been oxidized by 3M and
4M NaOH. The XRD pattern shows prominent reflections
along (110), (-111), (111) planes respectively at 26=32.55°,
35.69°, 38.733° for CuO and (111), (200), and (220) for
Cu are seen.

Figure 13 shows that CuO which oxidized for 48 hours
has higher peaks than CuO which oxidized for 24 hours.

This suggests that the greater oxidation period resulted in
a higher degree of crystallinity (crystallite size = 6nm) or
a bigger volume percentage of the CuO phase according
to Valladares et. al 2012. Cu, Zn, and ZnO are the elements
that occur in ZnO XRD pattern. In this example, the peaks
associated with zinc (Zn) would come from the
electrodeposited Zn layer, whereas the peaks related with
copper (Cu) would come from the underlying copper
substrate. The XRD patterns shows prominent reflections
along (110), (002), and (101) planes which indicates that
ZnO0 thin film were successfully deposited on the substrates
as can be seen in the SEM images in Figure 11.
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FIGURE 12. XRD pattern of CuO oxidized by 3M, 4M, 5M NaOH for 24 hrs and copper PCB substrate
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FIGURE 13. XRD pattern of ZnO layer and CuO oxidized by 5M NaOH for 24 and 48 hours



THERMOELECTRIC PROPERTIES
ANALYSIS

TEMPERATURE GRADIENT AND VOLTAGE
EXPERIMENT (SEEBECK PROPERTIES)

CuO and ZnO layer were tested independently. The
temperature gradient applied to each sample were varied
from 3°C, 6°C and 10°C consequently. The temperature
gradient versus time graph was plotted in Figure 14. The
graph shows the temperature increases step by step before
it become constant and achieve stable temperature. From
the Figure 15, CuO which was oxidized by 48 hours yield
slightly higher Seebeck voltage compared to CuO which
was oxidized by 24 hours. According to Walia et al. 2013,
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thicker CuO layer can yield higher Seebeck voltage output
compared to thin CuO layer.

The Seebeck coefficient can be calculated from the
Seebeck voltage versus temperature difference graph in
Figure 15. The average Seebeck coefficient of both p-type
CuO and n-type ZnO was summarized in Table 1. n-type
ZnO has anegative Seebeck coefficient, which implies that
when a temperature gradient is placed across the material,
it produces a negative voltage while p- type CuO has a
positive Seebeck coefficient. During 0°C, Seebeck voltage
for p-type CuO and n-type ZnO supposedly equal to zero,
but there was parasite voltage during the measurement.
Parasite voltage may occur due to contact resistance, and
itis best to use low-resistance connections and appropriate
contact procedures to reduce this impact.
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FIGURE 14. Temperature difference versus time graph. Seebeck voltage versus time graph
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FIGURE 15. Seebeck voltage versus temperature difference graph for both CuO and ZnO
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TABLE 1. Average Seebeck coefficient for CuO oxidized for
24, 48 hours and ZnO.

CuO (24h)  CuO (48h) ZnO

Average Seebeck

Coefficient (WV/K) -8.283

+10.224 +11.950

CURRENT-VOLTAGE EXPERIMENT
(ELECTRICAL CONDUCTIVITY)

The current-voltage experiment was conducted to measure
the electrical conductivity of both CuO and ZnO
independently. No temperature gradient was applied and
the probe placement was the same as the temperature
gradient and voltage experiment. Electrical conductivity
of the sample can be calculated based on formula below:

c=1/p 2)

p=RA/L 3)

R=1/m “4)

o = Electrical conductivity (S/m)

p = Resistivity of the material (Q2.m)

A = Cross-sectional area of the sample (cm?)
L = Length of the sample (m)

R = Resistance of the sample (Q)

m = Gradient of the I-V graph

Figure 16 shows an I-V graph of each sample and
resistance can be obtained from its gradient. Table 4.2
summarized resistance, resistivity, and electrical
conductivity for both CuO and ZnO. CuO oxidized by 48
hours yields high electrical conductivity compared to CuO
oxidized by 24 hours. A longer oxidation period enables a
more thorough conversion of Cu to CuO, increasing the
crystallinity of the CuO structure. Compared to amorphous
or less structured structures, crystalline materials typically
display superior electrical conductivity (Valladares et al.
2012). ZnO yields higher electrical conductivity due to its
wider bandgap, which makes it easier for charge carriers
to pass through the material. CuO has a lower conductivity
due to a greater energy barrier for charge carrier transport.

TABLE 2. Summarization of resistance, resistivity, and electrical conductivity of the sample

Sample R () P (Q.m) 6 (S/m)
CuO (24h) 5.760 0.068 14.706
CuO (48h) 4.384 0.052 19.231
ZnO 3.293 0.030 33.333
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FIGURE 16. I-V graph for sample (a) CuO oxidized for 24 hours (b) CuO oxidized for 48 hours and (c¢) ZnO and (d) I-V graph for
CuO oxidized by 24 and 48 hours and ZnO



THERMOELECTRIC POWER FACTOR

TPF is a key parameter used to evaluate the performance
of a material for thermoelectric applications. TPF of the
sample can be calculated based on the formula below:

PF = S%q )

PF = Power Factor (utW/K2 m)
S = Seebeck coefficient of the sample (uV/K)
o = Electrical conductivity of the sample (S/m)

The thermoelectric power factor for CuO oxidized by
24 and 48 hours was 1.537 and 2.746 n respectively.
According to the equation 4, the Seebeck coefficient and
electrical conductivity obtained an impact on its PF. CuO
oxidized for 24 hours has lower S and ¢ values than CuO
oxidized for 48 hours, therefore its PF value will likewise
be lower. In contrast to Zappa et al. 2014 study, the PFs
for CuO and ZnO obtained from this experiment were
lower due to the difference in deposition temperature and
fabrication method. The structure morphology was strongly
influenced by the growth temperature, with samples
generated at the greatest temperature exhibiting larger-
sized nanostructures than samples grown at lower
temperatures.

TABLE 3. Summarization of Seebeck coefficients, electrical
conductivity, and power factor of both CuO and ZnO.

S (LV/K) 6(S/m)  PF(n)

CuO (24h) +10.224 14.706 1.537

CuO (48h) +11.950 19231 2.746

ZnO -8.283 33670 2310
CONCLUSION

The CuO-ZnO semiconductor was successfully fabricated
by adopting simple and low-cost deposition procedures for
each stage, beginning with p-type CuO semiconductor
fabrication by alkaline vapour deposition and progressing
to n-type ZnO semiconductor fabrication using
electrodeposition and chemical bath deposition techniques.
The morphology obtained from SEM images were similar
to previous research, and XRD test was carried out to study
the composition present in the sample. The seebeck effect
on both semiconductors was studied by measuring the
voltage output when a temperature difference is applied to
the sample. It can be concluded that p-type CuO yield
positive Seebeck coefficient while n-type (ZnO) yield
negative Seebeck coefficient. The electrical conductivity
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of the p-type CuO and n-type ZnO semiconductor can be
determined from the I-V graph obtained, which n-type ZnO
produced higher electrical conductivity compared to p-type
CuO. The thermoelectric power factor can be calculated
by using seebeck coefficient and electrical conductivity
obtained. The results obtained are smaller compared to the
literature review due to the different fabrication methods
and low fabrication temperature used during fabrication
process. The optimum results were achieved with n-type
Zn0O, which had a PF value of 2.310 nW/K? m, ¢ value of
33.670 S/m and S value of -8.283 uV/K. While p-type CuO
which underwent 48 hours of oxidation had the best PF
value of 2.746 nW/K? m, ¢ value of 19.231 S/m and S
value of +11.950 uV/K.
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