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ABSTRACT: This paper proposes a solution-based fabrication process
of the zinc oxide nanoparticle (ZnO NP) film. It achieves a resistivity
comparable to that of ZnO deposited by using physical and chemical
vapor deposition methods. The process involves exposing the solution-
processed ZnO NP film to 365 nm ultraviolet light and passivating it
with an ethylene vinyl alcohol (EVOH) encapsulant of 80 μm under a
vacuum. The manufacturing process has a maximum temperature of 190
°C, enabling use on flexible substrates, such as polyimide. The fabricated
ZnO film has a sheet resistance of 2.5 × 104 Ω/□ and a thickness of
2.35 μm. The EVOH passivation layer enhanced the film stability,
protecting it when exposed to the ambient environment. The resistivity
of the ZnO NP layer with EVOH passivation remains unchanged after
60 days in an ambient environment.
KEYWORDS: solution-based process, ZnO nanoparticle, surface oxygen absorbance, low resistivity, electrical stability, surface passivation

1. INTRODUCTION
Solution-processed functional films have been demonstrated in
many applications, including the human−computer interface,1

point-of-care equipment,2,3 wearable devices,4 and light-
emitting devices.5 These spin-coated or printed films have
been utilized in numerous sensing applications, such as gas,6

biomarkers,7 and moisture.8 A solution-processed deposition
method at room temperature in ambient conditions offers a
low-cost, low-temperature fabrication method with reduced
environmental impact compared to a chemical or physical
vapor deposition process.9 These functional films are
categorized into organic and inorganic materials; however, in
this article, we focus on the fabrication of a solution-processed
inorganic semiconductor layer.

Inorganic semiconductor materials, such as metal oxides,
including indium oxide (In2O3),

10,11 indium zinc oxide
(IZO),12 indium gallium zinc oxide (IGZO),13,14 and zinc
oxide (ZnO),15−20 are compatible with solution-based
deposition manufacturing processes. For example, metal
oxide precursors or particles would be added to a dispersion
agent formulated to the correct rheology for printing11,21,22 or
spin coating23,24 onto a substrate followed by a suitable drying/
curing step to form the semiconductor layer. Semiconducting
ZnO NP sensors that change resistance have gained wide-
spread attention due to their low cost, high electron mobility,
and robust chemical and thermal stability.25 The predominant
sensing mechanism by which the ZnO functional layers
respond to a measurand is chemical surface adsorption.25

For n-type ZnO NPs, the adsorption of chemical analytes on
the nanoparticle’s surface influences carrier binding or release,
thereby modulating its resistance.26 Oxygen molecules, for
example, bind free electrons within ZnO NPs, forming highly
active oxygen species, increasing the film resistivity.26−29 The
sensing mechanism within ZnO NPs for reducing substances is
closely tied to surface oxygen, whereby reducing substances
undergo oxidation by oxygen species, releasing trapped
electrons and consequently reducing the resistivity of ZnO
NPs.26,27 Even with a low target molecule concentration of 1
ppm, chemiresistive sensors can exhibit a resistance change of
over 50%.26 Studies have indicated that chemical analytes are
not required to be in direct contact with the ZnO surface;
rather, deposition of a dielectric layer such as aluminum oxide,
silicon oxide, or APTES on the ZnO surface allows analyte
adsorption to alter ZnO resistance through a field effect.30−33

However, ZnO NP presents two primary drawbacks, high
resistivity and susceptibility to environmental influences,
resulting in the unpredictable electrical behavior of devices.
Therefore, improving the ZnO device’s electrical stability is
critical in this research area.34 While solution-processed metal
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oxide semiconductor materials are resilient to decomposition
in ambient environments, their electronic properties remain
susceptible to environmental influences.35 Molecules from the
ambient environment with weak hydrogen bonds can become
dissociated, leading to electron binding within ZnO,
influencing its resistivity.36 Additionally, resistance measure-
ments are likely conducted immediately after film deposition
due to the propensity of ZnO film resistance to increase upon
exposure to ambient conditions. Limited studies have explored
the long-term stability of the electrical properties of ZnO NP
films. According to the literature,25,36−38 the elevated resistivity
of ZnO NP correlates with oxygen molecules adsorbed on its
surface, which diminishes the carrier concentration of ZnO
NPs. While high-resistivity ZnO films exhibit improved
semiconductor response rates, their electrical characteristics
are more influenced by environmental factors such as light and
moisture. To mitigate high resistivity and enhance electrical
stability, UV light can temporarily revert adsorbed oxygen to
the gas phase, facilitating its removal from the surface of ZnO
NP films under negative pressure condition. After being stored
in a dark environment, the resistivity of the samples would
increase considerably.39 Preventing oxygen readsorption
requires the use of passivation layers composed of hydroxyl
groups, such as water molecules.24,28 Therefore, a passivation
layer with low oxygen permeability and high thermal stability is
essential to sustain low resistivity over time.

Several polymer passivation layers have demonstrated
capability in meeting the aforementioned requirements,40

with ethylene vinyl alcohol (EVOH) being particularly
prominent. Ethylene vinyl alcohol (EVOH), derived from
ethylene vinyl acetate (EVA),41 serves as a widely utilized
flexible oxygen barrier in various applications,41−43 including
its role as an airtight encapsulant for sensitive electronic
materials. This polymer film finds extensive use as a passivation
layer in electrical applications, including solar cells,44,45

supercapacitors,46 and thin film transistors.47 EVOH is an
environmentally friendly, durable, and a low-toxicity polymer
that can be used as a cost-effective gas barrier material.41−43

The presence of hydroxyl functional groups within its
molecular structure enables facile adsorption onto the surface
of ZnO NPs. Additionally, the oxygen permeability of the
EVOH barrier films can be modulated by adjusting the
deposition temperatures. Elevating the film temperature to
within the range of 180−200 °C, where 200 °C represents the

melting point, enhances the oxygen permeability of EVOH,
allowing oxygen to escape from the ZnO film surface. After
cooling, the film regains its exceptional oxygen barrier
properties.

Therefore, in this article, we develop a novel solution-based
fabrication process to passivate ZnO NP films that reduces film
resistivity and enhances electrical stability. The method
involves spin-coating ZnO NP onto a patterned silver
electrode, followed by heating of the solution-processed ZnO
NP film in a vacuum environment while continuously exposing
it to ultraviolet (UV) light to eliminate the oxygen molecules.
UV light aids in disrupting the bond between oxygen
molecules and ZnO NP, while negative pressure aspiration
and heating extract the oxygen molecules from the ZnO NP
film. To assess the electrical stability of the ZnO NP films and
prevent reabsorption of oxygen molecules, surface passivation
is essential.48 The passivation effect of water and polymers
EVA and EVOH has been investigated. After 60 days, the
resistivity of the ZnO NP film passivated with EVA and water
molecules increased by a factor of 106, while the resistivity of
ZnO NP passivated with EVOH only doubled. Re-exposing
the films to UV light in an atmospheric environment achieves a
104 order of magnitude reduction in resistance for films
passivated with EVA and water molecules, whereas films
passivated with EVOH experience only a 20% reduction in
resistivity.

2. METHODS
2.1. Material Preparation. In Zhang’s study,49 it was

observed that a mixture of ZnO NPs with sizes ranging
between 20 and 100 nm exhibited enhanced absorption of
incident UV light, leading to increased removal of oxygen. In
this work, two sizes of ZnO NPs (100 nm-diameter NP from
Merck and 20 nm-diameter NP from Thermo Scientific) were
blended in a ratio of 1:1 by weight and 0.205 g of the blended
particles was dissolved in 1.6 mL of methanol (CH4O, 99.8%
from Merck). The solution was sonicated for 1 h and then
stored in a refrigerator at 4 °C to reduce precipitation effects
due to solvent volatilization. Fabinks TC-C4007 silver ink was
used as the device electrode. For the EVOH passivation
solution, 1 g of poly(vinyl alcohol-co-ethylene) (PVA-co-PE)
with 32 mol % ethylene (Merck) and 10 mL of dimethyl
sulfoxide (DMSO from Merck) was stirred and heated at 80

Figure 1. Schematic fabrication process flow for solution-based deposition of the ZnO NP device. Starting from the dispenser printing
interdigitated silver electrode, spin coating of the ZnO NP layer. The fabrication process in step 3 is to dry DMSO/EVOH or hot-melt the EVA
film. The EVOH solution is drop-cast, and the EVA film is directly applied on the ZnO surface. Step 4 shows the passivation treatment using
EVOH and EVA polymers under the UV-vacuum-heat process for 1 h and then cooling down to room temperature under UV-vacuum condition.
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°C on the hot plate under vacuum conditions for 4 h. The
EVOH solution was applied directly onto the ZnO film during
the fabrication process. For the EVA film fabrication, 0.6 g of
poly(ethylene-co-vinyl acetate from Merck) with 12 wt % vinyl
acetate stock was soaked in 6 mL of trichlorobenzene for 1 day.
Then, the mixture was speed-mixed at 3000 rpm for 1 min and
heated at 100 °C in a water bath. After the solution was fully
mixed, it was drop-cast onto a glass substrate and heated at 135
°C in the box oven for 1 h to dry the film. After cooling, the
film was peeled from the glass and applied as a dry film to ZnO
where it is heated to 190 °C, which bonds it to the surface of
the ZnO NP film. The influence of water molecules was
investigated by increasing the humidity within the chamber
during the UV exposure.
2.2. Fabrication Process. The fabrication process is

illustrated in Figure 1. The TC-C4007 silver ink was speed-
mixed at 3000 rpm for 1 min and then printed on a 15 mm ×
15 mm glass slide using a Fisnar F7300NV dispenser printer.
There were two silver electrode patterns printed on the glass.
First, to test the time-dependent stability, an interdigitated

electrode structure was used, with an effective channel width
(W) and length (L) as shown in the schematic diagram (Figure
2a,b) with a W/L ratio of 90 ± 5 mm:0.85 ± 0.06 mm = 105.
For the transfer length method (TLM), six 10 mm-long, 0.25
mm-wide lines were printed on the glass with the distance
between the adjacent lines being 2, 4, 6, 8, and 10 mm. Figure
2c shows the TLM lines with 4 and 6 mm wide spacing. These
films were used for measuring the contact resistance, sheet
resistance, and transfer length. Then, ZnO thin films were
formed by a spin-coating process at 2000 rpm for 20 s upon
the silver contact electrodes. The samples were then dried on a
hot plate at 40 °C for 5 min.

For the study of water molecular interactions, the setup and
process are shown in the Supporting Information (Figures S1
and S2); 10 mL of deionized water was placed in the beaker
next to ZnO, and then both were heated under vacuum. When
the relative humidity reached 70%, the 365 nm UV lamp was
turned on for 1 h of exposure. The equipment for the UV-
vacuum-heat fabrication process is shown in Figure 2d. The
UV light intensity was set to 300 mW/cm2. For the study of

Figure 2. (a) Geometry design parameter of the interdigitate electrode device and the length and width of the ZnO NP film. (b) ZnO NP film with
an interdigitated silver electrode after UV-vacuum-heat EVOH passivation. The effective electrode channel width is 90 mm, and the length is 0.85
mm. (c) TLM structure with the gaps between lines of 4 and 6 mm and passivated by EVA. (d) Schematic diagram of the vacuum ultraviolet light
exposure system. The UV light and humidity sensor inside the vacuum box are controlled by a microcontroller. An external power supply
controlled the hot plate.
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EVA passivation, the EVA film was cut into a size of 13 mm ×
15 mm and placed on top of the ZnO film. It was then
subjected to vacuum (10−2 mbar) under ultraviolet light and
heated to 190 °C for 1 h. For EVOH passivation, a 20−150
mL EVOH/DMSO solution was drop-cast onto the surface of
the ZnO NP. The sample was then placed in the vacuum
ultraviolet exposure equipment and heated to 80 °C for 1 h to
remove the DMSO solvent, after which the sample was heated
to 190 °C for 1 h. During the UV-vacuum-heat process, the
vacuum pump was kept turned on to generate a negative
pressure. EVA passivation layers can absorb 85% of the 365 nm
wavelength UV light,50 and EVOH passivation can absorb
50%.51 Finally, the sample was allowed to cool to room
temperature while still being exposed to the UV light under
vacuum.
2.3. Measurement. To avoid the influence of ambient

light, all ZnO NP samples were stored in the dark at room
temperature and measurements were performed in a dark
setting. The resistance of the thin film was measured by using a
Keithley 2636B and Keysight B1500A source measurement
unit with a Polytec MSA-400 MEMS probe station. The SEM
image was taken using a Zeiss NVision 40 system. The
resistance of the ZnO film was also measured by depositing the
layers onto an interdigital electrode array, and the resistance of
the device was determined by ZnO film resistivity.

For the calculation of the sheet resistance derived from an
interdigitated device, the resistivity and sheet resistance of the
material can be written as52

RA
L

=
(1)

R
t

RA
Lt

RWt
Lt

RW
Lsheet = = = =

(2)

where ρ and Rsheet represent the resistivity and sheet resistance,
and A, W, t, and L represent the material area, width, thickness,
and length, respectively. The active channel geometry is shown
in Figure 2a, which is derived from Tyrrell et al.’s work.53 The
specific length and width are shown in Figure 2a. R is the
measured resistance of the device.

The TLM structure, which is another way to calculate sheet
resistance, is used to verify the sheet resistance calculation, and
the equation is shown below:

R
R

W
L L(2 )total

sheet
T= +

(3)

where Rtotal is the measured resistance. The transfer length, LT,
is the average distance of the carrier traveling through the
semiconductor under the contact before running up to the
contact, and L is the length of the semiconductor.

3. RESULTS AND DISCUSSION
Electrical results were obtained from two samples with 5
measurements taken from each, unless otherwise stated. All of
the figures show the average value. Figure 3 shows the scanning
electron microscopy (SEM) image of the ZnO NP film with a
thickness of 2.35 μm and its porous form. Figure 4a shows the
resistance values of the interdigital device with the unprocessed
ZnO NP film obtained for different UV-vacuum-heating
processing times with measurements taken immediately after
the process. The initial resistance of the unprocessed film was
200 MΩ but dropped to 5 kΩ after 10 min and dropped
further to 1.3 kΩ after 60 min. Figure 4b summarizes the ZnO

sheet resistance under different EVOH thicknesses after 1 and
60 days. With a thinner EVOH film (10 to 40 μm), the sheet
resistance was significantly increased after 60 days but, for 80
μm EVOH film passivation, the sheet resistance was stable.

Figure 5 shows the change in ZnO sheet resistance over time
calculated from the results of the interdigitated device. The W/
L ratio of the ZnO NP film is 105, and its film sheet resistance
is calculated from Rsh = R × W/L, where R is the measured
resistance. The 10−80 μm EVOH represents different
passivation film thicknesses. The thickness of the EVA film is
0.8 mm. All of the passivation processes are under combined
UV-vacuum-heating condition. The water molecule-passivated
ZnO film had a sheet resistance of 0.21 MΩ/□ immediately
after processing, which increased to 10 GΩ/□ after 1 day and
finally settled at 20 GΩ/□. The resistance of the device
passivated by EVA was initially around 42 kΩ/□, and this
settled to 5 GΩ/□ after 3 days. The initial resistances of
EVOH-passivated ZnO films are 14, 12, 31, and 68 kΩ/□ for
EVOH thicknesses of 10, 20, 40, and 80 mm, respectively.
After 60 days, these values had increased to 4.0 GΩ/□, 2.6
GΩ/□, 7.8 MΩ/□, and 13 kΩ/□, respectively. Table 1
summarizes the response of all devices following re-exposure to
365 nm UV light after 60 days. The resistance of the devices
with water passivation and EVA passivation decreased by 104

times after being irradiated by UV light for 10 s. Devices
passivated with EVOH are less responsive to UV exposure.
The sheet resistance would decrease by a factor of 1000 for an
EVOH thickness of 10 to 20 μm. However, the sheet resistance
of EVOH thicknesses of 40 and 80 μm is reduced by factors of
50 and 1.4, respectively. The negligible resistivity change in the
device with the 80 μm-thick passivation layer is due to the lack
of adsorbed oxygen molecules on the surface of the ZnO NP
film. This can be attributed to the thicker EVOH film, reducing
the UV absorption on the ZnO film.

The sheet resistance of the unprocessed ZnO film (without
the UV-vacuum-heat process) taken by TLM immediately after
deposition (see Figures S3−S6) was 12 GΩ/□, and the
contact resistance was 100 MΩ. The processed ZnO with
water molecule passivation had a sheet resistance of 9 MΩ/□
and a contact resistance of 0.2 MΩ. The processed ZnO with
EVA passivation exhibited a sheet resistance of 30 kΩ/□ and a
contact resistance of 0.6 kΩ. The processed ZnO with 10 μm-
thick EVOH passivation had a sheet resistance of 25 kΩ/□
and a contact resistance of 0.5 kΩ. These results show broad
agreement with the resistivity measurements obtained from the
interdigital devices (see Table 1).

It has been observed that reducing the oxygen partial
pressure during the fabrication process increases the
conductivity of ZnO. This can be due to the lower oxygen
partial pressure, resulting in more oxygen vacancies in the ZnO
lattice structure. Oxygen vacancies have long been considered
to be one reason why ZnO exhibits n-type semiconducting
properties.54 The calculation based on first principles shows

Figure 3. Cross-sectional SEM image of the solution-processed ZnO
NP film on a glass substrate.
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that oxygen vacancies are located at very deep energy levels,
are not shallow donors, and cannot therefore provide n-type
conduction.54,55 However, recent research shows that the

oxygen vacancies on the surface of the ZnO NP easily absorb
the oxygen molecule from the ambient environment and then
trap the electron in the nanoparticle.25

According to the theoretical model proposed by Saputro et
al.,25 the ZnO surface with oxygen vacancies, or zinc oxygen
dimer vacancies, can quickly adsorb oxygen molecules and
convert them into two individual oxygen atoms. The oxygen
atoms will trap the free electron and become oxygen ions,
thereby reducing the carrier concentration inside the ZnO film
and increasing its resistivity.

Experiments investigating the electrical characteristics of
nano-ZnO under UV light exposure and in the presence of
water have yielded a consistent hypothesis in which oxygen
molecules adhere to the ZnO NP, binding with electrons.36−38

Ultraviolet (UV) light can transiently release ionized oxygen
molecules from the surface of ZnO NPs, thereby increasing the
majority carrier concentration with water molecules, facilitating
the maintenance of this concentration. The following equation
can be used to define this phenomenon36−38

O (g) e O (ad)2 2+ (4)

hv e h2+ (5)

O (ad) h O (g)2 2+ + (6)

H O 2Zn O 2(Zn OH) V 2e2 V o+ + + + (7)

where O2(g) and O2
−(ad) are the oxygen molecule in the gas

phase and the adsorbed oxygen molecule on the ZnO surface,
respectively, hv is the UV energy, and e− and h+ are the
electron and hole, respectively. OV is the oxygen in the lattice,
Zn−OH represents the zinc atoms with adsorbed hydroxyl
groups, and Vo represents the oxygen vacancy. When ZnO is
exposed to ultraviolet light, its internal electrons transition and
leave holes in the valence band, forming electron−hole pairs.
The formed holes migrate to the ZnO surface and neutralize
the electrons bound by the oxygen molecules, thereby releasing
the oxygen molecules and leaving behind the electrons that
have transitioned. The carrier concentration increases accord-

Figure 4. (a) Resistance of the interdigitated device without any passivation obtained after different UV-vacuum-heating times. The samples were
exposed to the 365 nm-wavelength UV and heated to 190 °C in a 10−2 mbar vacuum condition. (b) ZnO NP bulk sheet resistance with different
EVOH passivation thicknesses measured on day 1 and day 60. The lines joining the dots are guides for the eye, showing the change in bulk and
sheet resistance with time and EVOH thicknesses.

Figure 5. Measured time-dependent sheet resistance changes. The
sheet resistance is calculated from the measured resistance of the
device to its W/L ratio (Figure S7). The lines joining the dots are
only guides for the eye.

Table 1. Resistance Response for 365 nm UV Interdigitated
Devices Stored for 60 days in the Darkness after Processing

Interdigitated
devices with
different

passivation

Initial ZnO
sheet resistance
after processing

(Ω/□)

ZnO sheet
resistance after 60
days stored in

darkness (Ω/□)

Sheet resistance after
re-exposure to 30
mW/cm2 UV for

10 s (Ω/□)

10 μm EVOH 1.03 × 104 4.64 × 109 3.91 × 106

20 μm EVOH 1.23 × 104 3.26 × 109 1.93 × 106

40 μm EVOH 2.31 × 104 2.21 × 106 4.31 × 105

80 μm EVOH 6.00 × 104 1.11 × 105 0.88 × 105

EVA 4.56 × 104 5.78 × 109 1.82 × 105

Water
passivation

6.31 × 104 2.42 × 1010 6.08 × 106
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ingly, and the resistivity of ZnO decreases macroscopically.
When the UV exposure is stopped, the oxygen molecules in the
ambient environment will combine on the surface of ZnO to
begin to reduce the carrier concentration again. Vidor et al.38

show that if ZnO is exposed to a higher relative humidity
environment, the resistance of ZnO will decrease significantly.
After exposure to UV and moisture, if it is stored in a high
humidity environment, the ZnO NP film will maintain a
greater carrier concentration and lower resistance than a device
stored in a dry environment.38 This is due to the water
molecules adsorbed on the surface of ZnO, which reduce the
number of oxygen molecules adsorbed on its surface. However,
the water molecules cannot be easily retained on the surface of
ZnO and will evaporate unless high environmental humidity
prevents this.

Figure 6 presents the schematic diagram explaining the
impact of ZnO NP surface exposure to 365 nm UV radiation in
vacuum condition, as described from the literature.26,27,38 The

released oxygen molecules in the gas phase diffuse into the
environment. In this process, applying heat enhances the
release rate of oxygen molecules.

The presence of the vacuum diminishes the concentration of
released oxygen molecules on the ZnO NP surface. Figure 6
also illustrates the transient use of water molecules as a
passivation layer on the ZnO NP surface; however, this effect is
short-lived as the water molecules evaporate, leading to oxygen
readsorption. The lower path in Figure 6 illustrates the
application of EVOH polymer passivation to prevent oxygen
molecule readsorption, preserving the ZnO electron concen-
tration. In addition, the passivation layer with a lower oxygen
permeability maintains the higher ZnO electron concentration
for a longer duration. Regarding the effect of water molecules
on the conductivity of the ZnO film, Liau and Lin56 also
proposed that water molecules will be dissociated into
hydroxyl groups after contacting and adsorption on the ZnO
film surface and increase the electron concentration.56 The

Figure 6. Schematic diagram of the release of carriers bound by oxygen on the ZnO surface by UV exposure in vacuum condition. The top path
(derived from the literature26,27,38) shows the interaction of water molecules attached to the surface of the nanoparticles, and after leaving in
ambient atmospheric condition, the oxygen molecules readily reabsorbed on the surface of ZnO. The bottom path shows the polymer passivation
material (EVOH) that is more effective in preventing oxygen from being readsorbed.

Figure 7. Measured O 1s XPS spectra of the ZnO NP film, (a) with EVOH passivation and the UV-vacuum-heat process and (b) without
passivation and the UV-vacuum-heat process.
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research of Rawal et al. on the interaction between water
molecules and ZnO NP proposed that the dangling bonds that
exist on the surface of ZnO NP will dissociate the adsorbed
water molecules.57

To further understand the effect of oxygen and hydroxyl
from water molecules, we have performed X-ray photoelectron
spectroscopy (XPS) on both EVOH-passivated and non-
passivated ZnO NP surfaces. The XPS measurement process is
described in the Supporting Information. The deconvoluted
core level O 1s spectrum in Figure 7a for a nonpassivated
EVOH sample shows a distinct primary peak at 529.76 eV,
characteristic of the O−Zn bond. A secondary peak at 531.56
eV is attributed to a combination of surface O2

−, H2O, and
−OH hydroxyl groups that arise from atmospheric moisture
adsorption.58,59 The EVOH-passivated sample in Figure 7b has
a primary peak at 529.54 eV and a broad secondary peak at
531.70 eV, arising from the O−Zn bond and −OH groups,
respectively. Secondary peaks in core level O 1s are often
ascribed to oxygen vacancies, although there is recent evidence
by Frankcombe and Liu58 that suggests little evidence of
oxygen defects in the bulk region of ZnO and more likely to be
due to interaction of the hydroxyl from H2O or surface oxygen
on the ZnO surface. As such, the secondary peak at higher
binding energies of 531.56 eV for the nonpassivated sample
and 531.70 eV for the EVOH-passivated sample is interpreted
as −OH groups, with a characteristic binding energy 1−2 eV
higher than that of the O−Zn bond. The atomic ratio of O−
Zn to −OH on the measured surface is 40.8% O−Zn to 59.2%
−OH for the nonpassivated sample versus 55.4% O−Zn to
44.6% −OH for the EVOH-passivated one. This indicates a
reduction in the concentration of −OH groups, surface O2

−,
and H2O in the EVOH-passivated sample and demonstrates
the effectiveness of simultaneous UV-vacuum-heat treatment.

The TLM results are summarized in Figure 8 with the full
data sets being supplied in the Supporting Information. Figure
8a shows the sheet resistance of the different passivation
methods when processed under UV-vacuum conditions. Water
passivation reduced the ZnO sheet resistivity by approximately
103 times compared to the unpassivated ZnO NP, which is
consistent with chemical changes in eqs 4−7. The use of the
UV-vacuum-water process increases the condensation of the
water vapor on the surface of the ZnO NP film, leading to a

lower sheet resistance compared to that of Vidor et al.,38 in
which their ZnO was processed at atmospheric pressure.
Notably, the TLM results for the two polymer passivation
layers yielded similar results, reducing the resistance by
approximately 5 × 105 times, which is consistent with results
from the interdigitated devices shown in Table 1. In contrast,
for the water-passivated ZnO NP film, the TLM results do not
agree with the interdigitated device due to the timing of the
measurements. The interdigitated device was measured
immediately after processing, whereas the TLM structure was
measured 1 h after the UV-vacuum-water process. The delay in
the TLM measurement causes readsorption of oxygen,
increasing the ZnO NP sheet resistance. The UV-vacuum-
water process has a greater oxygen permeability through the
polymer layers, which leads to a higher initial sheet resistance.
Figure 8b shows the contact resistance of the as-deposited,
UV-vacuum-water-treated ZnO NPs and EVA- and EVOH-
passivated ZnO NPs. A consistent transfer length of 0.05 mm
extracted from the TLM results for all ZnO NP-passivated
films indicates a reliable ohmic contact between the solution-
processed ZnO NPs and the silver electrodes. These contacts
are unaffected by the passivation materials or the UV-vacuum
treatment process.

Regarding the ZnO NP film’s long-term electrical stability
investigation, the electron carrier concentration of the EVA-
passivated ZnO NP film reduces to a stable level after 4 days.
This is due to the higher level of oxygen permeability of EVA
compared with EVOH (the oxygen transmission rate of EVA is
180 cm3 mm/m2 day atm,43 while the rate of EVOH is 0.1 cm3

mm/m2 day atm43). Also, the bond between the ZnO film and
EVA is not as strong as that for EVOH due to the different
processing methods with EVA being applied as a dry film and
then heated to 190 °C. The hydroxyl functional groups in
EVOH enable a much stronger bond to the ZnO surface and
contribute to the lower sheet resistance of the EVOH-
passivated ZnO NP films.

As shown in Table 1, upon re-exposure to UV light after 60
days, the resistivity of ZnO NPs passivated by EVA remained
lower than that of unpassivated films when measured 1 min
after re-exposure. This indicates that the oxygen molecules are
very quickly readsorbed on the surface of the unpassivated
films, whereas EVA does slow down the reabsorption process.

Figure 8. (a) Sheet resistance and (b) contact resistance results extracted from TLM measurement.
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Although EVOH significantly reduces oxygen transmission
rates, it only limits oxygen migration to the ZnO NP film
surface, and its film thickness has a significant impact on its
effectiveness. For EVOH films of 10 and 20 μm in thickness,
the resistance begins to increase after 2 days, underscoring the
inability of these thin layers to provide adequate passivation.
The 80 μm-thick EVOH-ZnO device exhibited a minimal
resistance increase even after 60 days, demonstrating superior
stability. Note that the initial resistance of thicker EVOH-
passivated interdigitated ZnO devices tends to be higher. This
could be attributed to reduced UV illumination efficacy in
removing oxygen molecules from the ZnO surface during
passivation. Additionally, the DMSO solvent used in the
EVOH solution does etch the ZnO film during the passivation
process, resulting in thinner film thicknesses. The thicker
EVOH, the longer ZnO is exposed to DMSO before it
evaporates, resulting in higher initial resistance compared with
thinner EVOH layers.

The conductivity of the film can be influenced by the carrier
concentration and mobility. As shown in the SEM image of
Figure 3, the porous nature of the ZnO NP film allows the
oxygen molecule to incorporate into it, resulting in surface
depletion. This effect reduces the carrier concentration and
mobility while considerably increasing the film resistivity. The
photoresponse of the ZnO NP film can be explained by the
following:60 (i) rapid photogeneration and recombination of
electron−hole pairs and (ii) slow adsorption of the oxygen
molecule. With the passivation and UV-vacuum-heat process,
secondary recombination can be very slow; as a result, the
ZnO NP film has a higher carrier concentration and mobility.

The resistivity comparison of different works is shown in
Table 2. The resistivity of the solution-processed ZnO NP film

is 3 to 5 orders of magnitude higher than that of films
deposited using other techniques. Variations in resistivity are
further influenced by specific solution and postprocessing
methodologies used. The resistivity of the ZnO NP film
passivated by EVOH and with the UV-vacuum-heat process
shows similar resistivity with the ALD-deposited ZnO film and
significantly lower resistivity than that of other deposition
methods. The I−V curve of the unpassivated and passivated
ZnO NP films on the interdigitated silver electrode is shown in
the Supporting Information (Figures S8−S10). The as-
deposited ZnO NP film exhibits high resistivity and hysteresis,
and the EVOH-passivated ZnO NP film without the UV-
vacuum-heat process shows a low current level but no
significant hysteresis. The passivated ZnO NP film fabricated

with the UV-vacuum-heat process shows a significantly higher
current level and lower hysteresis.

4. CONCLUSIONS
This paper has demonstrated a novel fabrication method that
enhances the electrical properties of the solution-processed
ZnO NP film using UV exposure and by heating the sample in
a vacuum environment. This method has reduced the
resistance of the solution-processed ZnO NP film to levels
comparable with those of chemical or physical vapor-deposited
films. This enhancement can achieve long-term stability with a
solution-processed EVOH passivation layer of 80 μm in
thickness. The fabrication method proposed in this paper can
initially minimize the influence of oxygen on ZnO NP and slow
down any subsequent adsorption effect. In the comparison of
the two passivation materials (EVA and EVOH), it can be
concluded that it is beneficial for any passivating polymer to
have hydroxyl functional groups to bond closely to the ZnO
surface and contribute to the reduction in resistance. The
oxygen transmission rate through the passivation layer could
be further improved by adding inorganic materials that have
lower oxygen transmission rates. The inclusion of glass flakes
or nanoparticles, for example, would make the path where the
oxygen molecules travel much longer. The addition of such
materials will, however, alter the mechanical properties of the
passivating film. Solution processing is inexpensive, and the
materials used are environmentally sustainable. ZnO films are
widely used to monitor UV and as a chemical sensor to detect
reducing substances. One drawback of using the thick EVOH
passivation layer is the reduced sensitivity to these measure-
ments, and EVA passivation may be better suited to
photoresistor applications. Low-resistivity solution-processed
ZnO NPs can be particularly sensitive to substances that
dissociate due to hydrogen bonding, making them suitable for
use in biochemical sensors and field effect transistors.
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