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1. Introduction

Zn0O nanoparticles (NPs) have attracted substantial attention in electronic and optoelectronic devices due to their
superb properties, which enable them to be the semiconductor of choice in solution-processed thin film technology
such as in thin film transistors (TFTs) and UV photodetectors [1-4]. The importance of UV photodetection is
highly appreciated in various applications such as in the military, aerospace, and biology [5]. These applications
often require a reliable measurement positively linked with device stability [6]. Solution-processed photodetectors
have multiple challenges, including grain size and boundaries and the added organic ligands, which affect the
device performance by limiting electron transportation. Long-term device stability in ambient conditions has
always been a significant issue that impacts the applicability of solution-processed UV photodetectors and TFT
devices [7], especially those involving ZnO nanostructures. ZnO shows tremendous advantages, such as superb
UV photoconductivity, due to its wide optical bandgap of 3.37 eV at room temperature, low production cost, and
high environmental tolerance. However, ZnO-based photodetectors are still not commercialized because of their
photoresponse sensitivity to ambient conditions such as oxygen, humidity, and other organic-based substances.
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The photoresponse of ZnO is well documented in the literature with its electronic redistribution dependency on
surface oxygen absorption\desorption processes in the dark and in the UV, respectively [8]. Electron-hole pairs
are photogenerated when UV light is irradiated. The holes migrate to the ZnO surface via the potential gradient
caused by band bending in the energy levels, desorbing oxygen molecules from the surface, and releasing trapped
electrons into the conduction band. The photoabsorption process generates electrons in addition to those released
from the surface area, significantly increasing the ZnO conductivity upon irradiation with UV light [9].
Photoconductivity of ZnO has also been examined in the vacuum, with photocurrent continuing to grow at low
oxygen pressure, corroborating the role of oxygen adsorption [8, 10]. Thomas et al. [11] suggested that eliminating
adsorbed oxygen from the surface of ZnO might not be the reason for the rise in photoconductivity in a vacuum.
Bao et al. [12], who similarly ascribed the large photocurrent in vacuum to the photodecomposition of ZnO under
UV irradiation, support the abovementioned theory. Gurwitz et al. [13] suggested that ZnQO lattice decomposition
is also taking place due to the photo-reduction of ZnO by environmental carbon molecules adsorbed on the surface.
This observation is consistent with our recent findings on the involvement of adsorbed carbon in the visible
photoconductivity of ZnO [14]. Water is another essential factor that exists naturally in an atmospheric condition
which is also found to play a critical role in affecting ZnO photoresponse and recovery speed by a competitive
adsorption process with oxygen molecules on the oxygen vacancies sites. The adsorption speed is faster for water
molecules than oxygen, which accelerates the photoconductivity recovery speed. Atmospheric dissociation of
water molecules on the vacancy sites generates hydroxyl groups by hydroxylating a vacancy neighboring the lattice
oxygen (Oo,) which captures free electrons and therefore reduces the ZnO conductivity: H,0+O, +2e- — 20H"~
[15]. However, with more water adsorbed on the surface, a condensed water layer starts to form, ionizing the
surface and leading to proton conductivity (H*) according to Grotthuss mechanism: 2H,O — H3;O + OH™ [16].
This process is significantly increasing the conductivity. An observation by Greenham et al. [17] suggested that
oxygen adsorption mainly affects charge injection rather than bulk transport traps on the surface. In other words,
oxygen re-adsorbed on the Schottky junction interfacing the electrode and the ZnO plays the leading role in the
fast dropping of the current after switching off the light source when the device is tested in the air. ZnO
photostability is critical, nevertheless, it is not yet fully comprehended due to the absence of consensus about ZnO
UV photo-mechanism. The oxygen molecules adsorption on the surface of ZnO NPs from the ambient
environment is thought to affect the UV photoresponse of ZnO. According to this study, the magnitude and
temporal dependency of ZnO UV photoconductivity can be influenced by device preparation, storage, and
measurement conditions. We aim to demonstrate that various surface species, such as water and/or surface
carbonates, are equally important and affect the UV photoconductivity of ZnO NPs.

2. Experimental Procedure

Zn0O nanoparticles suspension with a concentration of 2.5 % by weight dissolved in chloroform formed the active
layer in planar configuration UV photodetector devices. The suspension preparation and device characterization
procedures are similar to those mentioned in our earlier publication [14, 18]. ZnO NPs film was deposited in the
air or nitrogen on interdigitated ITO substrates purchased from Ossila, with a film thickness of 120 nm at a fixed
spinning speed of 2000 rpm at 30 sec and baking temperature of 100 °C for 10 min for device comparability. The
utilized ITO fingers (20 Q/square) have dimensions of 30 mm x 50 um. ZnO NPs film was annealed at 350 °C in
air or nitrogen after spin coating and baking to improve film uniformity and eliminate the capping octylamine
ligands. There was no vacuum evaporation or severe processing stages in the photodetector production process.
Fig. 1 shows a schematic illustration of the ZnO UV photodetector configuration. The surface topography of ZnO
NPs films after processing in different environments was investigated using atomic force microscopy (AFM) in
the tapping mode from Bruker. The surface roughness of AFM images was analyzed using Gwyddion (version
2.47). A Xenon lamp, a 150-W source connected to a monochromator with a 5 nm bandwidth resolution and a set
of lenses provides a rectangle-shaped light beam spanning the active device area. BenWin* software was used to
connect the monochromator and the Keithley 2400 to the computer and acquire the photocurrent and transient
current at different wavelengths. The photocurrent characteristics were recorded in both air and nitrogen-filled
glovebox conditions. FTIR spectra of ZnO samples processed at other conditions, deposited on GaAs substrate,
were studied using a Bruker IFS 66/S FTIR spectrometer with 4 cm-1 resolution, and 1000 scans were taken and
then averaged for each spectrum.
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Figure 1: A two-dimensional schematic of the solution-processed ZnO UV photodetector is employed in this

work. It shows how electrons are injected into the ZnO nanoparticles from the electrode. Electron transport
through hopping between particles is shown in the inset.

3. Results and Discussion
3.1 Surface Morphology

3.1.1 ZnO NPs Processed in Air
Fig. 2- A and B shows the surface topography of ZnO films baked (annealing at low temperature for a few minutes)

and annealed (treated at a relatively high temperature for a longer time) in air, respectively. AFM images illustrate
the porous nature of ZnO NPs films prepared (spin coated and baked) and annealed in the atmosphere. ZnO NPs
deposited in the air followed by soft baking at 100 °C for 10 min resulted in grain-like features spreading almost
uniformly all over the surface, regardless of particle size, as illustrated in Fig. 2-A. Surface roughness, taken from
the full-size AFM image and depicts the surface imperfections, is 8 nm.

(A)
- 289 nm

304 nm

400.0 nm

Figure 2: AFM images of ZnO nanoparticles deposited in air and processed at (A) 100°C for 10 min and (B)
350°C for 1h after baking. Surface roughness is calculated to be 8 nm for both films.

The AFM topography images of the ZnO nanoparticles prepared and annealed at 350 °C in the air for 1 hour are
shown in Fig. 2-B. The two processing conditions, baking, and annealing have comparable surface morphology

with a surface roughness of 8 nm.
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3.1.2 ZnO NPs Processed in Nitrogen

Fig. 3-A shows ZnO NPs films baked at 100 °C for 10 minutes in the glove box (nitrogen environment). The film
exhibits particle-like formations with larger agglomeration characteristics. The film’s surface roughness is 8 nm,
similar to the sample fabricated in the air. Surface morphology shows particle aggregation and surface roughness
of 15 nm after 1 hour of annealing in nitrogen at 350°C as shown in Fig. 3-B.

400.0 nm

Figure 3: Surface topography of ZnO NP films prepared in the glove box surface processed at (A) 100°C for 10
min, surface roughness is 8 nm, and (B) 350°C for 1h, surface roughness is 15 nm.

3.2 FTIR Analysis of ZnO NPs

The effect of atmospheric conditions represented by atmospheric water and carbon species on the ZnO NPs surface
was investigated by FTIR. ZnO nanoparticle films were deposited on GaAs substrates and studied using Fourier
transform infrared spectroscopy. Fig. 4 shows a comparison of FTIR spectra of ZnO NPs films before and after
adding the organic capping ligands (octylamine) (these organic ligands help ZnO NPs to fully dissolve in organic
solvents for better film quality) and also the FTIR spectrum of octylamine ligands alone. The figure shows the
principal transition peaks, which provide an essential indicator of the influence of surface composition under
different processing conditions. The transmission peak at around 500 cm* is given to the ZnO backbone transition.
In comparison, the peak at 891 cm™ is assigned to the hydrogen at the oxygen site (HO) coupled to the lattice zinc
site (Zn-HO) in the ZnO NPs film resulting from the zinc acetate precursor [19, 20], which behave as a shallow
donor in ZnO [20]. Stretching bounds C=0 and C-O are connected with the complex acetate (CH3COO-) groups
chelated on the ZnO surface [21-23]. The poorly resolved doublet at 1415 and 1441 cm™ are related to the weakly
bonded water [22, 24] and also have been attributed to the asymmetrical and symmetrical stretching of zinc
carboxylate [23, 25]. The FTIR spectra of the octylamine ligands (blue line) deposited on the GaAs substrate are
shown in Fig. 4-B. The FTIR of ZnO NPs film after adding the capping ligands of octylamine (red line) is shown
in Fig. 4-C. ZnO NPs films, before and after adding the ligands, show peaks at 2854 cm, 2923 cm'!, and 2956
cm?, assigned to symmetric and asymmetric C-H stretching in hydrocarbon chains [23, 26, 27].
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Figure 4: FTIR spectra of (A) ZnO film synthesized from zinc acetate precursor, (B) octylamine ligands with no
treatment, (C) ZnO film showing in (A) after adding the octylamine ligands. Samples were deposited on GaAs
substrates.

Fig. 5 depicts the chemical composition of ZnO NPs films as a function of processing conditions, as revealed by
FTIR spectra. The baked sample is used as a reference. It displays a vast number of transitions, most of which
originate from the initial precursor's unbounded carbons and/or acetate groups. The reference ZnO NPs film (red
line) utilized in this experiment was rather thick, which explains why some of the surface carbonate stretching
vibrations were saturated. In comparison to the reference sample, several of the transition peaks are slightly
displaced and the FTIR spectra become smoother when ZnO films are annealed at 350°C for 1 hour in air and
nitrogen, owing to the decomposition of most of the remaining carbons and unreacted chemical groups. When the
ZnO NPs film is annealed in the air instead of nitrogen, the typical peaks at 1570 cm, 1415 cm™, and 1450 cm®
are ascribed to acetate groups from the starting precursor significantly reduced. In the latter condition, this shows
that its breakdown is uncompleted. Fig. 5 demonstrates a semi-complete degradation of the ligands connected to
the ZnO NPs when preparing and annealing them in an oxidizing environment, as well as a greater relative
absorption of water. The adsorbed carboxylate group on the surface (COO-) [28] shows a peak at 1260 cm, which
displays more substantial peaks in nitrogen and shifts to 1267 cm™* after annealing. The octylamine ligands peaks
are considerably reduced or eliminated after annealing in air and nitrogen, with just a tiny peak at 2956 cm
remaining, while the other two peaks at 2854 and 2923 cm are essentially obliterated. The C-H bending modes
of surface hydrocarbons [29] and carbonate ions CO3? stretching mode [24] are thought to be ascribed to the two
transition peaks situated approximately 806 cm* and 1020 cm™ in the FTIR spectrum of the ZnO NPs film prepared
and annealed in nitrogen, respectively. The two transition peaks are completely eliminated when ZnO NPs are
prepared and annealed in air, as seen in the purple spectrum in Fig. 5. Adsorbed water, which displays significant
absorption after annealing in air, has a prominent absorption peak between 3000 and 3650 cm™™.
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Figure 5: FTIR of ZnO nanoparticles films deposited on GaAs substrate after various processing conditions:
Baked (soft annealing process) at 100 °C for 10 m in the air, baked and annealed at 350 °C for 1 hour in the air,
and finally baked and annealed at 350 °C for 1 hour in nitrogen (glove box).

3.3 Photoconductivity of ZnO NPs

The photoconductivity of metal-semiconductor-metal (MSM) based on solution-processed ZnO NPs with planar
device configuration was studied to determine what causes the persistent photoconductivity and what variables
influence its magnitude. In the dark and after UV irradiation, we measured I-V properties, as well as the
photocurrent spectrum and transients. To see if these parameters influenced photocurrent production, we evaluated
ZnO NP devices made in air and nitrogen and tested them in various controlled atmospheres. The UV
photoresponse of ZnO is thought to be affected by the adsorption of oxygen molecules from the ambient
environment. Air combines water and carbon dioxide molecules, which may alter photocurrent production. We
demonstrate that various surface species, such as water and/or surface carbonates, are equally important. Fig. 6
displays the 1-V characteristics of ZnO devices fabricated (spin-coated, baked, and annealed) in air and nitrogen,
as well as photocurrent transients. The device prepared in the air (spin-coated and baked at 1000C for 10 min) acts
as a reference device to the other two ZnO NP devices fabricated in air and nitrogen (prepared and annealed at
350°C for 1h). In the dark, ZnO NPs produced in the air exhibit asymmetric 1-V behaviour, indicating charging
effects. The dark current density was about 4.77x10-6 A/cm? at a voltage bias of 20 V. The device also exhibits
asymmetric I-V behaviour when ZnO NPs are produced in air, with a dark current density of 4.27x10-7 A/cm? at
20 V. Fig. 6-A shows that ZnO NPs manufactured in nitrogen had the lowest dark current, with a current density
of 5.27x10-9 A/cm? at 20 V. The I-V characteristics of the devices were also tested in the presence of UV light
with a wavelength of 363 nm and an intensity of 0.31 mW/cm? in the air. The sample fabricated in the air had the
maximum photocurrent density, followed by the sample fabricated in nitrogen, and lastly the reference device,
with responsivities of 11. 3, 1. 77, and 0. 23 A/W, respectively. When exposed to UV light, all three devices exhibit
consistent and repeatable photocurrent cycles. Fig. 6-B illustrates the temporal response of the devices by lighting
the data at 1-minute intervals separated by 1minute gaps. The ZnO NPs device prepared in the air shows the lowest
photocurrent of 7. 07x10-5 A/cm?, compared to the device fabricated in the air which shows a photocurrent density
of 9. 7x10-3 A/cm?. Finally, the device fabricated in nitrogen shows a photocurrent density five orders of
magnitudes higher than its dark current density, of 5.15x10-4 A/cm?. However, these findings contradict those of
Hatch et al. [27], which reported that photodetectors of ZnO-nanorod/CuSCN annealed in nitrogen had the
maximum photocurrent in the UV, about 30 pA, when compared to oxygen and the air annealed samples. This is
due to shallow N-related donor defects that arise during the strongly reducing nitrogen-anneal, as well as the lack
of Vz% trap states. Fig. 6- C to E shows photocurrent transients with slow reaction times, indicating persistent
photoconductivity. As a result, the process of carriers being scavenged by adsorbed groups and forming volatile
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molecules that escape from the surface may be ruled out. Water dissociation on the surface of ZnO has been
observed to trap charge carriers and hence limit photocurrent [28]. However, in the second pulse, the current would
be restored, which is not the case. Instead, the photo-decomposition of adsorbed moieties leads to the formation
of long-lived defects on the surface that operate as recombination centres quenching carriers produced by future

light pulses, as observed by the FTIR.

Current density (A/lem?)

Photocurrent density (A/em?)

Figure 6: (A) I-V characteristics of ZnO NP films processed in nitrogen and air. (B) Photocurrent transients of
the ZnO films. The devices were tested in the air at a voltage bias of 20 V. The photocurrent transients for
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4. Conclusions

The effect of different atmospheric conditions on the UV photoconductivity of solution-processed ZnO NPs, such
as atmospheric water and carbon species, has been studied. To do so, ZnO NPs films were spin-coated, baked at
100°C for 10 min and then annealed at 350°C for 1 hour (fabricated) in both air and inside the glove box (nitrogen
environment). A detailed investigation of the origin of surface bonds located on the ZnO and its relation to the

Photocurrent density

Photocurrent density

Photocurrent density

& Prepared in Air|
Rise fitting
Decay fitting
e
i
i
o
DI 2‘0 iID 6‘0 SID 10‘0
Time (sec)
(D)

@ Fabricated in Air
Rise fitting
Decay fitting

(E)

T
20

T
80

80 100

Time (sec)

Fabricated in N
p—— Rize fitting

Decay fitting

T
20

T
40

T
80

T T
80 100

Time (sec)

devices processed in air and nitrogen are shown in (C), (D), and (E).
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processing environment is performed by FTIR spectroscopy analysis. ZnO photoconductivity is highly affected
by the atmospheric adsorbed CO- from the air, which forms the carbonate groups on the ZnO surface. These groups
passivate the surface states, leading to the release of trapped electrons and increasing the photoconductivity. ZnO
films annealed in a nitrogen environment (no oxygen and water) retain a significant fraction of the starting
precursor and ligands groups. Therefore, they show different photoconductivity behaviour than the films processed
in the air.
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