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ABSTRACT

Recently, photodetectors have garnered significant attention owing to their broad spectrum
of applications across fields such as the biomedical, industrial, agricultural, and
telecommunications sectors. This research focuses on the development of a UV
photodetector based on electrochemically reduced graphene oxide (ErGO) and incorporates
reduced graphene oxide (rGO) thin films on interdigitated Au electrodes. The rGO thin films
were synthesized using the direct one-step deposition method, maintaining a constant water
bath temperature of 40 °C, and a consistent GO concentration of 0.15 g, while varying the
pH levels within the range of pH 8 to pH 10. The investigation primarily concentrated on
assessing the surface morphological, structural, and electrical properties of the rGO thin
films by altering the pH level when exposed to 365 nm ultraviolet (UV) irradiation. The
significant  parameters for evaluating photodetector performance, including
photosensitivity, stability, repeatability, response time, and recovery time. To achieve this,
advanced techniques such as field-emission scanning electron microscopy (FESEM), Raman
spectroscopy, and current-time measurement are employed. As a finding, the fabricated UV
PD of rGO-Au at pH 9 achieved the photosensitivity 96.5% with the stability that was 30
times greater than rGO-Au (pH 10) and superior repeatability as well as rapid switching rate
as compared to pH 8 and pH 10 with 0.6 V bias. This implies that rGO-Au prepared at pH 9
is a suitable material for application in UV detection.

Keywords: Reduced Graphene Oxide (rGO), green route, direct one-step electrode
deposition technique, UV Photodetector, photo response characteristic

1. INTRODUCTION

Photodetectors have recently garnered substantial attention in both fundamental research and
industrial applications, finding widespread use in fields such as security [1], inter-space
communications [2], military operations [3], biological imaging [4], and environmental
monitoring [5]. A photodetector is a photoelectric device that converts electromagnetic radiation,
carrying energy in the form of light, into an electrical signal, either as photocurrent or
photovoltage [6]. Conventional photodetectors often rely on thicker materials to enhance their
photoelectric response, but they suffer from several drawbacks, including fragility, high
production costs, and the requirement for harsh manufacturing environments. These limitations
significantly restrict their utility in flexible, transparent, and stretchable devices. In pursuit of
more promising photodetector materials, various options have emerged, including metal oxides
like Sn02[7], ZnO [8], TiOz [9], In.Tez [10], Bi»03 [11] NiO [12], Sb.Tesz [13], Ga203 [14], and
graphene derivatives.
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Among these materials, graphene has gained significant attention for its potential in ultraviolet
(UV) photodetector applications. Graphene, composed of a monolayer of sp2 hybridized carbon
atoms arranged in a two-dimensional honeycomb lattice, has captured the scientific community's
interest due to its exceptional electrical and thermal conductivity [15], structural integrity [16],
mechanical strength [17], unique optical properties [18], extensive specific surface area [19], high
carrier mobility [20], and chemical characteristics. It exhibits desirable attributes such as a
tuneable work function, high carrier mobility, and excellent light transmission. However, its lack
of a bandgap poses challenges for various applications, necessitating tailored modifications to
unlock its full potential. To enhance graphene's applicability, numerous methods have been
developed. The exfoliation of graphite stands as one of the most employed techniques for
synthesizing graphene, resulting in graphene oxide (GO) that is hydrophilic and water-dispersible
due to the presence of oxygen-containing groups (carboxyl, epoxy, carbonyl, and hydroxyl)
[21][22][23][24]. To overcome the structural defects introduced by these groups, researchers
have extensively explored methods for obtaining high- quality graphene that closely resembles
pristine graphene.

One promising approach involves the chemical and thermal conversion of graphene oxide (GO)
derived from natural graphite using the Hummers' method, offering advantages in terms of cost-
effectiveness and scalability. However, chemical reduction methods often employ toxic reagents,
such as hydrazine, dimethylhydrazine, metal hydride, and hydroquinone, posing risks to the
environment [25], [26]. On the other hand, thermal reduction may present explosion hazards, and
its kinetics and mechanisms are not fully understood, requiring cautious treatment of larger
samples [27]. The high temperatures needed for oxygen group removal can be a complex process
and costly [28]. The subsequent restoration process, encompassing the reduction of graphene
oxide (GO) to yield reduced graphene oxide (rGO), is crucial as it significantly influences the
resulting material's structure and quality [1]. Thus, researchers have explored the use of rGO
instead of pristine graphene due to its adjustable surface defect density, enhanced sensitivity, and
superior conductivity compared to graphene oxide (GO). The rGO exhibits a band gap ranging
from 1.19 eV to 1.58 eV, rendering it an excellent candidate for mechanical, electrical, and optical
devices application [29][9].

Among the various techniques, electrochemical deposition emerges as the most practical option,
offering simplicity, environmental friendliness, and cost-effectiveness while avoiding the use of
hazardous chemicals, with no toxic residues that could harm the ecosystem. This method
effectively removes the oxygen functional groups (OFGs) in graphene oxide, yielding high- quality
rGO structures resembling pristine graphene [30] [31].

Hence, the objective of this investigation is to assess varying pH levels during the
electrodeposition process impact the performance of rGO-based UV photodetectors. The
deposition of rGO was carried out on Au substrate using a direct one-step deposition method,
encompassing a variation of pH conditions: pH 8, pH 9, and pH 10. The rGO deposition process
was executed on Au interdigitated electrode, with a width spacing of 200 um. The deposition
procedure entailed a potential sweep ranging from -0.2 V (start-stop), with a vertex range
spanning from -0.4 V (upper vertex) to -1.1 V (lower vertex), and a scan rate of 0.005 V/s. This
cyclic process was repeated ten times for each sample, with the entire procedure being conducted
within a water bath temperature of 40 °C. To comprehensively assess the sample characteristics
and their suitability for UV detection, a collection of experimental apparatus was employed. To
attained this, the investigation of surface morphology and structural properties was examined by
Field Emission Scanning Electron Microscopy (FESEM) and Raman Spectroscopy, as well as the
evaluation of their photo response towards UV irradiation in terms of sensitivity, stability,
repeatability, response time, and recovery time via current-time measurements.
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2. MATERIAL AND METHODS
2.1 Preparation of Graphene Oxide Solution

Three beakers were initially filled with a pH 7.4 Phosphate-Buffered Saline (PBS) solution
provided by R&M Chemicals. To achieve specific pH levels of 8, 9, and 10, sodium hydroxide
granules from Sigma-Aldrich were gradually introduced into each respective beaker. After
successfully adjusting the pH, 0.15g of graphite powder (C, Aldrich 99%) was added to each PBS
mixture, and the solutions were stirred using a magnetic stirrer for a period of 15 minutes.

2.2 Fabrication of rGO Via Direct One-Step Electrode Deposition Technique

The electrochemical process for depositing rGO involved the use of three standard electrodes: the
working electrode (WE), counter electrode (CE), and reference electrode (RE). These electrodes
were connected to three separate probes attached to the electrochemical deposition (ECD)
system, as illustrated in Fig. 1(a)-(b). The materials employed as the Working Electrode (WE),
Reference Electrode (RE), and Counter Electrode (CE), in the electrochemical deposition
procedures for reduced graphene oxide (rGO) deposition were Gold (Au), Silver/Silver Chloride
(Ag/AgCl) and Platinum (Pt) electrodes respectively. The substrate for the deposition of reduced
graphene oxide (rGO) was an Au interdigitated electrode, has dimensions of 2.2 cm in length, 0.76
cm in width, 0.07 cm in thickness, and featured 200 um width spacing, as illustrated in Figure 1
(c). The GO solution was poured into a titration glass, and all three electrodes were submerged in
this GO solution. The titration glass, with the GO solution and electrodes, was then placed in a
deionized (DI) water bath at 40 °C and allowed to equilibrate for a few minutes to reach the
equilibrium temperature. Following this, cyclic voltammetry (CV) analysis was conducted using
specific parameters, including a vertex ranging from -0.4 V to -1.1 V (upper and lower), 10 scan
cycles, and a scan rate of 0.005 V/s. Each window was assessed at sweep potential -0.2 V (start-
stop). During this process, rGO thin films were electrochemically deposited onto the Aurum
electrode surface.

Potentiostat
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PGSTAT101 Scientific water
potentiostat
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RE- Reference Electrode

CE- Counter Electrode

—» GO solution

~— {—» Dl water
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Figure 1. (a) The arrangement of apparatus for ECD process, (b) The schematic diagram of ECD method,
(c) The sample top view Au interdigitated electrode dimensions.
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2.3 Material and Electrical Characterization

The surface morphology of the deposited reduced graphene oxide (rGO) films was examined
through Field Emission Scanning Electron Microscopy (FEI NOVA NANOSEM 230) at an
acceleration voltage of 10 kV. FESEM analysis allowed for the acquisition of high-resolution
surface details of the rGO thin films, revealing intricate nano structural features. Raman
spectroscopy, employing the NTEGRA SPECTRA MT-MDT system, was employed to probe the
material properties of the rGO thin films deposited on Au substrates. This involved irradiating the
samples with a laser beam at a 432 nm wavelength, serving as the excitation source. Raman
spectroscopy enabled an investigation of defects and alterations in the crystal structure of the
material. Additionally, Raman spectroscopy facilitated the characterization of the photoelectric
performance of the thin film deposited as pH levels varied. Furthermore, to assess the electrical
properties of the rGO thin films, current versus time (I-t) measurements were conducted. A UV
lamp, specifically the UVP UVGL-55 model 6 Watt, 0.16 Amps, 230V with 50-60Hz, emitting a 365
nm wavelength, was employed to illuminate the sample. The sensor measurement system,
utilizing the Keithley 2400 Source Meter Unit (SMU) instrument, facilitated the evaluation of the
photodetector's performance under both UV-illuminated and non-illuminated conditions. The
experiments were carried out using different pH levels, encompassing 5 samples (n=5) for each
of pH 8, pH 9, and pH 10. The measurement involved employing ON-OFF switching intervals of
150 seconds for each pulse, allowing up to maximum of 5 cycles of illumination, an applied
potential of 0.6 V. The resulting graph data was subsequently analyzed to assess parameters such
as sensitivity, stability, response time, recovery time, and repeatability. Figure 2 exhibits the
experimental set up for current-time measurement.

UV lamp of UVP
UVGL-55 model

Figure 2. The experimental set-up for current versus time measurement.
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3. RESULTS AND DISCUSSION
3.1 Material Properties
3.1.1 Field Emission Scanning Electron Microscopy (FESEM)

Figure 3 (a)-(c) provides a detailed examination of the surface morphology of the rGO thin films
under varying pH conditions (pH 8, pH 9, and pH 10). This analysis was conducted using Field
Emission Scanning Electron Microscopy (FEI NOVA NANOSEM 230) at an acceleration voltage of
10 kV. The morphology observed in the reduced graphene oxide (rGO) thin films revealed
distinctive features, characterized by a wrinkled, wavy, non-uniform, and crumbled nanosheet
structure. These observations are indicative of the transformation from graphene oxide (GO) to
reduced graphene oxide (rGO).

Figure 3 (a) provides a clear illustration of the wrinkled, wavy, and irregular distribution of rGO
at pH 8, showcasing the alterations in the material's morphology. This distinctive characteristic
becomes particularly pronounced in the case of rGO at pH 10 represented in Figure 3 (c). It is
notable that spherical clusters become intertwined within the rGO layers and exhibit a crumpled
and agglomerated on rGO surface as the pH of the rGO increases. The pH elevation in the GO
solution may induce a phase transition which promotes the growth of nanocrystal grains which
agreed reported in literature [9], [17], [32].

However, as illustrated in Figure 3 (b), the rGO thin film demonstrates a layered, wavy, and
uniformly distributed wrinkled surface at a pH of 9. The surface morphology results in increased
surface area-to-volume ratio [33][17], a characteristic that can significantly increase the
material's sensitivity to incident UV light, thus elevating its ability to capture UV photons and
increasing the mobility of charge carriers within the rGO layers. Additionally, the presence of an
evenly distributed wrinkled surface is contributing to improved light deflection, corresponding
well with the findings reported in the literature [33][34][35].

Furthermore, it has the potential to improve its performance on sensitivity, speed, stability, and
repeatability when applied in UV detection applications.
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Figure 3. FESEM micrographs of rGO thin films as a function of variation of (a) pH 8 (b) pH 9 (c) pH 10.
3.1.2 RAMAN Spectroscopy

Raman spectroscopy was employed to investigate both defects and alterations in the crystal
structure following the reduction process from graphene oxide (GO) to reduced graphene oxide
(rGO). The Raman spectrum was used to assess the photoelectric performance of the rGO thin
film under varying pH conditions (pH 8, pH 9 and pH 10). Figure 4 illustrates the prominent
Raman peaks, specifically the D band and G band. The D band serves as an indicator of structural
imperfections [36]-[38] within the crystal lattice of thin films made from reduced graphene oxide
(rGO), while the G band corresponds to carbon-carbon (C-C) bonds of sp2 hybridized in the thin
film material [30], [39]. The appearance of the G-band peak can be attributed to the vibrational
mode of sp2 carbon atoms bonded within the plane [40], while the presence of structural
imperfection hinders the D band due to out-of-plane vibrations. The notable D peak demonstrates
a Raman shift observed at different values for rGO thin film at pH levels of 10, 9, and 8, specifically
1364 cm-1, 1359 cm-1 and 1357 cm-1 respectively. Conversely, the G band displayed a Raman
shift at distinct values on the rGO thin film at the same pH levels, that is 1594 cm-1, 1591 cm-1
and 1590 cm-1. Furthermore, the relative peak intensity between band D and band G can be
estimated to assess the degree of imperfection (defects) in the rGO crystal structure. According
to Raman analysis, the relative intensity ratio of the D band to the G band (ID/IG) for rGO was
determined to be 1.68, 1.66 and 1.71 on pH 10, pH 9 and pH 8 correspondingly. The findings
indicate that as the pH of the GO solution increases, the ID/IG intensity ratio decreases, signifying
the complete reduction of GO to rGO through the removal of oxygenated functional groups (OFGs)
[22], [41]. According to the literature, graphene oxide (GO) typically exhibits an ID/IG ratio of
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approximately 0.90 [9], [42], which is lower than the ID/IG ratio observed for reduced graphene
oxide (rGO). The higher ID/IG indicates the imperfections in the crystal structure of rGO, likely
arising from the formation of holes and voids in rGO networks during the reduction process as
stated in[35][36]-[38], [43] . While there is a slight similarity in the structural defects within the
pH range of 8 to 10, it is notable that pH 9 exhibits fewer structural imperfections compared to
pH 8 and pH 10, as indicated by lower ID/IG ratio. This suggests that pH 9 provides better
structural, good conductivity, and lessens recombination effects which the factors may lead to
enhance UV photodetection performance.
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Figure 4. Raman spectra in relation to pH variation.
3.2 Electrical Properties

The evaluation of photodetector performance is determined by analyzing the current-time
relationship. The sample was subjected to characterization across varying pH levels (pH 8, pH 9,
and pH 10). This characterization comprised five cycles of alternating UV illumination at a
wavelength of 365 nm and non-UV illumination, at 0.6 V potential. The performance parameters
for the rGO samples encompass sensitivity, stability, response time, recovery time, and
repeatability. Figure 5 illustrates the current-time curve of the rGO UV photodetector in relation
to pH. The sample's performance can be calculated using equations 1 and equation 2.
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Figure 5. The repeatability in the transition between UV ON/OFF states of photodetectors based on rGO
thin films, operated at a 0.6 V bias voltage and exposed to 365 nm UV light, with variations in pH (a) pH 8,
(b) pH 9, and (c) pH 10.

The current-time reactions of the rGO-Au photodetector, with an applied potential of 0.6 V, were
recorded for sensitivity assessment, as depicted in Figure 5. To compute the sensitivity to UV light
based on these graphs, the following equation (1)[33] is employed:

s = Iphoto o 100 (1)

laark

In equation 1, I photo denotes the differences current between I light measured in the presence
UV illumination while I dark represents the dark current observed when light is absent.

The assessment of sample stability can be conducted by analyzing fluctuations in the
photocurrent response. The minimal deviation seen in the sample suggests enhanced stability.
The stability can be quantified using the equation (2) [33] as follows:

Stability = Zg% 2(5) ldark (2)

no of cycles - no of cycles

Figures 5 (a)-(c) depict current-time measurements acquired from the rGO-Au thin film with a
200 pm spacing, maintained at a potential of 0.6 V, and subjected to UV illumination at a
wavelength of 365 nm. These measurements aimed to investigate the film's response under
varying pH conditions, specifically pH 8, pH 9, and pH 10, as well as its response in the absence of
UV illumination. The outcomes revealed a gradual increase in photocurrent generation at pH 9
when exposed to ultraviolet (UV) radiation. The p-type behavior of rGO is characterized by a
Fermi level (EF) energy of 4.6 eV [44], [45], notably lower than that of Au, which falls within the
range 5.10 eV to 5.47 eV. The surface of the rGO thin film absorbs phonon energy, which has the
potential to excite electrons from the valence band to the conduction band within the rGO layers.

The resulting holes, generated in the valence band, were swept away in the opposite direction by
the electric field that induced through Schottky contact [46]. The mechanism leads to the
formation of electron-hole pairs (EHPs), ultimately resulting in photocurrent generation.
Additionally, the hot carriers within the conduction band of the rGO layers can traverse into the
metal Au electrode, thereby enhancing the overall charge carrier within the rGO-Au system,
particularly at pH 9. It is reasonable to conclude that the pH 9 rGO photodetector demonstrates
remarkable photodetection capabilities under 365 nm UV light illumination, primarily due to its
higher phonon absorption [10], [47], [48].
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Moreover, the rGO sample prepared with pH 8 and pH 10, where there is a noticeable deviation
in photocurrent generation under both UV illumination and non-illumination over five cycles. The
variability in photocurrent generation at these pH levels indicates that neither pH 8 nor pH 10 is
conducive to achieving satisfactory photocurrent production compared to pH 9. Furthermore, it
exhibits a higher degree of repeatability in the switching behavior of photocurrent, as evident
from the I-t curves observed throughout five cycles at pH 9. The photocurrent consistently rises
to a peak upon exposure to UV at 365 nm and diminishes rapidly when UV light is absent. Table
1 highlights the stability, with values of 0.042 x 10-9 A, 0.428 x 10-9 A, 1.264 x 10-9 A, recorded
atpH 9, pH 8 and pH 10, respectively, under a 0.6 V bias. Remarkably, the photocurrent generated
at pH 9 remains stable during both illumination and non-illumination intervals, as proved by the
stability values.

Table 1 Electrical parameters of rGO-Au UV PD for different pH of GO solution at 0.6 V biased

Sample Sensitivity Stability Response Time | Recovery Time
(%) (x10°4) () (s)
pHS8 81.71 0.428 87.5 93
pH9 96.5 0.042 68 57
pH 10 87.02 1.264 84 171

In contrast, rGO at pH 9 reveals the highest sensitivity, reaching a remarkable 96.5% in its ability
to detect UV light, surpassing the performance of rGO at pH 8 and pH 10, which achieved
sensitivities of 81.71% and 87.02%, respectively. Additionally, it demonstrates faster response
and rapid recovery times when exposed to UV light. Notably, the faster recovery time at pH 9
indicates a small occurrence of recombination, in contrast to the longer recombination time of
171 s observed at pH 10 [11], [13], [49].

This can be ascribed to the recombination process involving electrons trapped within voids
states, arising from structural imperfection within the crystal, in the absence of UV light. This
alignment with the findings reported by [49] and further clarified by Raman analysis.
Furthermore, the built-in electric field formation at the rGO-Au film interface, accelerating charge
carrier separation and limiting the recombination process, may result in reduced dark current
and faster response at pH 9. The lower dark current (I dark=1.1 x 10-9 A) observed in rGO-Au at
pH 9 may be attributed by its improved crystalline structure in comparison to the irregular and
crumpled structure that was identified by FESEM analysis at pH 10 (I dark=9.8 x 10- 9 A) as
reported in [50].

Moreover, it is evident that the rGO-Au film at pH 9 exhibits greater sensitivity in UV detection,
approximately fifth fold and double fold higher than the MgxZn1-xO films and heterostructure
Zn0-(Ga, Ag)-ZnO nanorods of UV PDs that achieved using magnetron sputtering and cost-
effective two-step process method respectively as recorded in Table 2 of a previously published
UV PD sensor study.
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Table 2 Comparison of sensitivity between the fabricated work and the recently reported UV

Photodetector
Structure Material | Fabrication method Sensitivity Resporgse/ Recovery Bias (V) Ref.
(%) time (s)
MgZnO (42.8 at%) |Magnetron sputtering 20 - 9V [15]
Psi only Modified polyol 24.69 0.8/0.15 5V [51]
method
Zn0/ (Ga, Ag)-ZnO |Cost-effective two- 40 13/18 1V-5V [2]
nanorod step process
Ag-7Zn0 Hydrothermal 329 - 5V [33]
rGO-Au Direct One-step 96.5 68/57 0.6V This
deposition technique work

As evident from the data, the rGO-Au UV sensor proposed at pH 9 demonstrates superior
sensitivity compared to previously developed UV photodetectors. Consequently, the observed
enhancements in sensitivity, stability, response time, recovery time, and repeatability at pH 9
make it an appealing material for future development in fabricating high-performance UV
photodetectors.

3.3 UV Photo Detector Mechanism

As the UV rays illuminate the rGO thin film sampled, some of incident photon absorbed in rGO
layer. The incident photon's absorption induces the transition of an electron from the valence
band to the conduction band within the layers of rGO, resulting in the generation of electron- hole
pairs (EHP). This process leads to the accumulation of electrons on the surface of sampled [2],
[33], [52]. This generated EHP was mobile and travel within the rGO material. The presence of
these mobile charge carriers within the rGO layer causes an alteration in the material's
conductivity. Electrons in the conduction band follow a path to the metal through the Schottky
barrier, resulting in the generation of a photocurrent [12], [17], [53].

Notably, the work function of rGO (¢ rGO) exhibited greater than (¢ Au), facilitating the passage
of photoexcited electrons from the rGO layer's conduction band through the metal electrode,
thereby contributing to the photocurrent [54], [55]. Concurrently, the holes, created in the
valence band of the reduced graphene oxide (rGO), exhibit the capability to drift in varying
directions within the rGO layers or undergo transport to the rGO-metal interface in response to
the electric field [56].

The recombination process between these holes and injected electrons within the metal
electrodes can give rise to the emission of radiant light, potentially amplifying the magnitude of
the electric current traversing the device [34], [57], [58]. Conversely, in the absence of UV
illumination, there is a reduction in the generation of electron-hole pairs, leading to a decrease in
the flow of electrical current within the photodetector. Figure 6 illustrates the energy band
diagram of rGO-Au when exposed to UV illumination at a wavelength of 365 nm.
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Figure 6. The energy band diagram of rGO-Au under UV illumination.

4. CONCLUSION

In summary, we reported the successful synthesis of rGO-Au UV photodetectors employing a
sustainable, straightforward, and cost-effective direct one-step electrodeposition (ECD)
technique, with pH variation employed for sample characterization. Our investigation reaches
into the surface morphology of the synthesized samples, revealing a distinct layered and wavy
structure of rGO uniformly deposited onto the Au substrate. This unique morphology, which
facilitates efficient light transmission along a well-defined propagation path, is supported by
Raman analysis indicating a lower occurrence of defects in the crystal structure of rGO-Au at pH
9. This reduction in defects is expected to contribute to a decrease in recombination losses and
an increase in photocurrent generation. The performance of these UV photodetectors is assessed,
with a notable UV photo response of 96.5% achieved at a specific wavelength of 365 nm. This
remarkable enhancement, representing a five-fold improvement over MgxZn1-xO films and a
doubling of performance compared to heterostructure ZnO- (Ga, Ag)-ZnO nanorods UV
photodetectors fabricated using magnetron sputtering and a cost-effective two-step process,
respectively, underscores the potential of our synthesized rGO-Au photodetectors. Among the
various pH conditions studied, rGO-Au at pH 9 emerges as the standout candidate, showcasing
superior sensitivity, stability, repeatability, as well as faster response and recovery times. These
findings highlight the promising prospects of this material structure for applications in the field
of UV detection.
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