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Role of oxygen functional groups and attachment
of Au nanoparticles on graphene oxide sheets for
improved photodetection performancet
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Ningthoujam Somorijit Singh, ©22 Abdul Kaium Mia®? and P. K. Giri

Integrating low-dimensional graphene oxide (GO) with conventional Si technology offers innovative
strategies for developing ultrafast wideband photodetectors. In this study, we synthesized GO and
explored its potential application in broadband photodetection alongside silicon heterostructures. The
as-synthesized GO contains various oxygen functional groups, as evidenced by X-ray photoelectron and
Fourier transform infrared spectroscopy. These functional groups contribute to increased photo
absorption, enhancing photodetection performance. The systematic reduction of these functional
groups from the GO surface via thermal annealing decreases photo absorption and consequently lowers
the photocurrent. This reduction diminishes photo absorption and amplifies the dark current by
approximately 25 times, from 20 nA to 496 nA. This dark current increase is attributed to the electron
mobility following the reduction of functional groups. However, attaching plasmonic gold nanoparticles
(Au NPs) to the GO surface enhances UV-Vis absorption in the visible region, enabling broadband
detection. The even distribution of attached Au NPs on the GO surface is confirmed through field
emission transmission electron microscopy. While thermal annealing of GO diminishes the responsivity
from 4.6 A W™ to 3.0 A W™, the attachment of Au NPs augments the responsivity by more than two-
fold, reaching 10.0 A W™, Thus, it highlights the importance of rich oxygen functional groups in GO and

rsc.li/nanoscale-advances

1. Introduction

Graphite oxide, first synthesized around 164 years ago and
gaining popularity after the discovery of graphene in 2004," can
be exfoliated to produce graphene oxide (GO). GO is a two-
dimensional material composed of oxygen functional groups,
such as hydroxyl (-OH), carboxyl (-COOH), carbonyl (C=0),
ether (C-O-C), and epoxy (O-C=0),> along with carbon atoms
(sp® and sp®). Pristine graphene has limited potential for use as
an effective photodetector device due to its high transparency,?
lack of a band gap, and rapid carrier recombination. These
limitations are overcome by oxidizing graphene to form GO/
RGO, creating structural flaws that act as charge carrier trap-
pers. The concentration of oxygen functional groups can alter
the bandgap of GO (2.9 eV) and RGO (1.1 eV to 1.9 eV).* GO-
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the attachment of Au NPs to achieve more efficient photo-sensing properties.

based photodetectors detect a broad spectrum of wavelengths
from infrared to ultraviolet; structural defects and attached
functional groups on GO enhance the photodetector's perfor-
mance.® Due to its unique features, research communities are
interested in GO for various sensing applications.
Photodetectors find wide applications across various indus-
tries, such as night surveillance, self-driving automobiles,
military applications, remote control devices, etc.>**® However,
the existing semiconductor-based photodetector technology has
drawbacks, including high cost, low operating temperature,
toxicity, opacity, complicated manufacturing technology, and
scarcity.® Some of the reported literature on GO-based photo-
detectors is discussed below and shown in Table 1. Yang Cao
et al.® created an ultra-board band photodetector using a self-
assembling RGO-silicon nanowires array heterojunction. With
an excitation laser of 532 nm and a bias voltage of 1 V, they
showed a responsivity (R) of 0.33 mA W~ " with rise (tis.) and fall
(tfan) times of 10.6 and 6.7 s, respectively. Sin Ki Lai et al.*
synthesized GO and fabricated a GO-metal photodetector using
hydrothermal. With the irradiation of 375 nm laser and a bias
voltage of 1 V, the photodetector's R measured as 23.6 mAW ™",
and the Ty, and ¢, time of 105 ms. The photocurrent (I,,) of
graphene/Si heterojunctions are investigated by Xiaohong An
et al."* The 1,5 and 1¢,y are 1.2 and 3 ms, respectively, and they
showed that the R is tunable up to 435 mA W~ '. The RGO-based
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Table 1 Comparison of performance parameters of photodetector systems based on the GO and its related materials

Response time (s)

Active material Excitation wavelength (nm) Responsivity (A W) Rise time Decay time Reference
RGO/n-Si 600 1.52 2 2 8
RGO/n-Si 405 0.05 — — 38
GO/SiNW 532 0.033 10.6 6.7 9

GO 375 0.0236 0.105 0.105 10
Graphene/Si 488 0.435 0.0012 0.003 11

GO 455 0.0958 5.65 6.97 39
Graphene/GaAs 532 0.231 85 x 10°° 118 x 10°° 40
WS,-QDs/RGO 405 0.12 1.97 2.39 34

RGO femtogel 465 0.73 — — 41
RGO-ZnO 365 3.24 17.9 46.6 42

RGO film 360 0.12 1.8 x10° 2.1 x 10° 12

RGO film 530 0.55 240 300 43
GO/p-Si 405 4.64 8.2 x 10°° 295 x 10°° Our work
Au-GO/p-Si 405 10 24 x 10°° 208 x 107° Our work

photodetector having an R of 0.12 AW " and the 7, and ¢,y as
30 and 35 minutes, respectively, is demonstrated by Chitara
et al.?

GO and RGO are rarely used for practical photodetector
applications, even though the materials offer several highly
significant properties for optoelectronic applications.® As indi-
cated in Table 1, GO/RGO-based photodetectors detect a wide
range of wavelengths from UV to infrared. However, the re-
ported responsivity is relatively low compared to the conven-
tional semiconductor-based photodetectors. In our work, we
have surpassed the performance parameters of various reported
devices in terms of very high on/off ratio (6465), responsivity
(4.64 AW, and response time (g 8.21 us and Tey: 295.15
us) of untreated GO (GO-RT). We also studied the effect of
annealing of GO at temperatures of 85 °C, 120 °C, and 230 °C to
tune the oxygen functional groups. Photodetectors based on
different temperature annealed GO (GO-85 for 85 °C, GO-120 for
120 °C, and GO-230 for 230 °C) are fabricated on p-type-doped
silicon (p-Si) substrates using interdigitated electrodes (IDE).
Further, we enhanced the photo-sensing properties of GO-RT by
decorating Au nanoparticles (NPs) on it (AuGO). It is well known
that Au NPs show surface plasmon resonance-induced absorp-
tion peak in the visible range, which is size dependent, and
thus, the combination of Au NPs with GO may give rise to higher
photo response in the UV-visible range, as GO is more sensitive
towards UV region. Thus, a systematic study of the effect of Au
NPS on GO-based photodetectors is carried out in this work.

2. Experimental details

2.1. Synthesis of graphene oxide, Au nanoparticles, and
anneal graphene oxide

Graphene oxide (GO) is exfoliated from the graphite oxide,
which is synthesized using the modified Hummers' method; the
details of the synthesis process are reported in our previous
work.” In brief, 0.5 g of graphite flakes (Asbury Carbon) is
mixed with 4 g of potassium permanganate (KMnO,) and 0.5 g
of sodium nitrate (NaNO;) in a conical flask. Subsequently,

© 2024 The Author(s). Published by the Royal Society of Chemistry

100 ml of sulphuric acid (98% conc. H,SO,) is poured drop by
drop into the flask and mixed in the solution. The solution is on
the hot plate for 14 hours at 60 °C. Thus, highly oxidized
graphite oxide is synthesized. The solution is diluted by de-
ionized water; the unwanted metal impurities are removed
and dried in a vacuum oven to produce a solid graphite oxide.
Finally, graphite oxide is exfoliated into GO using the mild
heating technique. This process gives rise to ultra-large area GO
sheets. Au NPs are synthesized through a commonly employed
chemical process involving gold chloride and trisodium citrate.
KMnO,, NaNO; and H,SO, are procured from Merck.

2.2. Fabrication of inter digitated electrode (IDE)

IDE patterns with a 10 pm channel width are fabricated on a p-
type silicon using UV lithography. The substrate undergoes
a thorough cleaning process involving sequential treatments
with piranha solution, ethanol, and acetone. Subsequently, it is
dried using N, and heated at 85 °C in a hot oven for 2 hours. The
substrate is deposited a positive photoresist (MicroChemicals
GmbH: S1813) using a spin coater (Apex equipment: spinNXG-
M1) at 3500 RPM for 60 seconds. The IDE pattern is designed
using K-layout software, and the program is executed through
the system software (DilaseSoft). A thermal evaporator deposits
the metal electrode (aluminium) on the substrate. The IDE
fingers maintain a width and gap of 10 um, with a total of 10
finger pairs, as shown in Fig. S1.f Additionally, the substrate
features two metal pads, each measuring (2.5 x 1) mm in width
and length, serving as adequate points for probing the elec-
trodes' electrical tips.

GO-based photodetector devices are made on the pre-
fabricated inter-digitated electrode (IDE) pattern on the p-Si
substrate by drop-casting the GO solution. This fabrication
involves drop-casting a 5 pl exfoliated GO solution (water) onto
the IDE pattern using a micropipette (Accupipet). The deposited
solution is left to dry inside a desiccator overnight at room
temperature (RT); this device is named GO-RT. Subsequently,
GO-85, GO-120, and GO-230 devices are prepared through
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thermal treatment of GO at temperatures of 85 °C, 120 °C, and
230 °C, respectively. These devices undergo annealing for 3
hours at their respective temperatures inside a hot air oven
before cooling back to RT for further analysis.

3. Characterization techniques

The field emission scanning electron microscope (FESEM)
(JEOL, JSM-7610F) is used to investigate the morphology of
GO and the IDE pattern on the p-Si substrate. The structural
properties of as-prepared GO and thermally annealed GO are
measured using an XRD (Rigaku, RINT 2500 TTRAX-III) and
Raman spectroscopy (Horiba, LabRam HR). The functional
groups attached to the GO-based materials are examined
using an X-ray photoelectron spectroscopy (XPS) (PHI X-tool,
ULVAC-PHI INC) and the transmittance mode of Fourier
transform infrared (FTIR) spectroscopy (PerkinElmer, Spec-
trum BX). The photoluminescence (PL) of the GO solution is
measured using a fluorimeter (Horiba, Fluromax-4) at 360 nm
excitation.

The photo-sensing properties of GO-based devices are
measured using a customized I-V characterization setup, an
assembly of various components such as a microprobe station
(ECOPIA, EPS-500), source-measure unit (Keithley 4200),
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405 nm diode laser (CNI Laser), and pulse generator (Scientific).
Micro-tips are probed on the metal pads of the device. The laser
source, with variable power, is used to measure power-
dependent characteristics. Further, a pulse generator is con-
nected to the laser source for measuring the response time.

4. Results and discussion

4.1. Material characterizations

The material characterizations of GO and thermally annealed
GO are well explained in our previous reports.”® Both GO and
annealed GO underwent characterization using XRD, Raman
spectroscopy, XPS, FTIR, UV absorbance, and PL. The XRD
(Fig. 1a) and Raman spectra were employed for structural
analysis of the GO and annealed GO samples. A significant peak
at 10.9° corresponds to the (002) plane of untreated GO (GO-
RT), while a broad peak in the range ~10° to 21° indicates the
presence of rich oxygen functional groups in the GO-RT.>** In
the thermally annealed GO at 85 °C (GO-85), the intensity of the
oxidized peak at 10.9° decreases, while a distinct peak at 25.6°
emerges, illustrating the transition of GO to reduced graphene
oxide (RGO). The GO-85 process partially eliminates loosely
attached oxygen groups, such as -OH, C-O, and O-C=0, after
the heat treatment at 85 °C for 3 hours.
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(a) XRD pattern of GO samples before and after annealing, and (b) Raman spectra of GO-RT (inset: Ip/lg ratio for different temperature

annealed GO); (c) UV-visible absorption spectra of AuGO, GO-RT, and Au NPs; and (d) PL spectra of GO-RT and AuGO with the Gaussian fitting.
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Furthermore, increasing the annealing temperature
enhances the intensity of the graphitic structure (sp?) related
peak at 25.6°. The peak at 25.6° in the XRD pattern of GO-230
(GO thermally annealed at 230 °C) (Fig. 1a) appears more
prominent compared to that of GO-120 and other variants. The
interplanar spacing (d) of the GO can be calculated using
Bragg's law (2d sin § = nd); the corresponding d values for GO-
RT and GO-230 are approximately ~0.81 nm and ~0.35 nm,
respectively. The higher interplanar spacing of GO is attributed
to the presence of intercalated oxygen functional groups on
both the upper and lower sides of the GO sheet. The shift in the
peak from 26 = 10.9° for GO-RT to 26 = 25.6° for GO-230
indicates the reduction of oxygen-containing groups, resulting
in a decrease in interlayer spacing, as anticipated. The selected
area electron diffraction (SAED) patterns of the GO-RT and GO-
230 are shown in Fig. S2a and b, respectively. The circular rings
with bright spots are observed in the GO-RT, whereas the bright
spots in the hexagonal shape of (002) are observed in GO-230.
Furthermore, the broadening of the peak in XRD and circular
ring with bright spots in the SAED pattern suggest a poly-
crystalline nature for GO-RT. The interplanar spacing of GO-230
is calculated from the inverse fast Fourier transform (IFFT) of
the HRTEM image and obtained ~0.355 nm, as depicted in
Fig. S2c.f The altered XRD pattern following thermal annealing
indicates the restoration of intrinsic graphitic structures, which
are initially distorted due to the presence of oxygen functional
groups on the GO;'* however, the annealed GO (GO-230) cannot
completely restore to pristine graphene due to the irreversible
creation defects and attachment of highly stable oxygen func-
tional groups.

The Raman spectra of GO-RT, GO-85, GO-120, GO-230, and
AuGO are obtained after annealing at their respective temper-
atures for 3 hours. These spectra are broadly analyzed, as
depicted in Fig. 1b, S2d and e.T A wide range of Raman signals,
spanning from 900 cm™" to 3300 cm ™', is evaluated for all the
samples, comprising two prominent bands (the D band centred
at 1350 cm ™" and the G band centred at 1600 cm™").** D band is
related to the structural defects resulting from the functionali-
zation of oxygen groups on the GO. In contrast, the G band is
linked to the graphitic arrangement of carbon atoms. The
intensity of both the D and G bands decreases as the annealing
temperature of the GO increases.

The Ip/lg ratio can determine the degree of sp> hybridized
carbon atoms present in the GO."” The Ip/I; of GO samples are
depicted in the inset of Fig. 1b; these values decrease as the
annealing temperature of GO increases. Specifically, GO-RT and
GO-85 exhibit I/l values of 0.968 and 0.964, respectively. The
marginal change in the ratio indicates the retention of oxygen
functional groups and sp® carbon atoms in GO-RT and GO-85.
Moreover, GO-120 and GO-230 indicate reduced I/Ig ratios of
0.950 and 0.910, respectively, owing to the reduction of oxygen
functional groups, resulting in restoring sp” hybridized carbon
atoms in the GO. These changes in the Ip/I; for the GO samples
are consistent with the XRD analysis. To analyze the alterations
in the Raman signals of the GO after the decoration with Au
NPs, the D and G bands are deconvoluted into five Gaussian
peaks: D', D, D% G, and D*, as depicted in Fig. S2e.t In this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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context, the D' peak at 1257 cm ™" indicates a high presence of
oxygen functional groups, the D peak at 1350 cm ™' signifies
structural disorder, the D* peak at 1488 cm ™' is attributed to
sp?-sp® bonded carbon atoms, the G peak at 1582 cm ™ * results
from hybridized sp> carbon atoms, and the D* peak at
1609 cm ™" is due to crystal defects, vacancies and doping.'’®
The peaks (D', D, D?, G, and D*) position GO after decoration of
Au NPs (AuGO) are observed to shift to 1246 cm™ ', 1343 cm™ ",
1465 cm ', 1571 cm ', and 1603 cm ', respectively. Further-
more, the integral area of the D* peak in AuGO is found to be
16%, which represents a 1.8-fold increase from GO-RT. These
changes indicate alterations in the structural properties of GO
after coating with Au NPs, as evidenced by shifts in peak posi-
tions and an increase in the integral area of the D* peak.

The optical characteristics of GO-RT are analyzed using UV
absorbance and photo-luminescent (PL) studies, as shown in
Fig. 1c and d, respectively. The UV-visible absorption spectra of
Au NPs, GO-RT, and AuGO (Fig. 1c) are examined across the
range of 210 nm to 700 nm, revealing three peaks at 220 nm,
310 nm, and 533 nm. The characteristic peaks at 220 nm and
310 nm are attributed to the ® — 7* transition of the sp*
hybridized carbon framework and the n — 7* transition of the
oxygen functional groups attached to GO, respectively.® The
characteristic peaks at 533 nm is related to the Au NPs. In
AuGO, three prominent peaks related to GO and Au NPs are
observed, while the peak positions of GO at 220 nm and 310 nm
shift to 231 nm and 302 nm, respectively, and the sole peak of
Au NPs at 533 nm shifts to 527 nm. The absorption peak shift
occurs due to the interaction between Au NPs and GO." The
enhanced UV absorbance of the AuGO results from charge
transfer effects between them, activating the pathway for charge
transfer of the excited state from 7t-7t* interactions.?® Hence,
the absorption intensity of the GO is substantially improved in
the entire UV-visible range after incorporation of the Au NPs.

PL spectrum of GO-RT and AuGO is surveyed across the
range of 385 nm to 675 nm, revealing a broad emission peak
centered at 571 nm and 439 nm, respectively, as shown in
Fig. 1d. The intensity of PL emission of AuGO is enhanced ~2
times from the GO-RT. The broad peak of GO-RT is deconvo-
luted into two peaks centered at 475 nm and 576 nm. Similarly,
the broad peak of AuGO is deconvoluted with two peaks
centered at 438 nm and 543 nm. These peaks arise from the
structural defects induced by sp® clusters in the graphitic plane
and the high functionalization of oxygen groups within the
GO.”* Consequently, many defect states are distributed within
the w — w* transition of GO. The integral area peak ratio of
higher energy to the lower energy of GO-RT and AuGO is 0.51
and 2.7, respectively. It is shown that the 5.3 times enhanced
higher energy-related peak of AuGO from the GO-RT is possibly
due to the addition of extra cluster-like states resulting from the
incorporation of Au NPs onto the GO.?* This leads to an inten-
sified PL emission peak at a shorter wavelength. Overall, this
improved distribution of states facilitates enhanced charge
transfer from the defect sites to the graphitic structure, result-
ing in intense PL emission in AuGO.

The analysis of oxygen functional groups (C 1s) in GO is
further carried out using XPS spectra, depicted in Fig. 2a-d for

Nanoscale Adv., 2024, 6, 2136-2148 | 2139
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Fig. 2 C 1s XPS spectra with the fitting for (a) GO-RT, (b) GO-85, (c) GO-230, and (d) AuGO.

GO-RT, GO-85, GO-230, and AuGO, respectively. For GO-RT, the
XPS spectra within the 280 eV to 292 eV range reveal two distinct
bands centered at 285.0 eV and 287.4 eV. Specifically, the C 1s
XPS spectra of GO-RT are deconvoluted into five distinct peaks
centered at 284.2 eV, 285.2 eV, 286.6 eV, 287.5 eV, and 288.8 eV,
corresponding to C=C (sp®), C-C (sp®), C-0, C=0, 0-C-O
modes, respectively.?*** In GO-RT (Fig. 2a), the band at 286.6 eV,
associated with oxygen functional groups, is more pronounced
than the graphitic band at 284.2 eV. Notably, the intensity of the
C-0 band surpasses that of C=0 and O-C-O. Comparatively, in
GO-85 (Fig. 2b), the intensity of peaks linked to oxygen functional
groups decreases compared to GO-RT. Moreover, GO-230
(Fig. 2c) exhibits reduced intensities for both C-O and C=0
bands, and the absence of O-C=0 band. Consequently, the
presence of oxygen functional groups decreases in GO-230
compared to the other annealed GOs. The analysis in Table
S27 details the presence of oxygen functional groups attached to
the annealed GO, determined by examining the spectral weight
(% composition) of C=C, C-C, C-O, C=0, and O-C-O. The
spectral weights of C=C in GO-RT, GO-85, and GO-230 are
20.72%, 39.8%, and 57.27%, respectively. As a result, the
percentage of C=C in GO-230 is 2.76 times higher than in GO-
RT, indicating the restoration of the graphitic structure. The
spectral weight of C-C, measured at 21.28% for GO-RT, remains
relatively consistent across all three samples. In GO-230, the

2140 | Nanoscale Adv, 2024, 6, 2136-2148

spectral weight of C-O decreases by a factor of 1.58 compared to
GO-RT. Furthermore, the C=0 weight in GO-230 decreases by
factors of 1.52 and 2.51 compared to GO-85 and GO-RT, respec-
tively. Additionally, the spectral weight of O-C-O in GO-RT and
GO-85 is 14.33% and 11.26%, respectively. This demonstrates
a systematic reduction in oxygen functional groups concurrent
with the increase in the annealing temperature of the GO
samples. Note that the 1% peak of the C 1s spectrum of AuGO
appears at 284.8 eV, indicating a negative shift of 0.2 eV (see
Fig. 2d), and 2™ peak appears at 287 eV, indicating a negative
shift of 0.4 eV compared to GO-RT. Further, the C 1s peak of
AuGO, as illustrated in Fig. 2d, is characterized by five peaks:
C=C at 284.5 eV, C-C at 285.2 eV, C-O at 286.6 ¢V, C=0 at
287.3 eV, and O-C-O at 288.5 eV. A comparison with GO-RT
reveals that functional group-related peaks in AuGO, such as
C=O0 and O-C-O, exhibit negative shifts of 0.2 eV and 0.3 eV,
respectively. This negative shift of the XPS peaks indicates higher
electron density in the AuGO than that of GO-RT due to the
interaction of Au NPs surface groups.>***

Fig. S3a and bt illustrate the XPS survey spectra and Au 4f
spectra of AuGO, respectively. The survey spectrum reveals two
prominent peaks corresponding to O 1s (~533 eV) and C 1s
(~285 eV), distinct from substrate peaks, with a lower intensity
peak for Au 4f (84 eV), highlighted by a red circle in Fig. S3a.f
Deconvolution of the Au 4f peaks for AuGO reveals two distinct

© 2024 The Author(s). Published by the Royal Society of Chemistry
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peaks, Au 4f;,, at 83.5 eV and Au 4f;,, at 87.3 eV, as depicted in
Fig. S3b,t confirming the presence of Au NPs.

The analysis of the degree of oxygen functional groups
attached to the GO can be conducted using FTIR spectra, as
illustrated in Fig. S3(c and d).} The transmittance peaks in the
spectra of GO samples are investigated within the range of
900 cm ' to 3600 cm '. Notably, a broadened peak at
3400 cm ™ is associated with ~OH, likely stemming from the
absorption of water molecules on GO from the environment;
this peak diminishes in GO-230. Additionally, peaks at
1623 cm ' and 1715 ecm ™' correspond to C-C and C=C,
respectively. Peaks within the FTIR spectra ranging from
950 cm™ ' to 1480 cm™ ' signify the presence of oxygen func-
tional groups. Specially, peaks at 1040 cm™ ', 1163 cm™ ", and
1396 cm* are attributed to C-O, C=0, and O-C=O0, respec-
tively.””*® Notably, the oxygen functional groups appear more
pronounced in GO-RT than GO-85, GO-120, and GO-230. In GO-
230, the peak at 1396 cm ™" related to the O-C=0 disappears,
while the intensity of the peak at 1040 cm™ ' and 1163 cm™ ",
associated with C-O and C=O, respectively, decreases. The
1040 cm™" peak stands out prominently among other oxygen
functional groups, while the 1715 cm ™" peak is associated with
sp® carbon. The relative change in the oxygen functional groups
in GO with the annealing is determined using the intensity ratio
of 1040 cm ™" (C-0) and 1715 cm™* (C=C) peaks (Ic-o/lc—c), as
depicted in Fig. S3d.T The results suggest a gradual reduction in
C-O groups within the GO structure as the annealing temper-
ature increases. However, the graphitic peaks at 1623 cm ™"
1715 cm™ ' are present across all the GO samples.

Electron diffraction spectroscopy (EDS) is employed to
analyze the elemental composition of GO-RT before and after
annealing (Fig. S4t). The atomic weight percentage (at%) of
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carbon in GO-RT (Fig. S4at), GO-85 (Fig. S4dt), and GO-230
(Fig. S4ef) is measured to be 50.54%, 70.3%, and 85.3%,
respectively, while the percentages of oxygen are 49.46%, 29.3%,
and 14.7%, respectively. Additionally, EDS area mapping is
conducted on GO-RT and AuGO. The area of GO-RT is shown in
the inset of Fig. S4a.f The uniform distribution of carbon and
oxygen in the pictorial image of GO-RT is evident in Fig. S4b and
¢,T respectively. Elemental compositions, such as Au, C, and O
of AuGO, are depicted in Fig. S4f,t and the mapping area of
AuGO is illustrated in the inset of Fig. S4f.f The at% of Au, C,
and O in the AuGO are determined as 0.42%, 48.4%, and
51.18%, respectively. The sparse distribution of Au on the AuGO
is observed in the pictorial image shown in Fig. S4g,T corre-
lating with the FESEM image of Au NPs decorated on GO (inset
of Fig. S4ft). The high concentration of C and O in the AuGO is
discernible in the pictorial images in Fig. S4h and i,T respec-
tively. Hence, GO-RT exhibits a significant presence of oxygen
functional groups, while GO-230 exhibits substantially reduced
functional groups. The analyses of the XRD, Raman, XPS, FTIR,
and EDS corroborate this observation.

4.2. Electrical characterizations

The optoelectronic properties of GO are analyzed based on the
degree of oxygen functional groups attached to the GO and Au
NPs decorated on the GO (AuGO) devices. The FESEM image of
the GO sheets and the GO sheets on the IDE pattern are shown
in Fig. 3a and the inset of Fig. 3a, respectively. The GO sheets
entirely cover the metal fingers, displaying prominent wrinkles,
resulting from oxidation during the chemical synthesis process.
The presence of Au NPs decorated on the GO sheet and the
AuGO device is depicted in Fig. 3b and its inset. The Au NPs
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(a) FESEM image of the GO sheet (inset: GO sheet on the IDE pattern); (b) FESEM image of Au NPs decorated on the GO sheet (inset: AuGO

on the IDE pattern); (c) spectral photoresponse of GO-RT as a function of incident wavelengths; (d) /-V curves for AuGO and GO-RT in dark and
under light (405 nm) illumination, with magnified curves at low applied voltage (inset); (e and f) log /-V curves of the dark and light illumination for

GO-RT and AuGO, respectively.
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exhibit a homogeneous distribution on the GO sheet, as
observed in Fig. 3b, with an average diameter of approximately
100 nm. Bright lines on the GO sheet represent the wrinkles
commonly observed in large lateral-size GO. Sparsely deposited
Au NPs are observed on the metal fringes of the IDE pattern and
within the channel region of the Au NPs deposited on the GO
device (AuGO), as illustrated in the inset of Fig. 3b.

The photo-response characteristics of GO with varying levels
of oxygen functional groups on a p-type Si substrate (p-Si) and
Au NPs deposited on GO-RT are investigated. Photocurrent (I,p)
is determined by the difference between the photo-induced
current (Ign:) and dark current (Iqani). In Fig. 3c, the photo-
response of GO-RT within the wavelength range of 300 nm to
820 nm is measured by calculating the ratio of Iy, to the
intensity of the exposing wavelength. The spectral photo-
response is measured using a broad-spectrum light source
(xenon lamp), monochromator, and reflective mirror. The
intensity of the light falling on the sample is lower than that of
the laser (405 nm) due to several stages of light filtration,
resulting in decreased intensity. The light intensity varies for
each wavelength and is notably lower in the UV region. The
photo-responsive behavior of GO-RT across different wave-
lengths is illustrated in Fig. 3¢, showing a higher response in
the UV region that gradually diminishes towards the visible-IR
range. A 405 nm laser is selected to analyze the photo-
response speed of the GO-based devices in this experiment.

The I-V characteristics of GO-RT and AuGO are measured in
both dark and light environments, as shown in Fig. 3d. These
characteristics appear asymmetric, supported by the observa-
tion that the Ij;z,c under negative bias is higher than that under
positive bias. The Iy, gradually increases with increased bias
voltage, whereas the Ij;ep, intensifies rapidly after raising the
bias voltage, as depicted in Fig. 3d and f.

The photoresponse of AuGO and GO-based devices is more
active under negative bias voltage; hence, further characteriza-
tions are performed under this condition. The I, of GO-RT
and AuGO are measured as —20 nA and —372 nA, respectively.
The high Iq,« of AuGO may be attributed to the enhanced
electrical conductivity property of Au NPs and the induced
electron tunneling effect.” The Ijjgp values for GO-RT and AuGO
are recorded at 0.3 mA and 0.52 mA, respectively. The -V
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characteristics in both dark and light illumination for GO-RT
and AuGO are presented in Fig. 3e and f, and those of GO-85,
GO-120, and GO-230 are demonstrated in Fig. S5a-c,T respec-
tively. The Jjign for GO-RT, GO-85, GO-120, and GO-230 are —300
pA, —113 pA, —69.54 pA, and —68.65 pA, respectively. Corre-
spondingly, the I, values are —20 nA, —40 nA, —128 nA, and
—496 nA, respectively. Thus, the photocurrent on/off ratio is the
highest (1.5 x 10%) for GO-RT and is the lowest (1.38 x 10%) for
GO-230. Thus, the increase in the annealing temperature of GO
leads to a reduction in Iy accompanied by the rise in Iy
This reduction in I, may be attributed to removing oxygen
functional groups from the GO. In contrast, the rise in Iy, is
due to the restoration of sp> hybridized carbon atoms after
thermal treatments, corroborated by the XRD, Raman, and XPS
spectra analysis. A shifting of the bias voltage for the lowest Ijjgn,
is observed for all the samples, indicating a self-bias property.
Among the devices, GO-230 exhibits a prominent fjjgn, Of 1.44 pA
at 0 V in the I-V curve, the highest among them. Further anal-
ysis uses a bias voltage of —3.5 V and light intensity of 121 mW
cm 2 (at 405 nm).

4.3. Origin of high photocurrent in GO

The generation of I,;, in the GO-based devices is attributed to
the photoconductive effect, where incident light at responsive
wavelengths produces free charge carriers in the GO, aug-
menting the I,,. The working mechanism of the GO-based
devices is elucidated through a schematic diagram presented
in Fig. 4, explaining its operations in both dark and light illu-
mination. The conduction band (E.) and valence band (E,)
energy levels for highly functionalized GO are measured as
—3.4 eV and —6.3 eV, respectively, referenced to the vacuum
level.'” Si exhibits energy levels of —4.3 eV for E. and —5.4 eV for
E,. In the dark, fewer charge carriers transfer from the GO's E,. to
the Si's E. due to the disruption caused by attached oxygen
functional groups. Notably, GO-RT demonstrates a lower dark
current than other samples with less oxygen-functional groups.

The light illumination by a 405 nm laser on the GO device
generates extra charge carriers in three potential ways: (a) the
405 nm irradiated laser generates electron-hole pairs in the GO
due to its band gap of 2.9 eV. The resulting electrons move to

Light lllumination
Lvoc

Fig. 4 The charge transfer mechanism in GO-RT under dark and under light illumination.
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the Si's E., contributing to the current flow. (b) Photo-generated
charge carriers move from the defect states created by oxygen
functional groups to the GO's E.. Subsequently, these charge
carriers move to the Si's E., aiding current flow. (c) Charge
carriers flow directly from the defect states of GO to the Si's E,.
due to the broad distribution of defect states between the E. and
E. of highly oxidized GO. These defect states notably contribute
to the increased photocurrent in GO-RT, wherein the degree of
defect states relies on the presence of oxygen functional groups.
A reduction or partial removal of oxygen functional groups
would diminish the photocurrent. Consequently, GO-RT
exhibits a much higher photocurrent than GO-230, GO-120,
and GO-85.

The electrical characteristic of the GO-RT is changed after
the decoration of Au NPs on the GO sheets, such as an increase
of dark current (explained in section 4.2) and localized surface
plasmon resonance (LSPR) of Au NPs.* The LSPR phenomenon
improves the absorption of GO by trapping light at the GO-Au
NP interface. This influence is intensified by the combination of
several Au NPs, leading to the localization of scattered light
around them and a significant enhancement in light absorp-
tion. Overall, the LSPR effect thereby improves both conduc-
tivity and photoelectric responsivity. The interaction between
Au NPs and GO is evident in the shifting of absorbance peak
positions for GO and Au NPs. Our inference is also supported by
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the discussion involving the enhancement in the PL intensity
after decoration of Au NPs on the sheet in the preceding section
4.1. The Raman and XPS spectral analysis also validate our
hypothesis of interaction between Au NP and GO due to charge
transfer. Thus, the overall increase in the photocurrent is due to
the combined effect of charge transfer as well as LSPR.

4.4. Performance of GO-based photodetector

This section analyzes GO-based photodetectors’ performance
based on photo-response, responsivity, external quantum effi-
ciency, and response time. The light current represents the
current during light irradiation, while I, is the difference
between light current and dark current under identical condi-
tions. A constant negative bias voltage of —3.5 V is applied,
along with varying intensity of pulse laser excitation at 405 nm,
for AuGO (Fig. 5a), GO-RT (Fig. S6at), GO-85 (Fig. S6bt), GO-120
(Fig. S6ct), and GO-230 (Fig. S6dt). The photoresponse of AuGO
gradually increases as the laser intensity ranges from 0.05 mW
ecm™? to 1.43 mW cm >, as depicted in the inset of Fig. 5a. It
rises rapidly up to 205 mW cm™>. The power-dependent pho-
toresponse of AuGO is analyzed using the power law equation
L = AP’ where I,,, represents photocurrent, A is the pro-
portionality constant, P signifies the intensity/incident power
density of the laser, and 6 denotes the slope/response of I, to

b
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(a) Temporal photocurrent response of AuGO at different intensities of the laser (405 nm); the inset shows the photocurrent response at

low intensities; (b) a logarithmic plot of the photocurrent vs. laser intensities at —3.5 V; (c) temporal photocurrent response of AuGO at different
bias voltages; the inset displays the photocurrent response at low bias voltages; and (d) the variation of photocurrent as a function of bias voltage
for AuGO with laser power: 121 mW cm 2.
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light intensity.” The slope (f) is derived from the exponential
graph of I, vs. light intensity (Fig. 5b). AuGO exhibits a ¢ value
of 1.11, showcasing a highly linear relationship between photo-
generated free charge carriers and incident light flux. Ideally, ¢
should be 1, but the fitted # value is comparable, indicating
minimal recombination of photo-generated charge carriers and
some contribution of trap losses to Ip,. The non-ideal value (6 =
1.11) may result from a fraction of trapped and recombined free
charge carriers.*

For GO-RT, GO-85, GO-120, and GO-230, the # values are
1.12, 1.07, 1.01, and 0.96, respectively (inset of Fig. S6a and bf),
indicating a substantial contribution of photo-generated free
charge carriers to I,;, in these GO-based devices. Values of § < 1
may be attributed to the presence of defect states or surface
states. The gradual reduction in # from 1.12 to 0.96 for GO-RT,
GO-85, GO-120, and GO-230 reflects increasing structural
defects post-thermal annealing and removal of oxygen func-
tional groups. Conversely, 6 > 1 for other devices may stem from
a higher presence of oxygen functional groups trapping a frac-
tion of charge carriers,* which is challenging to justify from
a single effect.

The evolution from the semiconducting character of GO to
a nearly metallic nature (RGO) is depicted in Fig. S7.f The
correlation of I, with bias voltage is explored for GO-RT
(Fig. S7at), GO-85 (Fig. S7bt), GO-120 (Fig. S7ct), and GO-230
(Fig. S7dt). The temporal light current is assessed under
constant light intensity (121 mW cm ). In Fig. 5¢, the Lign, of
AuGO notably increases at reverse bias voltages ranging from
—1.5 V to —4.0 V. However, the current gradually increases
between 0 V and <—1.0 V (inset of Fig. 5¢) and from —4.0 V to
—5.0 V. The lower light current below —1.0 V may result from
insufficient energy to facilitate the flow of free photo-generated
charge carriers from the active materials to the metal electrode.
This leads to charge carrier recombination before separation
and, subsequently, a low current.*® The gradual increase in light
current post —4.0 V for AuGO might indicate nearing satura-
tion. The rapid increase in I,, between —1.0 Vand —4.0 V could
be due to the swift transport of photo-generated charge carriers
to the metal electrode, preventing charge carrier recombina-
tion.** The I, related to reverse bias voltage is analyzed through
plotted graphs of I, against bias voltage (Fig. S7a-d¥) for GO-
RT, GO-85, GO-120, and GO-230. In GO-RT, a transition in
Liign is observed from —1 V to —3.5 V, and the saturated I, is
—0.29 mA at an applied bias voltage of —3.5 V (Fig. S7af).
Although the light current gradually increases from —3.5 V to
—5.0V, the I, remains constant, possibly due to the rise in dark
current compromising the increase in light current. Asymmetric
I, behavior is observed in GO-85 and GO-120. GO-230
demonstrates an almost linear curve among different devices,
indicative of its ohmic characteristics. The restoration of the sp®
hybridized structure in GO by removal of oxygen functional
groups leads to the conversion of semiconducting behavior to
a metallic behavior. Fig. 5d shows the variation of photocurrent
as a function of bias voltage for AuGO with a laser power of 121
mW cm 2. The non-linear relationship between the photocur-
rent (I,n) and applied bias voltage (V) could be explained as
follows. As the GO behaves like a semiconductor, the
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photocurrent is essentially proportional to the depletion width
in the junction and diffusion lengths of carriers. The depletion
width is nonlinearly dependent on the applied reverse bias, and
as a result, the photocurrent varies nonlinearly with the applied
bias, as shown.

The temporal light current analysis of GO-based devices is
presented in Fig. 6a, distinguishing the contribution of Ijjgp,
from the localized surface plasmon resonance (LSPR) of Au NPs,
enhanced charge transfer from GO to the external contacts,*
and different oxygen functional groups in GO, such as highly
oxygenated GO (GO-RT) and low-oxygenated GO (GO-230). The
Lijgne of GO-RT is notably higher than GO-85, GO-120, and GO-
230. This disparity arises due to the presence of abundant
oxygen functional groups that contribute more charge carriers
during light irradiation, as explained previously. Specifically,
the Ligp values for AuGO, GO-RT, GO-85, GO-120, and GO-230
are —0.485 mA, —0.225 mA, —0.171 mA, —0.151 mA, and
—0.148 mA, respectively. Correspondingly, the I, values for
AuGO, GO-RT, GO-85, GO-120, and GO-230 are —34 nA, —253
nA, —602 nA, —678 nA, and —363 nA, respectively.

AuGO demonstrates an increased ljign, reaching up to 255 A
and 332 pA compared to GO-RT and GO-230, respectively. This
increase is attributed to heightened light absorption in AuGO,
thereby augmenting higher Ijg: in AuGO.*® GO-RT exhibits an
Liigne 1.5 times greater than GO-230, potentially due to the
abundant oxygen functional groups present in GO-RT. The Ijigp,
observed in GO-230 (—0.148 pA) may originate from structural
defects, as there is a reduction in oxygen functional groups from
GO-230, as revealed from XPS and FTIR analyses. Ultimately, the
combined effects of the plasmonic effect and abundant oxygen
functional groups contribute to a 3.24 times enhancement in
AuGO's Ijjgne compared to GO-230.

4.5. Figures of merit of the GO-based photodetector

The performance of the photodetector is determined by several
parameters******* including photocurrent (I,,), on/off ratio
(Ronyorr), responsivity (R), external quantum efficiency (EQE),
detectivity (D), noise equivalent power (NEP) and response time
(rise and fall).

I, represents the difference in current between the light
current and dark current of a photodetector device. It is calcu-
lated using a formula:

Iph = Ilighl - Idz\rk (1)

where I, is photocurrent, fjgp, is light current, and Iy is dark
current. The values for I,;, of GO-RT, GO-85, GO-120, GO-230,
and AuGO are determined as 224, 170, 150, 148, and 484 pA,
respectively, using eqn (1), as depicted in Fig. 6b. The value of
Liighe and Iy, values for the devices are indicated both above
and in Fig. 6a.

Ronyorr is the ratio of a photodetector's light current to its
dark current.* A device with a high Ronorr can detect low
incident light, and this can be enhanced by reducing the I4.x,
promoting fast photo generation of free charge carriers, and
increasing the Ijgn.. The Ronopr is calculated using the
following formula:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ilight (2)

Ronjorr = i7
dark

where Ronjorr is the on/off ratio, ljgn: is the light current, and
Iqark is the dark current. The Ronjorr Values for GO-RT, GO-85,
GO-120, GO-230, and AuGO are obtained as 6465, 675, 250,
218, and 1336, respectively, using eqn (2), as shown in Fig. S8a.t
Increasing the annealing temperature of GO results in a reduc-
tion in ljgne and an increase in Igak. The surge in the dark
current of GO-230, which is up to 19.7 times higher than that of
GO-RT, is attributed to the removal of oxygen functional groups,
resulting in a smoother flow of charge carriers. Consequently,
the Ronyorr ratio of GO-RT exceeds that of GO-230 by more than
29.6 times due to the lower Iy, and higher Ljgp, of GO-RT.
Moreover, the Ronjorr ratio of GO-RT is more than 4.8 times
higher than that of AuGO, primarily due to the elevated I of
AuGO, which is contributed by the channeling effect.>

The responsivity, R, can be defined as the generation of I, in
the active material of a photodetector per unit intensity of the
incident light; it is measured in A W™'. The R values of the GO-
based devices are calculated using the following formula:*®

Px A

(3)

© 2024 The Author(s). Published by the Royal Society of Chemistry

where I,;, is photocurrent, P is the power density of the incident
light or intensity of light, and A is the active area of the
photodetector. The R values of GO-RT, GO-85, GO-120, GO-230,
and AuGO are measured as 4.64 AW !, 3.52 AW !, 3.1 AW,
3.06 A W', and 10 A W, respectively using eqn (3), as
depicted in Fig. 6¢c. The R of AuGO is improved by more than two
times as compared to GO-RT and by more than three times as
compared to GO-230. The R of GO-RT, GO-85, GO-120, and
AuGO is enhanced by 51.8%, 15.2%, 1.5%, and 226.9%,
respectively, compared to GO-230, as shown in the inset of
Fig. 6c.

EQE, known as the amount of free charge carriers generated
in the device per unit of incident photons, is calculated using
the following formula:*

hcR

EQE= = 0
where EQE: external quantum efficiency, /: Plank's constant, c:
speed of light, R: responsivity, e: electron charge, and A: wave-
length of incident light (405 nm). The EQE values for GO-RT,
GO-85, GO-120, GO-230, and AuGO are acquired as 1425%,
1082%, 953%, 939%, and 3071%, respectively, using eqn (4), as
depicted in Fig. 6d. The EQE of AuGO is 1646% higher than that
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Fig. 7 The rise time and fall time of (a) GO-RT, (b) AuGO, and (c) GO-230 photodetectors with exponential fits.

of GO-RT and 2132% higher than that of GO-230. We under-
stand that the higher the value of Iy, the better the perfor-
mance of the photodetector. AuGO outperforms other samples
because I, is directly related to the relationship among
performance parameters like R and EQE.

Detectivity (D) can be calculated using the following
equation:**

12
D Rx A - 5)
(2q1anc)

where, g: electronic charge. The values of D for GO-RT, GO-85,
GO-120, GO-230, and AuGO are measured as 8.8 x 10! Jones,
2.47 x 10! Jones, 1.41 x 10" Jones, 1.31 x 10'* Jones, and 5.87
x 10" Jones, respectively, using eqn (5), as depicted in
Fig. S8b.1 The D of GO-RT is enhanced 6.71 times compared to
GO-230 and 1.5 times compared to AuGO. The low I
contributes significantly to achieving the high value of D.

Noise equivalent power (NEP) is calculated using the
following formula:*

1/2
NEP = % (6)

where A: effective area of the device, D: detectivity. The values of
NEP for GO-RT, GO-85, GO-120, and GO-230 are obtained as
0.22 fW (Hz) 2, 0.8 fW (Hz) "2, 1.41 fW (Hz)*?, 1.52 fW
(Hz)™"2, and 0.34 fW (Hz) ™"/ respectively, using eqn (6).
Response time is the duration a photodetector takes to
respond to the incident light. It is analyzed in terms of rise time
(trise) and fall time (tgap). Trise 1S the time required to reach the
saturated light current from the dark current of a photode-
tector. tg, is determined as the time required to decline from
the saturated light current to the dark current level of a photo-
detector. It can be calculated using the following equation:*

In(t) = Iy + Ae™"" 7)

where I,n(f): photocurrent at time ¢, I,: the final value of
photocurrent, A and t are constants.

The response time of the GO-based devices is analyzed using
temporal response measurements. The fast temporal response
is measured by applying a 20 kHz pulse generator on the laser
(405 nm) and a bias voltage of —5 V, then capturing the
response data using a digital oscilloscope. The response data
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perfectly fits the 7,45 and g,y of the GO-based devices using eqn
(7), shown in Fig. 7. The 1,5 GO-RT, AuGO, and GO-230 is
measured as 8.21 us, 24.19 ps, and 27.8 us, respectively; the 7.
of GO-RT is 2.94 times faster than AuGO, and 3.38 times faster
than GO-230. The ¢, of GO-RT, GO-230, and AuGO is 295.15 s,
208.9 ps, and 147.6 ps, respectively. The t¢,; of AuGO is 86.25 us
less than GO-RT and 61.3 us more than GO-230. These results
illustrate that GO-based devices can effectively detect high-
frequency light signals. The fast response time of GO-RT may
be attributed to direct charge transfers from the intermediate
energy states without trapping the generated charge carriers
during light irradiation.

Conversely, the slower response time of GO-230 compared to
GO-RT and AuGO could be due to the creation of the defect
states in the annealed GO after the removal of oxygen functional
groups, which act as trapping sites for charge carriers. The
presence of abundant oxygen functional groups in GO-RT is
explained in the previous section, and the removal of these
oxygen functional groups by thermal annealing of GO creates
structural defects, as confirmed by the broad peak at 25.6°
observed in the XRD of GO-230. Therefore, the synergy between
abundant oxygen functional groups and the induced charge
carriers by the decorated Au NPs significantly contributes to
enhancing the photo-sensing response of GO.

5. Conclusions

We investigated the effects of oxygen functional groups and
plasmonic Au NPs on photo absorption, followed by photo-
detection on large-area GO sheets. The existence of oxygen
functional groups in GO, along with their systematic reduction
through thermal annealing at various temperatures, has been
confirmed by XPS, Raman, EDS, and FTIR spectroscopy. The
notable shift in the characteristic XRD peak for the (002) plane,
from 10.9° to 25.6°, further verifies the reduction of functional
groups and the restoration toward graphitic structures. More-
over, the broader peak at 25.6° indicates the creation of struc-
tural defects during the thermal annealing of GO. The sparse
decoration of Au NPs on the GO surface, confirmed in the
FESEM image, is also evident in the UV-Vis absorption spec-
trum, which enhances absorption in the UV-visible region. The
influence of functional groups is apparent in the performance
of GO-based photodetectors, where I, decreases from 0.225 mA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to 0.148 mA due to functional group reduction. However, I,
significantly increases to 0.484 mA after incorporating Au NPs
onto the GO surfaces. The Au NP-decorated GO exhibits the
highest responsivity of 10 A W', 3.3 times higher than fully
reduced GO and 2.1 times higher than GO. The EQE of AuNP-
decorated GO increases to 3071% from 939% of reduced GO
and 1425% of GO. Additionally, AuGO and GO-RT demonstrate
superior photo-sensing capabilities compared to other reported
values. In conclusion, the presence of oxygen functional groups
on GO enhances the performance of GO-based photodetectors,
as confirmed by the material characterization of GO. These
results are significant for developing GO-based photodetectors
and other optoelectronic devices. The performance of GO-based
photodetector devices can be further studied by changing the
thickness of GO from thin film to single/bi-layer, 2-electrode to
three terminals (transistor-based photodetector device),
different work function metals used as electrodes, and asym-
metric channel width of IDE patterns, etc. The stability of the
GO-based device may be a concern for practical application,
which can be improved by proper encapsulation.
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