
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry C

www.rsc.org/materialsC

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |1 

Deep ultraviolet to near-infrared photoresponse from glucose-derived 

graphene oxide 

Sin Ki Lai,
a
Libin Tang,

 ab 
Yeung Yu Hui,

ab
 Chi Man Luk

 ab
 and Shu Ping Lau*

ab
 

Received (in XXX, XXX) XthXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

Graphene oxide (GO) was synthesized by a hydrothermal method using glucose solution as sole reagent. 

The wavelength-dependent photoresponse of the GO was investigated by fabricating metal-GO-metal 

photodetectors. The devices demonstrated broadband photoresponse from 290 to 1610 nm covering deep 

ultraviolet (UV) to near-infrared (NIR), which is the broadest spectral range yet demonstrated on GO. The 

response times of the photodetectors in the UV and visible range are about 100 ms, which are at least one 10 

order of magnitude faster than photodetectors based solely on GO reported previously. The responsivity 

of the photodetector can be as high as 23.6 mA/W in the visible range. The wavelength-dependent 

photoresponse is closely related to the absorption characteristic of the GO. Potential for self-powered GO 

based photodetector is first demonstrated, the device shows prominent photoresponse at zero bias. The 

GO based photodetectors pave the way for developing low-cost, broadband, self-powered as well as 15 

spectrally tuneable photodetectors.  

Introduction 

Graphene has recently been popularly investigated for application 

in photodetection due to its broad absorption spectrum1, which is 

a consequence of zero band gap and strong interband transition. 20 

High carrier mobility in graphene also enables high speed 

operation up to 500 GHz.2 However, the one-atom thick graphene 

results in low absorbance, thus pure graphene photodetectors 

typically show low responsivity, in the order of mA/W.2-3 Some 

recent works have therefore incorporated graphene with high 25 

optical absorption nanostructures, e.g. quantum dots, to form 

hybrid photodetectors.4-6 Graphene plays the role of carrier 

transport layer in these devices by utilizing the superior electrical 

conductivity over quantum dots, but its wide band absorption 

characteristic cannot be expressed. Wide band photodetection has 30 

many potential applications in imaging, sensing and 

communication.7 Graphene oxide (GO) and reduced graphene 

oxide (RGO), which are graphene derivatives decorated with 

oxygen functional groups on its basal plane and edges8, also 

shows wide band asborption.9 In addition, they can be produced 35 

in multilayer and in bulk quantity at a time.10 

A few studies had employed GO and RGO in photodetection. 

Some used GO or RGO as the only active material.11-15 Qi et al. 

demonstrated GO photoresponse in UV, visible light and  NIR13, 

but unstable photocurrent was found upon UV illumination, 40 

which is attributed to the reduction of GO in UV. Chitara et al. 

demonstrated GO photoresponse at 360 nm11 and 1550 nm12 but 

without visible light investigation. In addition, the variations of 

photoresponse over different excitation wavelengths have not 

been addressed clearly. Other works formed Schottky photodiode 45 

between RGO and silicon9,16 or integrated GO with 

nanostructures17-19, but the contribution of GO in photodetection 

was blurred by silicon and nanostructures in these studies. It is 

important to understand the wavelength-dependent photoresponse 

in GO, and the origin of such dependence, in order to ascertain 50 

the practical application of GO in photodetection.   

In this work, a vertical junction photodetector employing GO as 

the only active material was fabricated. The wavelength-

dependent photodetection of GO was investigated in detail. The 

GO was produced by hydrothermal processing of glucose 55 

solution followed by thermal annealing.20 The conductivity and 

charge mobility of the GO can be tuned over wide range by using 

different annealing temperatures as tabulated in Table S1 (ESI†). 

Our GO photodetectors demonstrate stable photoresponse in UV 

and visible light with response time of about 100 ms and 130 ms, 60 

respectively. The response time in this range is at least one order 

of magnitude faster than the previously reported GO 

photodetectors.11,13,15 

Experimental 

Preparation of graphene oxide  65 

GO was prepared by hydrothermal processing of glucose solution 

following a procedure described elsewhere.20 Glucose powder 

was dissolved in deionized water to give 0.5 M glucose solution. 

About 40ml glucose solution was transferred to a 50 ml Teflon-

lined autoclave with a diameter of 3.5 cm and was heated at 180 70 

oC for 3 – 4 hours. The reaction mixture was cooled overnight to 

room temperature. Multilayer GO forms at the solution-air 

interface and can be transferred to arbitrary substrate by dip-

coating. The as-grown GO film is continuous over the solution 

surface, limited only by the cross sectional area of the autoclave.  75 
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Fig. 1 (a) Schematic structure of the GO photodetector. The bias 

condition of the photodetector is indicated.  (b) AFM height profile of a 

650GO with a synthesis time of 4hrs. Film thickness is 37.7nm. (c) 
Raman spectra of the GO with different annealing temperatures. (d) Flat 5 

energy band diagram of the device.   

 

Thickness of the as-grown GO can be controlled by varying the 

hydrothermal time, temperature and concentration of glucose 

solution. The hydrothermal temperature and concentration of 10 

glucose solution were kept constant at 180 oC and 0.5 M 

respectively. The as-grown GO is an insulator. Thermal annealing 

was used to transform the GO to a semiconductor. 

Device fabrication 

The schematic structure of the device is shown in Fig. 1(a). The 15 

GO under hydrothermal synthesis of 3 hours was dip-coated onto 

indium tin oxide (ITO) coated glass. The GO/ITO was annealed 

under vacuum in 450 oC for 8 minutes.  Another GO film with a 

synthesis time of 4 hours was dip-coated onto copper foil, and 

was then annealed under vacuum in 650 oC for 8 minutes. High 20 

annealing temperature may increase the resistance of ITO, 21 thus 

650 oC annealed GO is transferred after annealing. The above 

GOs are designated as 450GO and 650GO respectively, similarly 

for GO of other annealing temperatures in this work. The 

650GO/Cu was floated in 1 M FeCl3 solution to etch away 25 

copper. The etching time was 1 day. The resulted 650GO film 

was transferred to DI water for several times to wash away the 

etchant. The 650GO was then dip-coated onto the prepared 

450GO/ITO structure. Au of about 100 nm thick was thermally 

evaporated through a shadow mask as the top electrode. ITO 30 

serves as the bottom electrode in the device.  

Results and discussion 

Characterization of GO films 

Fig. S1(a) (ESI†) shows the atomic force microscopy (AFM) 

image of a 450GO. The film deposited on the substrate by dip-35 

coating is uniform, and has a root-mean-square (RMS) roughness 

of 1.1 nm. The film thickness is 36 nm according to Fig. S1(c). 

Fig. S1(b) shows the AFM image of a 650GO transferred from 

Cu foil to a Si substrate. The roughness of the GO increases after 

transference with a RMS roughness of 51nm. The film thickness 40 

is 37.7 nm as shown in Fig. 1(b). According to the device 

structure (Fig. 1(a)), the total thickness of the GO is about 70 nm. 

Raman spectra of the GO with various annealing temperatures are 

shown in Fig. 1(c). The GO generally shows two characteristic 

peaks: the G peak at about 1600 cm-1, which corresponds to the 45 

in-plane vibrations of sp2 carbon, and the D peak at about 1350 

cm-1, is related to the disorder in graphene plane, due to scattering 

at the edges of defects.22-23 The as-synthesized GO has a strong 

fluorescence background with no characteristic peak. At 450 oC 

annealing, the G peak appears, showing the formation of sp2 50 

domains, and the GO still exhibits strong fluorescence 

background. Phase change is clearly observed as the annealing 

temperature increases to 650 oC and 850 oC. The fluorescence 

background disappears. Prominent G and D peaks are observed.  

Fig. 2(a) shows the UV-Vis absorption spectra for different 55 

annealing temperatures of the GO. The GO exhibits two major 

features. First is a shoulder at around 300 nm, which corresponds 

to the n to π* transition of C=O bond, and is attributed to the sp3 

bonding in GO.24-25 Second feature is a peak at around 200 nm, 

which corresponds to the π to π* transition of sp2 C-C bond.24-25 
60 

Two changes of the peak are observed as annealing proceeds. 

Firstly, the peak broadens. Second, the peak shows a clear red 

shift from 198 to 266 nm, from the as-synthesized GO to the 

1000GO. The peak shift is found to be linear with annealing 

temperature as shown in the inset of Fig. 2(a). This redshift had 65 

also been reported before and is attributed to the increase in sp2 

content in the GO as annealing proceeds.24-25 As seen from Fig. 

S2 (ESI†), the enhanced absorption at visible and NIR as the 

degree of reduction increases26 reveals that the absorbance, and 

hence the photoresponse, of the GO is spectrally tunable by 70 

controlling the degree of reduction. It would be pointed out in 

later section that the responsivity of the GO photodetector is 

largely determined by the absorbance at the corresponding 

wavelength.  

To evaluate the chemical function groups present in the GO, 75 

Fourier Transform Infrared Spectroscopy (FTIR) was performed. 

The FTIR spectra of 450GO, 650GO and their analysis are 

provided in Fig. S3 (ESI†). The spectra reveal the presence of 

C=C, C-H, C=O, C-O and -OH bonds that are typically found in 

GO.20, 27  
80 

Fig. 2(b) shows the Tauc plot of the GO for different annealing 

temperatures. The intercept of the dotted line is a reference to the 

optical band gap of the GO, although GO does not have a clear 

cut band gap due to its mixed sp2 and sp3 nature.28-30 In addition 

to the large number of trap states resulted from the oxygen 85 

functional groups and defects induced by annealing.31-32 From 

Fig. 2(b), for the as-synthesized GO, 450GO, 650GO and 850GO, 

the optical band gap is estimated to be 4.45, 4.07, 2.71 and 2.41 

eV respectively. Optical band gap of GO decreases with the 

degree of reduction, which agrees with previous works.33-34 These 90 

values indicate that the optical band gap of the GO is tuneable 

over wide range. 

The flat energy band diagram of the device is shown in Fig. 1(d).  
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Fig. 2 (a) Normalized UV-Vis spectra of the as-synthesized GO and 
450GO, 650GO, 850GO and 1000GO. The abrupt jump at 365 nm is due 

to the change of light source in the spectrometer but not the samples. Inset 

shows the linear relation between shift in π to π* peak and annealing 5 

temperature. (b) Tauc plot for the as-synthesized GO and 450GO, 650GO 

and 850GO. The optical band gap is estimated to be 4.45, 4.07, 2.71 and 

2.41 eV respectively. 

 

Work function of GO increases as the oxygen content 10 

increases.35-36 Work functions of GO and RGO have been 

reported to be 4.9-4.96eV and 4.79-4.88eV respectively.37-38 

HOMO for GO and RGO obtained from ultraviolet photoelectron 

spectroscopy (UPS) are ~1.5 eV and ~1.1 eV below the work 

function respectively.39 Using the band gap values obtained from 15 

Fig. 2(b), the LUMO of the GOs are determined. It can be seen 

from Fig. 1(c) that 450GO acts as an effective electron blocking 

layer37 to suppress photogenerated electrons diffuse from LUMO 

of 650GO towards the ITO electrode. The 650GO serves as an 

effective absorption layer in the device, as seen from its stronger 20 

absorption in Fig. S2.  

As a comparison, another set of photodetectors with 700GO 

replacing 650GO were fabricated. Photoresponse of the 700GO 

device is provided in Fig. S4 (ESI†). Although GO of higher 

annealing temperature shows higher absorbance, the increased 25 

electrical conductivity of the 700GO results in higher dark 

current at 1V bias, which reduces the specific detectivity (D*) 

and on/off ratio as tabulated in Table 1. D* and on/off ratio are 

given by 16, 40, 41 D*=RA1/2(2qIdark)
-1/2 and on/off = Ilight/Idark where 

R is the responsivity at a particular wavelength, q is the electron  30 

 

charge, A is the effective area of the device, Ilight, Idark are current 

under light and dark respectively. The low detectivity and on/off 

ratio would degrade the ability of photodetectors to detect low 

light power. Therefore, 650GO is applied in this device. 35 

Device performance 

In all the electrical measurements, the electrodes are connected 

according to Fig. 1(a). The current-voltage (I-V) characteristic of 

the device is shown in Fig. 3(a). A nonlinear I-V is observed, 

which indicates the formation of Schottky barrier in the device.42 
40 

Schottky barrier creates internal electric field. Upon absorption of 

photons, electron-hole pairs are generated. Internal electric field 

helps separate the electron-hole pairs and hinders their 

recombination. Charge carriers are swept by electric field in 

opposite direction towards the electrodes and results in 45 

photocurrent. 

The temporal responses of the device under UV, visible light and 

NIR excitations are shown in Fig. 3(b)-(d) respectively. The 

photoresponse covers from 290 to 1610 nm, which is the broadest 

spectral range yet demonstrated on photodetectors that applied 50 

GO as the only active material, the photoresponse thus can be 

solely attributed to the GO. Photoresponse of the GO at 290 nm 

was measured with a planar structure device as shown in Fig. S5 

(ESI†), as ITO is opaque to 290 nm radiation. Electrical 

measurements were obtained in ambient condition using a 55 

Keithley 2400 meter. The bias voltage was 1V unless otherwise 

specified. The light sources include 290, 375, 410, 660, 940 nm 

light emitting diodes (LEDs) and 1610 nm laser diode. The detail 

specification of the light sources can be found in ESI†. The device 

shows good photoresponse under UV and visible light.  60 

Photocurrent saturates quickly after light is on, and drops quickly 

back to dark current level when light is off. In UV and visible 

light, the absence of an exponentially saturating rise and fall edge 

in the provided time scale indicates a small contribution from the 

slow diffusion component of the charge carriers, while fast drift 65 

component of charge carriers dominates in photodetection.43  

The relationship between light intensity and photocurrent was 

investigated. Power of the light source was measured with an 

optical power meter. The effective illumination area was fixed at 

7 mm2 in all measurements by passing light through a shadow 70 

mask. In Fig. 3(e), the photocurrent is plotted against light 

intensiy in log-scale under 410 nm excitation. Data are fitted with 

the power law  ��� 	�	α�
�, where Iph is the photocurrent, P is the 

light intensity and α is a constant. The value of θ obtained from 

fitting is 0.991. The monotonic variation of photocurrent between 75 

10-6 – 10-1 Wcm-2 shows that the photodetectors can effectively 

distinguish light intensity in this range.  

To demonstrate the reproducibility of the photoresponse, a square 

voltage of frequency 0.43 Hz was supplied to a 410 nm LED. The 

Table 1 

D* and on/off ratio of 700GO/450GO and 650GO/450GO device 

structures under 410 nm excitation at 3.1 mW 

Device structure  D*(107cmHz1/2W-1) on/off  
700GO/450GO  2.33  1.01  
650GO/450GO  3.31  1.46  
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Fig. 3 (a) I-V characteristic of the device in the dark. Temporal photoresponse under (b) UV, (c) visible light and (d) NIR excitation. (e) Photocurrent 
against log-scale of the light intensity under 410 nm excitation. Red line indicates fitting with the power law. (f) Photoresponse under periodic on-off 

cycles of 0.43 Hz at 410 nm, demonstrating the reproducibility of the photodetectors. 

 5 

corresponding photoresponse is shown in Fig. 3(f). The output 

current follows closely the signal from the light source, 

demonstrating a fast response. The photoresponse is stable with 

no appreciable change in the magnitude of photocurrent over all 

on/off cycles in the measurement. The dark current is increasing 10 

with time under an applied voltage, which is also observed in Fig. 

3(c), and 3(d). The origin for the continuous increase in dark 

current with time is not very clear. However, a changing in dark 

current with time is commonly observed in photodetectors.44, 45 

As the magnitude of the photocurrent is almost constant for many 15 

on/off cycles as shown in Table S2 (ESI†), the increasing in dark 

current with time should not be related to the reduction in GO due 

to light illumination.13 

Next, important figures of merit of photodetectors, including 

responsivity and response time, were characterized. The device 20 

demonstrated very different photoresponse in NIR as compared to 

UV and visible light. Responsivity (R) measures the amount of 

photocurrent (Iph) generated by a unit of optical power (P). It is 

given by the equation R=Iph/P. Responsivity in log-scale as a 

function of excitation wavelength is given in Fig. 4(a). The 25 

powers at different wavelengths were maintained at 1 – 5 mW. It 

is found that the responsivity generally decreases with 

wavelength from 375 to 940 nm, and is fitted with an exponential 

function. The inset of Fig. 4(a) shows the responsivity in linear 

scale against wavelength. It can be seen from the inset the 30 

responsivity exhibits a similar trend with the UV-Vis absorption 

spectrum in Fig. 2(a).   

This shows that the absorption of the GO at a particular 

wavelength is a critical factor to the corresponding responsivity. 

The wide band photodetection of the device is attributed to the 35 

broad range absorption of the GO. The GO exhibits a weak but 

non-zero absorption in NIR which results in the low responsivity 

in NIR.  

Fig. 4(b) shows the responsivity of the device as a function of 

light intensity. As shown in the figure, the highest responsivity of 40 

the device under 1V bias at 410 nm is 23.6 mA/W, which is 

higher than the RGO/Si nanowires hybrid photodetectors9 and is 

comparable to other GO based photodetectors.11, 13 As opposed to 

photocurrent in Fig. 3(e), the responsivity decreases with 

increasing light intensity, This is also observed in some quantum 45 

dot photodetectors.5, 6  

The relationship between bias voltage with photocurrent and 

responsivity are also investigated. Fig. 4(c) and 4(d) show 

respectively the photocurrent and responsivity as a function of 

bias voltage under different light intensities at 410 nm. For a wide 50 

range of light intensities, both photocurrent and responsivity 

increases with bias voltage. This indicates that bias voltage can 

effectively suppress the recombination of electron-hole pairs, and 

increase the efficiency of extracting charge carriers to the 

electrodes. 55 
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Fig. 4 (a) Log-scale of the responsivity as a function of wavelength. Inset shows the linear scale of the responsivity against wavelength. The inset exhibits 
similar trend with the absorption spectrum of GO. (b) Log-log scale of responsivity as a function of light intensity. (c) Photocurrent as a function of bias 

voltage under a series of optical powers. (d) Responsivity as a function of bias voltage under a series of optical powers. 

 5 

Response time is another important parameter for photodetectors. 

Rise (fall) time is defined as time interval from 10% (90%) to 

90% (10%) of saturated photocurrent with respect to the dark 

current after light is on (off).The rise and fall times under UV, 

visible light and NIR are tabulated in Table 2. Fig. 5(a) shows the 10 

rise time, fall time analysis and time constant fittings of a 660 nm 

excitation. 

 It is noted that the response time in UV (~105ms) and visible 

light (130ms) range is at least one order of magnitude faster than 

the previously reported photodetectors that applied GO as the 15 

only active material, in which the time constants are reported to 

be ~30min11 and 5 – 20s13 in UV and visible light respectively. 

In addition, the photocurrent does not reach complete saturation 

in these works. The faster response in this work compared to the 

previous work is partly attributed to the small separation between 20 

the electrodes in the device in which the active layer is only 70 

nm thick. Thus it reduces the distance travelled by the carriers 

upon reaching the electrodes, when compared with ref. 11 where 

the electrode separation is 2 mm. 

Response time is longer under NIR excitation than visible light 25 

and UV, which is also reported in previous work.13 It is clearly 

observed in Fig. 3(d) where under NIR excitation, an obvious fast 

drift component as represented by the sharp rise is followed by a 

slower component represented by the exponential saturation of 

photocurrent. A possible reason for the slow response time at 30 

NIR is trapping of charge carriers. Some works reported that 

C=O functional groups and defects in GO may trap charge 

carriers46, which result in a negative photocurrent11, and slow 

response time.13 Due to the weak absorption in NIR, for a 

constant number of trapping sites in GO, a larger proportion of 35 

photogenerated carriers from NIR excitation are trapped. 

Trapping increases the recombination lifetime of charge 

carriers47, 

Table 2 

Rise and fall times under different excitation wavelengths 

Wavelength (nm) Rise time  Fall time  

375 ~105ms ~105ms 

660  130ms 152ms 

1610 78.13s  70.99s  
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Fig. 5 (a) Rise time and fall time analysis of photoresponse under 660 nm 
excitation. Red dashed curves are the exponential fittings for 

determination of rise and decay time constants. (b) Photoresponse under 5 

zero bias voltage at 410 nm. 

 

longer travelling time to electrodes is enabled, which manifests as 

a significantly longer response time. 

Lastly, the possibility for self-powered GO based photodetectors 10 

is investigated for the first time. As shown in Fig. 5(b), the device 

demonstrates prominent and fast photoresponse under zero bias 

voltage. Compared to 1V bias, under same condition of 410 nm 

excitation at 3.1 mW, the magnitude of photocurrent decreases 

but the on/off ratio increases from 1.46 at 1V bias to ~103 at zero 15 

bias. Although bias can increase the responsivity of the device, 

self-powered photodetectors are more desirable when considering 

application under harsh condition and weight reduction.48 This 

shows that the GO based device has potential application as self-

powered photodetectors.  20 

Conclusions 

Vertical junction photodetector employing GO as the only active 

material shows fast response time of ~105 ms in UV and 130 ms 

in visible light. The responsivity reaches 23.6 mA/W at 410 nm 

and 1 V bias.  The device shows significantly lower responsivity 25 

and longer response time in NIR region. These wavelength 

dependent properties are related to the unique absorption 

characteristic of the GO, which is a finite but much lower 

absorbance at NIR region. The low absorbance in NIR can be 

enhanced by increasing the annealing temperature of GO, which 30 

implies that the GO photodetectors may be spectrally tuneable. 

Under zero bias, the device shows fast response with an on/off 

ratio ~1000. The GO shows promising application for high 

performance UV and visible light self-powered photodetectors. 
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Deep ultraviolet to near infrared photodetector based on glucose-derived graphene oxide nanosheets.  
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