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A B S T R A C T

Drop casting deposition technique was used to fabricate graphene oxide doped methylene blue (GO
doped MB) photodiode, Al/p-Si/GO doped MB/Au. The effects of illumination on the current–voltage (I–V)
characteristics of the Al/p-Si/GO doped MB/Au Schottky diode for optical sensing applications were
explored. The reverse current of the diode in the reverse bias increases with the increasing illumination
intensities. The obtained trends for both ideality factor and barrier height are in agreement, suggesting
that they are both affected by GO doping. The photosensitivity of the photodiodes was investigated. The
highest photosensitivity was observed for the diode having 0.03 GO:MB ratio with Iphoto/Idark ratio of
8.67 � 103 at 100 mW/cm2 under 10 V. The rectification ratio was of the order of 104. In addition, the
capacitance–voltage (C–V) and conductance–voltage (G–V) measurements of the diode were studied in
the frequency range of 10 kHz–1 MHz. The measured values of the capacitance decrease with the
increasing frequency. The decrease in capacitance was explained on the basis of interface states. The
photoelectrical properties of Al/p-Si/GO doped MB/Au devices indicate that the prepared diodes can be
used both as a photodiode and a photocapacitor in optoelectronic device applications.

ã 2016 Published by Elsevier B.V.

12 1. Introduction

13 The graphite family is well researched material because of its
14 inherent electrical, chemical and mechanical properties, along
15 with its several practical applications [1]. Lots of attention has been
16 given to the exploration of the properties of graphite such as
17 graphene, graphene oxide (GO) and reduced graphene oxide
18 (RGO), for several applications [2–4]. Graphene was discovered by
19 mechanical exfoliation method [5], is a one-atom thick layer of
20 graphite. Many researchers have explored the new world of
21 graphene due to its unique and remarkable electronic properties
22 [6–8], such as high carrier mobility, micron scale mean free path
23 and high saturation velocity [9].Q4

24Numerous reports have pointed to extensive applications and
25proposed applications of graphene [2,10–13]. Other reported
26literature have shown the use of graphene in the development
27of solar cells and diodes [14,15]. Li et al. [14] used highly conductive
28semitransparent graphene sheets combined with an n-type silicon
29wafer to fabricate solar cells with power conversion efficiencies up
30to 1.5% at AM 1.5 and an illumination intensity of 100 mW cm�2. Lv
31et al. [16] have used soluble graphene oxide to fabricate graphene
32films to measure their time-resolved photoconductivity, they
33observed higher photoconductivity with higher photon energy at
34same incident light intensity. Xia et al. [10] also used graphene to
35fabricate photodetectors, and suggested that the generation and
36transport of photo-carriers in graphene differ fundamentally from
37those in photodetectors made from conventional semiconductors
38because of the unique photonic and electronic properties of the
39graphene. They also demonstrated that the photo response of
40ultrafast transistor-based photodetectors made from single- and
41few-layer grapheme does not degrade for optical intensity
42modulations up to 40 GHz.
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43 Graphene oxide (GO) has emerged as a promising nanomaterial
44 with tremendous potential for photonic applications because of its
45 impressive optical properties [10]. Extensive reports have elabo-
46 rated on the unique properties of GO such as controllable band gap
47 and high transmittance compared to other graphene-derivatives
48 [17,18]. It must be noted that these properties are essential in the
49 application of optoelectronics. Al-Hartomy et al. [19] have studied

50the effect of graphene oxide on the diode characteristics of PEDOT-
51PSS/p-Si. It was observed that the diode with 0.1% of GO in the
52PEDOT:PSS–GO composition had highest photo response property.
53Also, the I–V characteristics of the fabricated diodes show strong
54dependence on composition of GO.
55On the other hand, methylene blue (MB) is a blue cationic dye
56that belongs to the phenothiazine organic family. The absorption of

Fig. 1. Schematic diagram of the fabricated device.

Fig. 2. AFM Images of GO doped MB samples.
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Fig. 3. I–V characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO: MB ratio.
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Fig. 4. Plots of GO: MB ratio vs. n and ’B for the diodes.

Table 1
Photovoltaic parameters of the diodes.

Samples Devices (wt %, x = GO:MB) Voc (V) Isc (A) Iphoto/Idark
�10 V

RR

0.005 �0.23 1.14 �10�4 2095 2.60 � 104

0.01 �0.30 3.69 � 10�4 5182 1.49 � 104

0.03 �0.53 1.93 � 10�4 8672 3.15 �104

0.05 �0.68 1.57 � 10�4 5494 1.04 � 104

0.10 �0.72 1.74 � 10�4 1744 5.32 � 103

Fig. 5. Plot of Iph vs. P for the diode having 0.03 GO: MB ratio at �10 V.
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57 light depends on a number of factors, such as protonation,
58 adsorption to other materials, and metachromasy. It has maximum
59 absorption of light around 670 nm [20]. Zanjanchi and Sohrab-
60 nezhad [20] have used MB as an optical humidity sensor, the sensor
61 demonstrated relatively fast response and recovery times about
62 2 min in the direction of adsorption and about 4 min in the
63 direction of desorption of water. This was explained on the basis of
64 the protonation or deprotonation of the dye molecules.
65 The motivation of this work is to explore the photovoltaic
66 properties GO doped MB. Herein, we report the on GO doped MB
67 photodiode (Al/p-Si/Go doped MB/Au diode) using drop casting

68method. The potential of fabricating photovoltaic device having
69low cost and facile technologies is an extremely important
70consideration for applications in solar energy converters. The
71effects of the doping on the optical properties of the devices were
72studied. The functional properties of photodiodes were investigat-
73ed to understand the photoconduction properties.

742. Experimental details

75GO was prepared from natural graphite using Hummers
76method reported in [18,21,22]. The methylene blue (MB) was

Fig. 6. Transient photocurrent measurements of the photodiode as a function of illumination intensities (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO:MB ratio.
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77 dissolved in H2O and GO was ultrasonically dispersed in H2O for
78 2 h. GO doped MB composites were prepared for various weight
79 ratios of (x = GO: MB) (x = 0.005, 0.01, 0.03, 0.05 and 0.10). In order
80 to prepare the diodes, the silicon substrates etched by HF were
81 rinsed in deionized H2O using an ultrasonic bath for 10–15 min and
82 then, methanol and acetone baths were used to clean the
83 substrates. Ohmic contact having 100 nm was prepared by

84evaporating Al on o-type silicon at about 10�5 Torr and then, the
85contacts were thermally threated at 570 �C for 5 min in nitrogen
86atmosphere. GO doped MB solutions of the composites were
87coated onto surface of p-Si substrate using drop casting method
88and dried at 50 �C to obtain the solid films. Gold (Au) electrode top
89contacts were prepared by sputtering system. The diode contact
90area was found to be 3.14 �10�2 cm2. The surface properties of the

Fig. 7. C–t characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO:MB ratio.
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91 composites were investigated using atomic force microscopy
92 (AFM). The current–voltage (I–V) characteristics of the diodes were
93 performed using a KEITHLEY 4200 semiconductor characterization
94 system (SCS). Photo response measurements were performed
95 using a solar simulator and KEITHLEY 4200 SCS. The intensity of
96 the illumination was measured using a solar power meter (TM-
97 206). The schematic diagram of the fabricated diode is shown in
98 Fig. 1.

993. Results and discussion

100AFM images of the GO:MB films are shown in Fig. 2. As seen in
101AFM images of the composites, the GO/MB composites shows
102nano-sized particles evenly distributed on the surface of the
103samples. I–V characteristics of the Al/p-Si/GO doped MB/Au
104photodiodes were measured under dark and various illumination
105intensities. Fig. 3(a–e) shows the plots of the Al/p-Si/GO doped MB/

Fig. 8. C–V characteristics of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO:MB ratio.
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106 Au diodes, to analyze the charge transport and photo-conducting
107 mechanisms. As seen in the figure, for all doping (x = GO: MB;
108 x = 0.005, 0.01, 0.03, 0.05 and 0.10) in the reverse region, the current
109 increases with increasing solar illumination intensity, while in the
110 forward region, the current does not change with illumination.
111 This behavior indicates that the diodes fabricated works in reverse
112 bias region and the separation of electron-hole pairs in reverse bias
113 region is larger than that of forward region [23–25]. Clearly, the
114 rectifying properties of the diodes are dependent on the dopant
115 and they exhibit conventional photo-conducting behavior [26].

116The I–V characteristics of such a device can be expressed as [27];

I ¼ I0exp
q V � IRsð Þ

nkT

� �
ð1Þ

117118where n is the ideality factor, q is the electronic charge, k is the
119Boltzmann constant, T is the temperature, V is the applied voltage,
120Rs is the series resistance and I0 is the reverse saturation current
121given by [27,28];

I0 ¼ AA�T2exp
�qfb

kT

� �
ð2Þ

Fig. 9. G–V characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO:MB ratio.
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122123 where A is the active device area, A* is the Richardson constant
124 (32 A/cm2K2 for p-Si) and fbthe barrier height [29]. The
125 experimental values of barrier height (fb) and ideality factor (n)
126 were determined from the intercepts and slopes of the forward
127 bias, as described by Phan et al. [30].
128 Obtained results presented in Fig. 4, shows the ideality factor of
129 the diodes ranging from 3.97 to 9.52. It was found that the diode
130 with GO: MB ratio of 0.03 had the highest ideality factor. Evidently,
131 the ideality factor of the fabricated diodes is much larger than that
132 of an ideal diode. Such a behavior suggests that the transport
133 mechanism consists of defect-assisted tunneling with

134conventional electron–hole recombination [31]. This can also be
135explained using the interface states, inhomogenities of the barrier
136height and series resistance [32–34]. Clearly, the ideality factor and
137barrier height of the diodes changes with MB doping. Also the
138obtained trends for both ideality factor and barrier height are in
139agreement, suggesting that they are both affected by GO doping.
140Hendi [35] has prepared GO doped ZnO based diodes such as ZnO-
141GO/p-Si and ZnO-GO/n-Si, for various GO doping and concluded
142that the diode having 0.03 M ratio of GO: ZnO exhibited the highest
143photo-responsivity with 0.5 A/W under 100 mW/cm2. Other
144published work by Fan et al., [36] and Li et al. [14] showed an

Fig. 10. CADJ–V characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO: MB ratio.
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145 ideality factor between 2 and 5.5 for the graphene–silicon based
146 Schottky junction diodes and barrier height of about 0.78 eV for
147 Schottky barrier based on graphene sheet and n-silicon for solar
148 cells, respectively.
149 The open circuit voltage (Voc) and short circuit current (Isc) of
150 the diode under 100 mW/cm2 illumination is summarized in
151 Table 1. Similar value has been reported by Itoh et al. [37]. The
152 photosensitivity for the diodes is defined as the ratio of the
153 photocurrent to the dark current, Iphoto/Idark at �10 V. The
154 calculated photosensitivity for the fabricated are shown in Table 1.
155 The highest photosensitivity was observed for the diode having

1560.03 GO: MB ratio with Iphoto/Idark ratio of 8.67 � 103 at 100 mW/
157cm2 under �10 V. The rectification ratio (RR) is determined as the
158ratio of the forward current (If) to the reverse current (Ir) at �10 V
159applied voltage [38]. The observed values are shown in Table 1, it
160can be seen that the fabricated diodes exhibit rectification ratio
161ratios of the order of 104, such high values have been reported by
162others also [39,40].
163To further assess the photosensitivity behavior of the diode, the
164variation of photocurrent with illumination intensity was investi-
165gated for the fabricated photodiodes. As a representative plot,
166photoconduction mechanism of the diode having 0.03 GO:MB ratio

Fig. 11. GADJ–V characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO: MB ratio.
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167 is depicted in Fig. 5. The photoconducting mechanism of the diodes
168 can be analyzed by the following relation [41]:

IPH ¼ KPm ð3Þ
169170 where, IPH is the photocurrent, K is a constant, m is an exponent and
171 P is the illumination intensity.
172 The value of m was determined from the slope of log (IPH) vs.
173 log (P) plot. The obtained m (1.6) value indicates that the
174 photocurrent exhibited a super linear behavior. This behavior
175 supports views of other publications, which suggests that the
176 photoconduction mechanism of the fabricated diode has a super

177linear correlation to the photoconductivity on intensity [42–44].
178The super linear behavior is due to the recombination mechanism
179of state which have more cross section for holes than electrons
180[44].
181To further investigate the photoconduction mechanism of the
182diodes, the widely used transient photocurrent technique was
183employed. The transient photocurrent characteristics of the
184photodiodes to pulsed light irradiation were performed under
185illumination of various light intensities (10, 30, 60, 80 and 100 mW/
186cm2), and is shown in Fig. 6. As evident from Fig. 6(a-e), the
187fabricated photodiodes show reversible switching between high
188and low conductance, when light illumination was turned on and

Fig. 12. Plot of Dit vs. frequency for the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO: MB ratio.
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189 off. This phenomenon can be explained on the basis of charge
190 carriers. The “on state” increases the number of free charge
191 carriers, causing the photocurrent electron to increase, while the
192 “off state” causes the decay of the photocurrent which is due to
193 trapping of the charge carriers in the deep levels [45–47]. This
194 behavior confirms the photodiode behavior.
195 Fig. 7 shows the transient capacitance (C-t) plots of the
196 fabricated diodes. This is used to study the photocapacitance
197 properties of the diode. As seen in Fig. 7(a-e), for all fabricated
198 diodes, the capacitance increases at “on state” and decreases to its
199 original state at “off state”. The highest photocapacitance was

200observed for the diode having 0.1 GO:MB ratio at 10 kHz and
201illumination of 100 mW/cm2. The photocapacitance gain was
202found to be about 3 for the diode having 0.1 GO:MB ratio. This
203behavior can be explained on the basis of interface charge carriers,
204which follows the frequency of the applied field at lower
205frequencies. The observed increase and decrease of the photo-
206capacitance at low frequencies suggests that the fabricated diodes
207can be used in low frequency application. The effect of voltage and
208frequency on the capacitance (C–V–f) of the diodes were studied to
209further characterize the junction properties. As seen in Fig. 8(a-e),
210the capacitance of the photodiode for all the fabricated devices

Fig. 13. Rs–V characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO: MB ratio.
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211 does not change with frequency at the positive voltage. However,
212 the capacitance changes with applied voltage and frequency at the
213 negative voltage, decreasing with increasing frequency. On the
214 other hand, the conductance of the diodes increases with
215 increasing frequency, (G–V–f), Fig. 9(a-e). The observed peaks in
216 Fig. 8 decreases in magnitude with increasing frequency, this
217 behavior is attributed to the existence of interface states [48].
218 Clearly, the interface charges have minimal effects on the
219 capacitance of the fabricated diodes at higher frequencies.
220 In order to analyze the interface states of the fabricated diodes,
221 the C-V-f and G-V-f characteristics of the photo diodes were
222 corrected with the series resistance by the following relation [49–
223 51]:

Cadj ¼
G2
m þ vCmð Þ2

h i
Cm

a2 þ vCmð Þ2
ð4Þ

Gadj ¼
G2
m þ vCmð Þ2

h i
a

a2 þ vCmð Þ2
ð5Þ

224225 And

a ¼ Gm � G2
m þ vCmð Þ2

h i
Rs ð6Þ

226227 where CADJ–V and GADJ–V are series resistance compensated
228 capacitance and conductance respectively. The effects of frequency
229 on the CADJ –V and GADJ–V plots are shown in Figs. 10 and 11
230 respectively. From Fig. 11, it is observed that the GADJ peak intensity
231 decreases with increasing frequency, while the peak also shifts
232 towards higher negative voltage. It is further noted that the CADJ–V
233 plots (Fig. 10) exhibited similar behavior, confirming the presence
234 of interface states. The density of interface states (Dit) can be
235 estimated using the Hill-Coleman method, given by [49,51,52]:

Dit ¼
2
qA

� �
Gmax=vð Þ

Gmax=vCoxð Þ2 þ 1 � Cm=Coxð Þ2
h i

2
4

3
5 ð7Þ

236237 where Cm is the measured capacitance, (Gm/v)max is the measured
238 conductance, Cox is the capacitance of the insulator layer, A is the
239 area of the diode and v is the angular frequency. The Dit values for
240 fabricated diodes were calculated and shown in Fig. 12. It can be
241 inferred from Fig. 12 that the Dit value decreases with increasing
242 frequency for all fabricated diodes, except for the 0.1 GO: MB. High
243 Dit values is responsible for the non-ideal behavior of the I–V and
244 C–V characteristics of the diodes and at low frequencies the
245 interface states densities strongly depend on frequency.
246 Fig.13 shows the plot of Rs–V of the fabricated photo diodes. The
247 Rs values are calculated from the capacitance and conductance
248 values in the accumulation region [53]. The observed peak
249 intensity decreases and shifts with increasing frequency, which
250 is due to the interface charges following the frequency of the
251 applied voltage.

252 4. Conclusions

253 Al/p-Si/GO doped MB/Au photodiodes exhibited both the
254 photoconductivity and photocapacitance behavior. The device
255 parameters were determined using direct current and impedance
256 measurements. The transient photocurrent of the device was
257 shown to depend on light intensity, increasing with increasing
258 light intensities. The photoresponse of the fabricated diodes
259 changes with changing GO doping, and the sample with 0.03 GO:
260 MB ratio exhibited the highest photoresponse. C–V–f and G–V–f
261 measurements were explained on the basis of interface states,

262confirming that capacitance and conductance vary with applied
263voltage and frequency. It is evaluated that Al/p-Si/GO doped MB/Au
264devices can be used as a photosensor for solar tracking
265applications.
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