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ARTICLE INFO ABSTRACT
Article history: Drop casting deposition technique was used to fabricate graphene oxide doped methylene blue (GO
Received 12 February 2016 doped MB) photodiode, Al/p-Si/GO doped MB/Au. The effects of illumination on the current-voltage (I-V)
Received in revised form 6 March 2016 characteristics of the Al/p-Si/GO doped MB/Au Schottky diode for optical sensing applications were
Acc.epted 11 MarCh 2016 explored. The reverse current of the diode in the reverse bias increases with the increasing illumination
Available online xxx ) s . . . . . . .
intensities. The obtained trends for both ideality factor and barrier height are in agreement, suggesting
Keywords: tl}at they are both gf_fe;ted by GO doping. The phc.)tosensiti.vity of the photodiqcles was investigated._ The
Solar ene}gy materials highest 1)3h0toser151t1v1ty \;vas observed for the (.ilode. havmg 0.03 GO:MB ratio with ‘{p,wm/ldark .ratlo of
Photodiode 8.67 x 10 at 100 mW/cm~ under 10V. The rectification ratio was of the order of 10% In addition, the
Graphene oxide capacitance-voltage (C-V) and conductance-voltage (G-V) measurements of the diode were studied in
Methylene blue the frequency range of 10kHz-1MHz. 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.
© 2016 Published by Elsevier B.V.
12 1. Introduction Numerous reports have pointed to extensive applications and
proposed applications of graphene [2,10-13]. Other reported
13 The graphite family is well researched material because of its literature have shown the use of graphene in the development
14 inherent electrical, chemical and mechanical properties, along of solar cells and diodes [14,15]. Li et al. [ 14] used highly conductive
15 with its several practical applications [1]. Lots of attention has been semitransparent graphene sheets combined with an n-type silicon
16 given to the exploration of the properties of graphite such as wafer to fabricate solar cells with power conversion efficiencies up
17 graphene, graphene oxide (GO) and reduced graphene oxide to 1.5% at AM 1.5 and an illumination intensity of 100 mW cm~2. Lv
18 (RGO), for several applications [2-4]. Graphene was discovered by et al. [16] have used soluble graphene oxide to fabricate graphene
19 mechanical exfoliation method [5], is a one-atom thick layer of films to measure their time-resolved photoconductivity, they
20 graphite. Many researchers have explored the new world of observed higher photoconductivity with higher photon energy at
2 graphene due to its unique and remarkable electronic properties same incident light intensity. Xia et al. [10] also used graphene to
22 [6-8], such as high carrier mobility, micron scale mean free path fabricate photodetectors, and suggested that the generation and
23 @4 4nd high saturation velocity [9]. transport of photo-carriers in graphene differ fundamentally from
those in photodetectors made from conventional semiconductors
because of the unique photonic and electronic properties of the
. graphene. They also demonstrated that the photo response of
Q2 * Corresponding author at: King Fahd University of Petroleum & Minerals ultrafast transistor-based photodetectors made from single- and
Q3 2&‘32;;‘6’S?)Zizritnrgea“:tggshys'cs' Elazig 31261, Turkey. few-layer grapheme does not degrade for optical intensity

E-mail addresses: ramguptamsu@gmail.com (R.K. Gupta),
fyhanoglu@firat.edu.tr (F. Yakuphanoglu).

http://dx.doi.org/10.1016/j.synthmet.2016.03.015
0379-6779/© 2016 Published by Elsevier B.V.

modulations up to 40 GHz.
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Fig. 1. Schematic diagram of the fabricated device.

Graphene oxide (GO) has emerged as a promising nanomaterial
with tremendous potential for photonic applications because of its
impressive optical properties [10]. Extensive reports have elabo-
rated on the unique properties of GO such as controllable band gap
and high transmittance compared to other graphene-derivatives
[17,18]. It must be noted that these properties are essential in the
application of optoelectronics. Al-Hartomy et al. [19] have studied

the effect of graphene oxide on the diode characteristics of PEDOT-
PSS/p-Si. It was observed that the diode with 0.1% of GO in the
PEDOT:PSS-GO composition had highest photo response property.
Also, the -V characteristics of the fabricated diodes show strong
dependence on composition of GO.

On the other hand, methylene blue (MB) is a blue cationic dye
that belongs to the phenothiazine organic family. The absorption of

wt % 1x1
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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 ¢; for the diodes.
Table 1
Photovoltaic parameters of the diodes.
Samples Devices (wt %, x=GO:MB) Voc (V) I (A) Iphoto/ldark RR
-10V
0.005 -0.23 114 %1074 2095 2.60 x 10*
0.01 -0.30 3.69x 104 5182 1.49 x 10*
0.03 -0.53 193 x 104 8672 3.15 x 10*
0.05 —0.68 157 x 107 5494 1.04 x 10*
0.10 —-0.72 1.74 x 104 1744 5.32 x 10°
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Fig. 5. Plot of I, vs. P for the diode having 0.03 GO: MB ratio at —10V.
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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.

light depends on a number of factors, such as protonation,
adsorption to other materials, and metachromasy. It has maximum
absorption of light around 670 nm [20]. Zanjanchi and Sohrab-
nezhad [20] have used MB as an optical humidity sensor, the sensor
demonstrated relatively fast response and recovery times about
2min in the direction of adsorption and about 4min in the
direction of desorption of water. This was explained on the basis of
the protonation or deprotonation of the dye molecules.

The motivation of this work is to explore the photovoltaic
properties GO doped MB. Herein, we report the on GO doped MB
photodiode (Al/p-Si/Go doped MB/Au diode) using drop casting

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

2. Experimental details

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

10.1016/j.synthmet.2016.03.015
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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.

dissolved in H,0 and GO was ultrasonically dispersed in H,O for
2h. GO doped MB composites were prepared for various weight
ratios of (x=GO: MB) (x=0.005, 0.01, 0.03, 0.05 and 0.10). In order
to prepare the diodes, the silicon substrates etched by HF were
rinsed in deionized H,O using an ultrasonic bath for 10-15 min and
then, methanol and acetone baths were used to clean the
substrates. Ohmic contact having 100nm was prepared by

evaporating Al on o-type silicon at about 10> Torr and then, the
contacts were thermally threated at 570°C for 5min in nitrogen
atmosphere. GO doped MB solutions of the composites were
coated onto surface of p-Si substrate using drop casting method
and dried at 50 °C to obtain the solid films. Gold (Au) electrode top
contacts were prepared by sputtering system. The diode contact
area was found to be 3.14 x 1072 cm?. The surface properties of the

10.1016/j.synthmet.2016.03.015
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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.

composites were investigated using atomic force microscopy
(AFM). The current-voltage (I-V) characteristics of the diodes were
performed using a KEITHLEY 4200 semiconductor characterization
system (SCS). Photo response measurements were performed
using a solar simulator and KEITHLEY 4200 SCS. The intensity of
the illumination was measured using a solar power meter (TM-
206). The schematic diagram of the fabricated diode is shown in
Fig. 1.

3. Results and discussion

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

10.1016/j.synthmet.2016.03.015
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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.

Au diodes, to analyze the charge transport and photo-conducting
mechanisms. As seen in the figure, for all doping (x=GO: MB;
x=0.005,0.01,0.03,0.05 and 0.10) in the reverse region, the current
increases with increasing solar illumination intensity, while in the
forward region, the current does not change with illumination.
This behavior indicates that the diodes fabricated works in reverse
bias region and the separation of electron-hole pairs in reverse bias
region is larger than that of forward region [23-25]. Clearly, the
rectifying properties of the diodes are dependent on the dopant
and they exhibit conventional photo-conducting behavior [26].

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

q(V — IR)

I = lpexp| ———> 1
oexp (1 M
where n is the ideality factor, g is the electronic charge, k is the
Boltzmann constant, T is the temperature, V is the applied voltage,
Rs is the series resistance and Iy is the reverse saturation current

given by [27,28];

Ip = AA"T2exp (*q‘i”’) 2)

kT

10.1016/j.synthmet.2016.03.015
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Fig. 10. Cap-V characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO: MB ratio.

where A is the active device area, A* is the Richardson constant
(32A/cm?K? for p-Si) and ¢,the barrier height [29]. The
experimental values of barrier height (¢,) and ideality factor (n)
were determined from the intercepts and slopes of the forward
bias, as described by Phan et al. [30].

Obtained results presented in Fig. 4, shows the ideality factor of
the diodes ranging from 3.97 to 9.52. It was found that the diode
with GO: MB ratio of 0.03 had the highest ideality factor. Evidently,
the ideality factor of the fabricated diodes is much larger than that
of an ideal diode. Such a behavior suggests that the transport
mechanism consists of defect-assisted tunneling with

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

10.1016/j.synthmet.2016.03.015
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Fig. 11. Gap-V characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO: MB ratio.

ideality factor between 2 and 5.5 for the graphene-silicon based
Schottky junction diodes and barrier height of about 0.78 eV for
Schottky barrier based on graphene sheet and n-silicon for solar
cells, respectively.

The open circuit voltage (Vo) and short circuit current (Isc) of
the diode under 100 mW/cm? illumination is summarized in
Table 1. Similar value has been reported by Itoh et al. [37]. The
photosensitivity for the diodes is defined as the ratio of the
photocurrent to the dark current, Ipnotoflgark at —10V. The
calculated photosensitivity for the fabricated are shown in Table 1.
The highest photosensitivity was observed for the diode having

0.03 GO: MB ratio with Ipnoto/Idark Tatio of 8.67 x 10%at 100 mW/
cm? under —10V. The rectification ratio (RR) is determined as the
ratio of the forward current (If) to the reverse current (I.) at =10V
applied voltage [38]. The observed values are shown in Table 1, it
can be seen that the fabricated diodes exhibit rectification ratio
ratios of the order of 104, such high values have been reported by
others also [39,40].

To further assess the photosensitivity behavior of the diode, the
variation of photocurrent with illumination intensity was investi-
gated for the fabricated photodiodes. As a representative plot,
photoconduction mechanism of the diode having 0.03 GO:MB ratio
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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.

is depicted in Fig. 5. The photoconducting mechanism of the diodes
can be analyzed by the following relation [41]:

Ipy = KP™ 3)

where, Ipy is the photocurrent, Kis a constant, m is an exponent and
P is the illumination intensity.

The value of m was determined from the slope of log (Ipy) vs.
log(P) plot. The obtained m (1.6) value indicates that the
photocurrent exhibited a super linear behavior. This behavior
supports views of other publications, which suggests that the
photoconduction mechanism of the fabricated diode has a super

linear correlation to the photoconductivity on intensity [42-44].
The super linear behavior is due to the recombination mechanism
of state which have more cross section for holes than electrons
[44].

To further investigate the photoconduction mechanism of the
diodes, the widely used transient photocurrent technique was
employed. The transient photocurrent characteristics of the
photodiodes to pulsed light irradiation were performed under
illumination of various light intensities (10, 30, 60, 80 and 100 mW/
cm?), and is shown in Fig. 6. As evident from Fig. 6(a-e), the
fabricated photodiodes show reversible switching between high
and low conductance, when light illumination was turned on and
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Fig. 13. R~V characterization of the fabricated diodes (a) 0.005 (b) 0.01 (c) 0.03 (d) 0.05 (e) 0.1 GO: MB ratio.

off. This phenomenon can be explained on the basis of charge
carriers. The “on state” increases the number of free charge
carriers, causing the photocurrent electron to increase, while the
“off state” causes the decay of the photocurrent which is due to
trapping of the charge carriers in the deep levels [45-47]. This
behavior confirms the photodiode behavior.

Fig. 7 shows the transient capacitance (C-t) plots of the
fabricated diodes. This is used to study the photocapacitance
properties of the diode. As seen in Fig. 7(a-e), for all fabricated
diodes, the capacitance increases at “on state” and decreases to its
original state at “off state”. The highest photocapacitance was

observed for the diode having 0.1 GO:MB ratio at 10kHz and
illumination of 100 mW/cm?. The photocapacitance gain was
found to be about 3 for the diode having 0.1 GO:MB ratio. This
behavior can be explained on the basis of interface charge carriers,
which follows the frequency of the applied field at lower
frequencies. The observed increase and decrease of the photo-
capacitance at low frequencies suggests that the fabricated diodes
can be used in low frequency application. The effect of voltage and
frequency on the capacitance (C-V-f) of the diodes were studied to
further characterize the junction properties. As seen in Fig. 8(a-e),
the capacitance of the photodiode for all the fabricated devices
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does not change with frequency at the positive voltage. However,
the capacitance changes with applied voltage and frequency at the
negative voltage, decreasing with increasing frequency. On the
other hand, the conductance of the diodes increases with
increasing frequency, (G-V-f), Fig. 9(a-e). The observed peaks in
Fig. 8 decreases in magnitude with increasing frequency, this
behavior is attributed to the existence of interface states [48].
Clearly, the interface charges have minimal effects on the
capacitance of the fabricated diodes at higher frequencies.

In order to analyze the interface states of the fabricated diodes,
the C-V-f and G-V-f characteristics of the photo diodes were
corrected with the series resistance by the following relation [49-
51]:

[Gr + (@Cn) Cn

Cagj = @+ (@) (4)
[G; + (a)Cm)z}a

Gadj = W (5)

And

a=Gnm— [Gﬁ1 + (ow)z]Rs (6)

where Cap-V and Gapj-V are series resistance compensated
capacitance and conductance respectively. The effects of frequency
on the Cap; -V and Gap—V plots are shown in Figs. 10 and 11
respectively. From Fig. 11, it is observed that the Gap; peak intensity
decreases with increasing frequency, while the peak also shifts
towards higher negative voltage. It is further noted that the Cap;-V
plots (Fig. 10) exhibited similar behavior, confirming the presence
of interface states. The density of interface states (Dj;) can be
estimated using the Hill-Coleman method, given by [49,51,52]:

o <£) (Gmax/w)
"\ {[(Gan/0Co)? + (1 = G/ Car)?]

)

where G, is the measured capacitance, (G,,/®)max iS the measured
conductance, G,y is the capacitance of the insulator layer, A is the
area of the diode and w is the angular frequency. The D;; values for
fabricated diodes were calculated and shown in Fig. 12. It can be
inferred from Fig. 12 that the D;, value decreases with increasing
frequency for all fabricated diodes, except for the 0.1 GO: MB. High
D;¢ values is responsible for the non-ideal behavior of the I-V and
C-V characteristics of the diodes and at low frequencies the
interface states densities strongly depend on frequency.

Fig. 13 shows the plot of R;-V of the fabricated photo diodes. The
Rs values are calculated from the capacitance and conductance
values in the accumulation region [53]. The observed peak
intensity decreases and shifts with increasing frequency, which
is due to the interface charges following the frequency of the
applied voltage.

4. Conclusions

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

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