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This work describes the optical, morphological and structural characterizations of
graphene oxide (GO) layers grown by drop casting and annealing process. UV-vis optical
measurement shows that the values of direct and indirect optical gap energy of the GO
film are 3.89 eV and 3.21 eV, respectively. The graphene oxide (GO) layer has been
placed in the metal/ interlayer /semiconductor (MIS) diodes (total 17 devices) on p-Si
wafers. The graphene oxide diodes give a better barrier height enhancement as compared
with the conventional diodes. The value of homogeneous barrier height for Al/GO/p-Si
MIS junctions was extracted as 0.74 eV. The diodes were also investigated under 300 watt
light illumination for photovoltaic applications. Additionally, interfacial properties of the
MIS diode with GO interlayer were determined. It has been seen that the capacitance of
the device changes as a function of gate voltage and signal frequency from the
capacitance-frequency measurements. It has also been reported that the interfacial trap
charges reduce the capacitance with increasing frequency values.
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1. Introduction

It is well known that carbon structures as the most common elements in the world are
more biologically and environmentally friendly than inorganic compounds for different
applications [1]. The human beings have used these materials in daily lives for hundreds of years
without critical toxicity issues [2]. Indeed, carbon-based structures are key building blocks for
many novel technological applications. In particular, graphene, a two-dimensional single atomic
layer of sp® bonded carbon atoms, is a favorable substance due to its unique and exceptional
electrical, thermal, and optical features [3]. Graphene oxide (GO) is also a widely investigated
valuable novel material, a graphene derivative material with oxygen groups on the carbon bone
scaffold of graphene [2,4].

The performance, reliability and stability of metal/semiconductor (MS) and/or
metal/interlayer/semiconductor (MIS) junctions are strongly affected by the interfacial layer
properties. The electrical parameters of the MS diodes can be changed by means of the choice of
suitable interlayer [5]. However, the Schottky barrier height (BH) is restricted to the range of 0.40-
0.70 eV for p-Si which is independent of top contact metal. In spite of this, the formation of
Schottky contacts with a low ideality factor by using thin interlayers is one of the essential
prerequisites for devices [5-8]. Onganer et al. [9] have reported that the barrier height was 0.84 eV
from current-voltage (I-V) measurement for metallic polymer/p-Si diode. Recently, Temirci et al.
[10] have reported the barrier height value of 0.78 eV and ideality factor value of 1.54 for
Cu/Rhodamine-101/p-Si diode. In other study, Karatas et al. [11] have fabricated Al/Rh101/p-Si
contact. They found the barrier height of 0.817 eV for the AI/Rh101/p-Si contact. Erdogan and
Gullu [12] have recently found as the BH value of 0.64 eV and the ideality factor of 2.39 for the
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Au/CuO/p-Si diode. However, there are many reports on the properties and applications of
graphene and graphene oxide in order to improve or modify the electrical performance of silicon
contacts compared with other materials [13-35]. An et al. [13] fabricated graphene/p-Si junction
devices grown by chemical vapour deposition method of graphene. Important diode parameters,
such as the Schottky barrier height (@), ideality factor (n), and series resistance (Rs), were
extracted as 0.47¢V, 8.1 and 1.12 kQ by using forward bias |-V characteristics. Yim et al. [14]
fabricated the graphene/n-Si device. The Schottky barrier height and ideality factor of the
graphene/n-Si diode were calculated as 0.69 eV and 1.38 by using the 1-V characteristics. Phan et
al.[35] fabricated Al/GO/n-Si junction by using an interlayer of GO material. The ideality factor
and the barrier height of the Al/GO/n-Si device in darkness were as 0.50 and 2.94, respectively.
The I-V measurements of the Al/GO/n-Si junction were also performed under different light
conditions. It was seen that the Al/GO/n-Si/Al junction was highly sensitive to illumination from
the time dependent photocurrent characteristics. They have suggested that the GO-based junction
might be handled as a photosensor[35].

The motivation of the present work is to explore some advantages of GO interlayer that
can circumvent the problems of conventional Schottky diodes (in this case Al/p-Si diode). Firstly,
the optical, morphological and structural features of the GO film formed on glass by the drop
casting technique have been examined by using ultraviolet-visible (UV-vis) spectroscopy, atomic
force microscopy (AFM), x-ray diffraction method (XRD) and scanning electron microscopy
(SEM). The GO interlayer on p-si wafer were formed by using drop casting method to fabricate
the junction. The detail direct current (DC) and alternating current (AC) measurements were
performed to understand the charge transport mechanism and the interface structure of the GO/p-Si
diode. In fact, the role of the GO layer in improving the electrical properties of conventional Al/p-
Si diode was investigated in this study. Also, the influence of light illumination on the electronic
features of the devices were evaluated for optical sensing applications. The results indicate that the
thin layer of graphene oxide acts as a material with good optical sensing.

2. Experimental details

2.1. Preparation of GO films:

All chemicals were of analytical grade and used as purchased. The GO material is
prepared by oxidation of graphite with a modified Hummers technique [36,37]. Chemical structure
of GO is shown in Fig.1. GO solution was prepared in 1mg/mL concentration in de-ionized water
for optical and structural measurements and device applications.

Fig. 1. The chemical structure of GO.

2.2. Optical, morphological and structural measurements of the GO films

GO were coated by drop casting method on glass substrates and then annealed at 100 °C
for 30 minutes. The optical absorption characteristic of GO film on the glass slide was performed
by using a Shimadzu 3600 UV-vis system between the 190 nm and 1100 nm at room temperature.
The XRD characterization experiment was performed by X-ray diffraction (Rigaku 2200D/Max X-
Ray diffractometer (45 kV, 40 mA) working with Cu K, radiation of wavelength 1.5406 A in the
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260 range from 5° to 50°). The surface morphology of the films were investigated by atomic force
microscopy (NanoMagnetics device, Oxford,UK) and a Zeiss Supra 50 VP scanning electron
microscope. A Keithley 4200 SCS system was used for electrical characterization at room
temperature.

2.3. Production and Electrical characteristics of Al/GO/p-Si junctions

The p-Si (100) wafer was pretreated by ultra-cleaning before coating. The pretreatment
consists of (i) cleaning in a solution containing NHs, H,0,, and H,O in 1:1:6, (ii) dipping in HF
solution to remove oxide group and (iii) lastly boiling in a solution containing HCI, H,0,, and H,O
in 1:1:6 at 60 °C. The GO dispersion was dropped onto the p-Si wafer with Al ohmic contact. GO
thin films were deposited by drop casting technique on p-type Si substrates. After the GO coating,
the structure was annealed at 100 °C for 30 min. The circular Al gate with an area of
7.85 x 10 cm? was then formed by evaporating with the mask on the GO film of the Si wafer. Al
film has a thickness of about 100 nm. A reference diode without GO film was also fabricated to
present the influence of GO interlayer.

3. Results and discussion

3.1. Optical absorbance features of GO layers

The standard optical transmittance spectrum of the GO film formed on glass slide is
shown in Fig. 2. The values of transmittance of the GO film increase with the increasing
wavelength and reach to a maximum value of 72.5% at wavelength of 900 nm. This characteristic
of the transmittance is similar to that obtained by Wu and Ting [38].
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Fig. 2. The standard transmittance characteristic of the GO layer formed on glass slide.

Optical absorbance characteristic of the GO thin layer on the glass slide was investigated
by the following relationship,

Ahv =B(hv-E,)", 1)

where B is a constant, Eq is the optical band gap of the film, A is optical absorbance of the film.
The exponent m depends on the nature of the transition, m = 1/2 , 2, 3/2, or 3 for allowed direct,
allowed indirect, forbidden direct or forbidden indirect transitions, respectively. Fig. 3 presents
UV-vis characteristic of the GO thin layer on the glass substrate.
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Fig. 3 UV-vis spectrum of the GO thin layer on the glass substrate.

The absorbance spectrum of GO has a peak at about 285 nm that is due to 7- transition
of aromatic C-C bonds. A ‘‘shoulder’’ at a wavelength of about 350 nm is also present, indicating
n- = electronic transitions in carbonyl and carboxyl functional groups [39-44]. This absorbance
spectrum agrees with some previous works [16,39-44]. Fig. 4 shows the curve of (Ahv)? vs. hv
extracted from Eq.1 for m=1/2. The direct band gap of the GO film was found as 3.89 eV from
extrapolation of the linear part of the curve at (Ahv)? = 0. Also, Fig. 5 presents the curve of
(Ahv)"? vs. hv according to Eq.1 for m=2. The indirect band gap of the GO film was calculated as
3.21 eV by using extrapolation of the linear section of the curve at (Ahv)¥? = 0. These band gap
values agree well with those previously found by various researchers. Recently, Velasco-Soto et
al. [43] have found that the indirect band gap calculated from Tauc plots was 2.70 eV for GO
layers formed at various conditions. Also, Singh et al. [45] reported that the GO film on quartz
substrates had a direct optical band gap of 3.20 eV. Chowdhury [46] found that the band gap of
GO layers was between 2.10 eV and 2.40 eV. Mathkar et al. [47] have reported an optical band
gap of 3.5 eV for the GO films. The our optical band gap energy values are consistent with some
previous studies [45-47].
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Fig. 4 The curve of (4hv)? vs. hv of the GO thin layer on the glass substrate.
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Fig. 5 The curve of (4hv)? vs. hv of the GO thin layer on the glass substrate.
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3.2. Surface Morphology and Structural Investigation of the GO thin layers

The surface morphologies of the drop casting coated GO film on a glass substrate were
displayed in SEM and AFM images (Figures 6 and 7). Figure 6 shows the SEM pictures of the GO
film on a glass. The surface of GO film is smooth, with many wrinkles as also observed in
previously reported graphene oxide sheets [19]. Fig. 7 shows the AFM image of the graphene
oxide on a glass substrate. The images were taken in air. Fig. 7 supports the typical folded and
wrinkled nature of GO layer. The formation of complete films is desirable for these GO/Si solar
cells as it allows holes to travel efficiently throughout the GO layer to the front electrode contact,
decreasing the chance of recombination within the film and the need for a hopping transport
mechanism. The root mean square (RMS) roughness is 63 nm. Recently, Drewniak et al. [48] have
reported that the RMS roughness value from the AFM image for the thin GO layer on the silicon
substrate is 28.51 nm, which proves the inhomogenety of the surface of GO. Also, Timoumi et al.
[49] have found have reported that the RMS roughness value of the thin GO layer on the glass
substrate is 8.4 nm. The RMS roughness value in the present work is higher than the that of the
previously reported studies. This could be attributable to the post-processing procedure, film
thickness, coating method/conditions and substrate type (such as glass, mica, silicon) [49].
Furthermore, the higher value of the ideality factor (ideal value is 1) for Schottky diodes is the
presence of inhomogenities of Schottky barrier height and existence of interface states, oxide
(native+GO) layer on silicon substrate and series resistance [50]. Also, the main factors limiting
the responsivity of the GO/Si Schottky junctions are recombination of the generated electron-hole
pairs, particularly at the GO/Si interface, and absorption of photons outside of the depletion
region. The responsivity could be increased by improving the interface properties, and optimizing
the silicon substrate doping [50].

Fig. 7 AFM image of GO thin layer on the glass slide.

The x-ray diffraction pattern of the graphene oxide on the glass is illustrated in Fig. 8. As
seen in the XRD pattern, a broad peak near 10.30° was observed. The XRD diffractogram of drop
casting coated GO film consists of a single strong diffraction peak at 10.30° (20 scale) arising
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from (001) reflections of GO. The (001) reflection of GO film gives full width at half maximum
value of 0.41°. This peak corresponds to the interlayer spacing of 8.58 A. Moon et al. [51] have
also synthesized graphene oxide using modified Hummer's method and observed a broad peak
around 10.27° in the XRD pattern. Our XRD patern agrees well with those previously presented
by various studies [51-54].
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Fig. 8 The XRD pattern of the graphene oxide on the glass.

3.3. The I-V characteristics of the Al/GO/p-Si juntions
The current based on the thermionic emission model as a function of voltage for qV>3kT
in the metal-semiconductor contact is given as [55,56]

V
=1, exp(ri(—_l_j 2

where V is the gate voltage, n is the ideality factor of the diode and I, is the reverse bias leakage
current extracted from

l, = AAT? exp(— %) , ®)

where A is the contact area, A™ is the Richardson constant of p-Si semiconductor, k is the
Boltzmann constant, T is the temperature in Kelvin, q is the charge of electron and @, is the

barrier height (BH). The values of nand @ by using Egs.2 and 3 are presented as:

n:i( dvj @
kT dInl

and

®)

I 0
respectively.

Fig. 9 presents the Inl-V measurements of the Al/GO/p-Si MIS structures (total 17 diodes)
fabricated on the same p-type Si wafer. All of the Al/GO/p-Si MIS diodes shown in Fig.9 have
good rectifying properties. The Inl-V plots of the MIS devices have linear regions at low voltage
region. But they present a curvature by reason of the influence of series resistance (R;). The

ideality factors n and barrier heights (BHs) @, for each diode are calculated from of the Inl-V
curves by using Egs. 4 and 5, respectively. Fig. 10 shows the Inl-V plots of the Al/p-Si control
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junction and one of the Al/GO/p-Si MIS diodes. Also, the figure presents that the reverse bias
current of the Al/GO/p-Si diode reduces significantly with respect to reverse current of MS control
junction. The ideality factor and barrier height for one of the AI/GO/p-Si contacts in dark is
extracted as 1.48 and 0.76 eV, respectively. Also, the ideality factor and barrier height of the Al/p-
Si reference (control) MS junction are 1.72 and 0.65 eV, respectively. These parameters were
given in Table 1. The ideality factor calculated with the image-force influence only can be near
1.01 or 1.02 [57]. Also, the barrier height value of 0.76 eV determined for one of the Al/GO/p-Si
contacts is higher than value of 0.65 eV for Al/p-Si reference MS juntion shown in Fig. 10.

Table 1. The diode parameters of Al/p-Si control diode and Al/GO/p-Si diode.

Cheung
Device -V dv/dinl-I H(I)-1 Norde
D, (eV) |n n Rs(kQ) | Dp(eV) | R (kQ) | @y (eV) | Rs(kQ)
Al/p-Si 0.65 1.72 5.87 0.60 0.62 1.09 0.69 3.42
Al/GO/p-Si 0.76 1.48 3.42 6.95 0.73 8.67 0.79 40.81
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Fig. 9. Current-voltage characteristics of the Al/GO/p-Si Schottky devices (total 17 diodes).
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Fig.10. Current-voltage characteristics of one of the Al/GO/p-Si MIS devices and
a conventional Al/p-Si MS control junction in dark and at room temperature

In literature, a lot of paper has been presented for the production of MIS contacts by
employing the different nano-carbon based materials such as graphene, GO, carbon nanotube
(CNT), etc. The results of some workers for the values of Schottky barrier height and ideality
factor were given in Table 2. For example, An et al. [13] found as 0.47eV and 8.1 the values of
Schottky barrier height and ideality factor for the graphene/p-Si junction. Yim et al [14] also
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reported that the Schottky barrier height and ideality factor of the graphene/n-Si diode were
calculated as 0.69 eV and 1.38. In other study, Phan et al. [35] fabricated Al/GO/n-Si junction by
using an interlayer of graphene oxide (GO) material. The ideality factor and the barrier height of
the AlI/GO/n-Si device in darkness were as 0.50 and 2.94, respectively. In another study, An et al.
[58] fabricated CNT/p-Si junction by using an interlayer of CNT material. The barrier height of
the CNT/p-Si device were found as 0.41 eV. In the present study, the GO film creates a physical
block between Al metal and the p-Si wafer. GO film could cause to significant change in the
energy band structure of MS diode. Thus, the GO interlayer between p-Si wafer and the metal
enhances the barrier height of Al/p-Si MS control junction [59]. In conclusion, we have deduced
that the electrical features of conventional Al/p-Si junction can be well improved by GO inter-
layer film.

Table 2. Some diode parameters of the works published in the literature of graphene,
GO and CNT/Si devices

Device Workers @y (eV) n
Graphene/p-Si Anetal. [13] 0.47 8.1
Graphene/n-Si Yim et al. [14] 0.69 1.38
GO/n-Si Phan et al. [35] 0.50 2.94
Graphene/n-Si Li etal. [19] 0.78 1.57
CNT/p-Si An et al. [58] 0.41 -
Graphene/n-Si Tongay et al. [26] 0.40-0.60 1.12-1.90

The interfacial regions of MS or MIS diodes are mostly accepted to be uniform and the
junctions are evaluated by the barrier heights and ideality factors [57,60-69]. In this study, the
values of BH and ideality factor for the AI/GO/p-Si MIS diodes as seen in Fig. 11 range from 0.68
eV to 0.76 eV, and from 1.48 to 1.82, respectively. There is a linear variation between effective
barrier heights and ideality factors. Homogeneous barrier height of the Al/GO/p-Si MIS diodes has
been determined as 0.74 eV from extrapolation of BH vs. ideality factor plot shown in Fig. 11.
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Fig.11. The BH vs. ideality factor plot for the Al/GO/p-Si diodes

Cheung and Cheung [70-72] presented a calculation technique to extract the series
resistance values. The I-V characteristic of a junction with the series resistance parameter is given
as [72]:

I =1pexp (6)

[q(v - IRS)]

nkT

The series resistance values are extracted from following equations derived from the Eq.(6);
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+IR,, )

H()=v _KnZT]m(AA’[TZ]' v

H(1)=nd}, + IR. )

and H (1) is expressed as:

Fig. 12 and 13 indicate the % vs. | and H(l)-1 graphics of the Al/GO/p-Si and the
Al/p-Si diodes at room temperature. From the dv/d(Inl)-I curve, the ideality factor and series
resistance of the Al/GO/p-Si diode were found as n = 3.42 and Rs = 6.95 kQ, respectively. Also,
the ideality factor and series resistance of the Al/p-Si control diode were found as n = 5.87 and Rs
= 0.60 kQ, respectively. These parameters were given in Table 1. It has been seen that the ideality
factor value extracted from the dVv/d(Inl)-I curves is different from the value of n determined from
the forward-bias Inl-V plot. This difference may be ascribed to the existence of the series

resistance, interface states and the interfacial layer (GO+native oxide) [73]. However, the H(I )
I plot will be linear [66]. The slope of the plot provides a second extraction way of Rg. The
values of barrier height and series resistance for the Al/GO/p-Si diode were found as 0.73 eV and
8.67 kQ by using the H(I ) | curve, respectively. Also, the values of barrier height and series

resistance for the Al/p-Si control diode were found as 0.62 eV and 1.09 kQ. These parameters
were given in Table 1. The increase in the barrier height of the Al/GO/p-Si diode is similar to the
evaluation performed in the I-V analysis. However, the GO layer in the Al/GO/p-Si device forms
an additional barrier between Al and p-Si and causes to important increase in the series resistance
of the diode.

H()
Dp=0.73 eV
Rs = 8.67 kQ

dvidint (Volt)

dv/dinl

n=23.42 100
Rs = 6.95 kQ

1 N
0.0E+000 4.0E-005 8.0E-005 1.2E-004 1.6E-004
1(A)

Fig.12. H(I)-1 and dV/d(Inl)-I curves for the AlI/GO/p-Si MIS diode.
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Fig.13. H(I)-1 and dVv/d(Inl)-I curves for the Al/p-Si control diode.

To determine the series resistance has recently been proposed a different method by Norde
[74]. In the modified Norde’s technique, the following function has been given as:

Vo1, 1V)
F(V)= .5 In( AA*TZJ (10)

where F(V) is Norde function, y is the first integer (dimensionless) greater than n. 1(V) is the
current found from the 1-V measurement and £ is a temperature-dependent value extracted by

= %T . The barrier height of the diode can be obtained from Eqg. (11),

cDsz(Vo)‘i'\i_k_T (11)
Yy q

where F(Vy) is the minimum of F(V) -V curve and V, is the related voltage value .
Fig. 14 shows the F(V)-V curves of the Al/GO/p-Si junction and Al/p-Si diode. In light of
Norde’s function, the value of series resistance is given as;

RS = M ) (12)
gl

By using F(V()=0.73 V and V,=0.17 V values from the F-V curve, the values of barrier
height and series resistance for the Al/GO/p-Si MIS diode were found as 0.79 eV and 40.81 kQ,
respectively. However, the values of barrier height and series resistance for the Al/p-Si control
diode were extracted as 0.69 eV and 3.42 kQ, respectively. These parameters were given in Table
1. There is a difference in the @, values determined from the Inl-V method, Cheung technique and
Norde method. Also, the value of series resistance is dramatically higher than that obtained from
Cheung functions. Differences in the barrier height and the series resistance values obtained from
three methods for the Al/GO/p-Si junction is due to the determinations from different parts of the
I-V curve [75]. Cheung functions are only applied to the non-linear region in high voltage region
of the forward-bias Inl-V characteristics. But, Norde’s functions are applied to the full forward-
bias region of the Inl-V characteristics of the junctions. Further explanations on the differences
were given in our previous study [76].
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Fig. 14. F(V)-V plots for the Al/GO/p-Si and Al/p-Si diodes.

3.4. Extraction of the interface state density of the AI/GO/p-Si diode
Card and Rhoderick [77] have recently presented a technique to extract the interface state
density Nss for a MS diode with interface states. The interface state density Nss is given as:

Niss =l{ﬁ(n(\/)—1)—ﬁ} (13)
qLo w

where w is the width of depletion region, & is the permittivity of the semiconductor, ¢ is the
Vv

(KT /q)In(1/1,)

is the ideality factor as a function of gate voltage. The energy of the interface states (Ess) in the
MIS diodes are stated as:

permittivity of the interfacial layer, ¢ is the thickness of interlayer, and n(V) =

Es —-E, =q®,—qV . (14)

The values of Ess-Ey of the interface states has been extracted from the 1-V measurement.
The curve of Nss vs. Ess-Ey by using Egs. (13) and (14) has been drawn as seen in Fig. 15. It has
been shown that the density of interface states increases with decreasing Ess-Ey values from the
Fig. 14. The density of interface states of the Al/GO/p-Si junction varies from 2.47x10* eV ' cm™
to 2.41x10" eV* cm™. Tozlu et al. [78] have recently reported that the density of interface state
for the metal/polymer/p-Si diode with polymer interlayer (polyvinyl phenol (PVP) +
poly(melamine-co-formaldehyde) (PMF)) varied from 4.5x10" to 6.5x10" cm™ eV"'. Kavasoglu
et al. [79] have also presented that the density of interface states for Au/Poly(4-vinyl phenol)/p-Si
junction is between 1.5x10™ cm eV ' and 1.0x10" cm2eV . Gullu et al. [80] prepared an
Al/Congo Red/p-Si MIS diode with an organic film on p-Si wafer. It was reported that the
interface-state density of the MIS diode changed from 1.24x10" cm™ eV to 2.44x10% cm?
eV, Also, Yakuphanoglu et al [59] showed that the density of interface states for the Al/CoPc/p-
Si junction changed from 1.23x10" cm™ eV ' to 6.90x10"*cm eV . Erdogan and Gullu [81] have
recently investigated the structural morphological and optical characteristics of the Cr,0; films
coated on p-Si wafers by using the sol-gel technique. They have also examined the I-V
measurements of the Au/Cr,O3/p-Si diode. They [81] have indicated that the interface state density
of the Au/Cr,04/p-Si junction is in the range of 2.90x10" eV ' cm™- 8.45x10% eV* cm™. In the
present work, the density of interface states extracted for the AI/GO/p-Si device is in well
agreement with the results of previously presented studies. The GO thin interlayer film modifies
the semiconductor substrate surfaces, and then the chemical interaction at the interface between Al
and p-Si wafer due to the effect of native oxide+GO interfacial layer will cause to new states
[59,79,82-83].
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Fig. 15. Nss vs. (Ess-Ey) plot of the AI/GO/p-Si MIS device.

3.5. Photovoltaic properties of the Al/GO/p-Si MIS diode

The influence of 300 watt light illumination on the Al/GO/p-Si junction is presented in
Fig. 16. The current of the junction under light illumination is higher than that in the dark. The
light illumination causes to the production of new electron—hole pairs [39]. The charge carrier
creation is correlated with the difference in electron affinity between p-Si and the GO. The diode
indicated photovoltaic feature with a maximum open-circuit voltage of V.. = 100 mV, a short-
circuit current of 15=0.77 pA, a fill factor FF=0.33 and a power conversion efficiency (PCE) of
1=0.0029% under light illumination of 300 watt. However, it is worth noting that this PCE value is
still lower than conventional silicon p-n or Schottky junction photodetectors. This could be due to
defects and traps at the GO/p-Si interface introduced during the fabrication process due to the drop
cast method[13]. The interfacial (native oxide+GO) layer could also be a contributing factor to the
low PCE [13,84]. This implies that the PCE of the graphene/Si Schottky junction photodetectors
could be improved by further optimizing and controlling the processing and fabrication conditions.
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£l 1 1 1
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Fig.16. The dark and light I-V measurements of one of the Al/GO/p-Si MIS devices.

3.6. Analysis of Capacitance-Conductance-Frequency (C-G-f) Characteristics of the

Al/GO/p-Si junction

The capacitance-voltage (C-V) measurement can present important information about the
interfacial properties of the diodes. Figs. 17 and 18 show the measured capacitance (C) and
conductance (G) of the Al/GO/p-Si diode as a function of the frequency (f) with steps of 0.04 V,
respectively. The capacitance values increases with a decreasing in the frequency range of 3 kHz -
10 MHz as shown in Fig. 16.
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Fig.17. Capacitance-frequency (C-f) measurements of the Al/GO/p-Si MIS
junction as a fuction of voltage

As seen in Fig.18, the measured conductance as a function of frequency increases with the
increasing voltage. This situation is attributed to the presence of a continuous distribution of the
interface states, causing to a clear decrease of the reaction of the interface states to the applied
alternative voltage [85,86]. The values of capacitance and conductance of a junction generally
depend on the voltage and frequency of applied alternative signal due to the particular features,
such as impurity level of the semiconductor, high series resistance, etc. At low frequency region,
the diode capacitance is influenced by the depletion capacitance of the junction. If the signal
frequency increases, the total junction capacitance is dominated not only by the depletion
capacitance but also by the bulk resistance and related with hole or electron emission from deep
impurity levels [55,85,86].
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Fig.18. Conductance-frequency (G-f) measurements of the Al/GO/p-Si MIS
diode for various voltages

4. Conclusions

In conclusion, the surface morphology, optical absorbance, and structural features of the
GO films were examined by using the UV-vis method, AFM, XRD and SEM. The GO layer is
smooth, with many wrinkles as also observed in previously reported graphene oxide sheets. The
optical absorbance spectrum of GO film has a peak at about 285 nm that is due to -7 transition of
aromatic C-C bonds. A “‘shoulder’’ at a wavelength of about 350 nm is also present, indicating n-
n electronic transitions in carbonyl and carboxyl functional groups. The values of direct and
indirect band gap of the GO film were found as 3.89 eV and 3.21 eV, respectively. Also, the
Al/GO/p-Si junctions have been formed on the p-Si wafer. Electrical characteristics of the diodes
were investigated by using I-V and C-G-f measurements. In this work, the values of BH and
ideality factor for the Al/GO/p-Si MIS junctions range from 0.68 eV to 0.76 eV, and from 1.48 to
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1.82, respectively. Homogeneous barrier height of the AlI/GO/p-Si MIS diodes was calculated as
0.74 eV. The distribution of interfacial states of the the Al/GO/p-Si junctions has been examined.
The density of interface states of the Al/GO/p-Si junction varies from 2.47x10" eV™' cm? to
2.41x10" eV em™. It was investigated the illumination influence on the electrical features of the
junction. The diode indicated photovoltaic feature with Vo = 100 mV, 1=0.77 pA, FF=0.33 and
1=0.0029% under light illumination of 300 watt. The results show that GO layer acts as a material
with good optical sensing. Our results provide important insights for the future integration of
graphene based materials into existing semiconductor technologies.
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