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intense studies on the development of 
high-performance graphene transparent 
electrodes and their applications for solar 
cells, light-emitting diodes (LEDs), photo-
detectors, touch screens, and so on. [ 5,10–19 ]  
Among these studies, the combination of 
graphene transparent electrodes and sil-
icon for optoelectronics is attracting espe-
cial attention concerning that silicon is a 
widely used commercial material in semi-
conductor industry. Li et al. found that 
graphene and silicon can form Schottky 
junction, and thus developed the confi gu-
rations for solar cells. [ 20 ]  Through tuning 
the confi gurations, Miao et al. reported 
that the graphene-silicon (GS) junctions 
exhibited a power conversion effi ciency of 
8.6%, [ 21 ]  and Shi et al. further developed 
the effi ciency up to 14.5%. [ 22 ]  Moreover, 
An et al. reported that the GS Schottky 
junctions can be employed as ultrasensi-
tive photodetectors with a photovoltage 
responsivity exceeding to 10 7  V/W at a 
low light power of 10 nW. [ 19 ]  These excited 
results are motivating the scientifi c com-

munity to develop GS structures for practical applications. [ 23–25 ]  
 However, it is still a big problem to produce GS confi gura-

tions for large-scale applications so far. Graphene used in these 
structures is mainly through mechanical cleavage or chemical 
vapor deposition (CVD) methods. [ 19–22,26 ]  The former method is 
not suitable for large-scale applications, and the later is often 
with an inevitable transferring procedure leading to the pro-
cess complicated, cost increasing and environment polluted. 
Recently, we developed a catalyst-free method to directly grow 
large-scale nanocrystalline graphene-graphite patterns on 
various substrates from photoresist, [ 27 ]  and successfully made 
them apply for transparent electrodes on silicon to form metal-
free GS Schottky diodes, where nanographene serves as trans-
parent electrodes and nanographite serves as leads to connect 
the nanographene and the outer circuit. [ 28 ]  Due to that the 
process is based on the conventional photolithography and 
silicon technique without any transfer, it gives a possibility to 
produce practical GS Schottky junctions for future commercial 
applications. But because of that the process needs high tem-
perature treatment, carbon atoms always diffuse into silicon 
resulting in defects and complicated surface states in silicon 
interface, leading to that the produced GS Schottky junctions 
exhibit a high reverse leakage current and a poor rectifi er 
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  1.     Introduction 

 Graphene, a single layer of carbon atoms packed with a hon-
eycomb structure, has been attracting tremendous attention 
owing to its excellent mechanical fl exibility, outstanding optical 
transparency and high-performance electronic properties. [ 1–6 ]  
Theoretical and experimental results indicate that monolayer 
graphene has a sheet resistance as low as 30 Ω/� with an 
absorption of only 2.3% for visible light. [ 7,8 ]  These remarkable 
properties make graphene a promising candidate for future 
stretchable transparent electrodes. [ 5,9 ]  It is thus stimulating 
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ratio. In comparison with metal-semiconductor Schottky struc-
tures, metal-insulator-semiconductor (MIS) structures with a 
thin insulator layer inserted between the metal and the semi-
conductor often show a high open-circuit voltage ( V OC  ) and 
should be a promising structure for high-performance photo-
voltaic devices. In this paper, we reported a simple approach to 
directly grow nanographene on silicon for metal-free nanog-
raphene-oxide-silicon (GOS) confi gurations through previ-
ously inserting a thin thermal oxide insulator layer between 
the nanographene and the silicon. The results exhibit that the 
inserted oxide layer can effectively and greatly suppress the 
reverse leakage current and strongly enhance the rectifi er ratio. 
The GOS confi gurations also show much better photovoltaic 
properties compared with the GS structures produced with a 
similar method, and are even competitive to the GS devices 
with CVD-derived graphene. The whole process is mainly 
based on the conventional photolithography and silicon tech-
nique and it thus supplies one practical way to produce high-
performance, low-cost and large-scale graphene-silicon based 
metal-free electronics and optoelectronics.  

  2.     Results and Discussion 

  Figure    1  a–e show a schematic process of the GOS confi gu-
rations fabrication, and the details can be seen in the experi-
mental section and Figure S2 in Supporting Information. 
High temperature treatment can transform photoresist fi lm 
into nanographite with nanographene formed on the clean 
neighbor part without photoresist due to the carbonization and 
graphitization. [ 27,28 ]  Figure  1 f shows an optical photograph of a 
produced typical GOS confi guration and its schematic cross sec-
tion. The GOS confi gurations are almost similar to our previ-
ously reported GS Schottky junctions except that there is a thin 
thermal oxide layer inserted between the nanographene and the 

silicon. [ 28 ]  The thin oxide layer is about 2.5 nm in thickness and 
0.5 × 0.5 mm 2  in area. For devices measurement, the outer cir-
cuit is connected with the nanographite on the 300-nm-thick 
SiO 2  and the underneath silicon. They thus exhibit a metal-free 
confi guration.  

  Figure    2  a and  2 b show current–voltage ( I−V)  characteristic 
curves of a typical GOS confi guration and a typical GS confi gu-
ration under the dark condition. The fabrication details of the 
GS confi gurations are shown in the experimental section as 
reported in our previous results. [ 28 ]  As shown in the fi gures, the 
GS confi guration shows a Schottky behavior with a large reverse 
leakage current at around 10 −5  A and a poor rectifi er ratio. 
The reverse leakage current keeps on increasing with the bias 
voltage increasing without any obvious saturation. Typically, 
this kind of GS confi gurations has a rectifi er ratio less than 5. 
The current at the zero bias voltage is about 10 −7  A, which is 
close to the reported results. [ 20 ]  However, in comparison of the 
produced GS confi gurations, the GOS confi gurations exhibit a 
pretty excellent rectifying property. As shown in the fi gures, the 
GOS confi guration shows a rather low reverse leakage current 
of about 10 −8  A, indicating that the reverse leakage current is 
reduced 10 3  times. Typically, the rectifi er ratio of the produced 
GOS confi gurations is about 10 3 , which is strongly enhanced 
compared with the GS confi gurations (less than 5). It should be 
noted here that the current at the zero bias voltage is also sup-
pressed. For GOS, it is less than 10 −9  A.  

 Since there is no difference between the GOS and the GS 
except for the inserted thin oxide layer, the enhancement of the 
electronic behaviors of the GOS could be decided to originate 
from the thin oxide layer. For the GS confi gurations, the high 
temperature treatment process (1000 °C) could make carbon 
atoms diffuse into the silicon near the interface. The diffused 
carbon atoms result in defects in silicon and would lead to a 
high interfacial defect density state. The large reverse leakage 
current of the GS is probably due to the high interfacial defect 
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 Figure 1.    a–e) Schematic fabrication process of the metal-free nanographene-oxide-silicon (GOS) confi guration. a) An area of 0.5 × 0.5 mm 2  SiO 2  is 
totally etched by BOE with the photoresist protecting. b) After the photoresist is removed, the exposed silicon is oxidized to form a thin oxide layer of 
∼2.5 nm on. c) A photoresist structure is aligned on the Si/SiO 2  confi guration. d) After high-temperature treatment, the photoresist fi lm is transformed 
into nanographite with nanographene formed on the around parts. e) The nanographene on the around part is etched by oxygen plasma to avoid the 
possible contact between the nanographene and the side silicon. f) Optical photograph of a produced metal-free nanographene-oxide-silicon device 
and its schematic cross section view.
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density state. In the GOS confi gurations, the thin oxide layer 
plays at least two roles. One is as a passivation layer to block the 
carbon atoms diffusing into the silicon during the high temper-
ature treatment process; the other role should be as an insulator 
layer between the nanographene and the silicon to make the 
GOS confi gurations serve as a metal-insulator-semiconductor 
(MIS) structure. As what is demonstrated in the experimental 
section, the inserted thin oxide layer is only about 2.5 nm in 
thickness. At this situation, the current across the GOS should 
be dominated by the thermionic emission tunneling limited 
mode rather than others. [ 29–34 ]  (The temperature dependent  I−V  
characteristic curves of the GOS can be seen in Figure S5 in 
Supporting Information.) It means that the GOS confi gurations 
here serve as a MIS tunneling diode. The thin oxide layer, as a 
well-known insulator, plays as an effective barrier to make the 
current across the confi gurations dominated by a thermionic 
emission tunneling mode. On the contrary, 
the barrier in the GS Schottky junction is 
affected by the high interfacial density state 
in silicon from the diffused carbon atoms, 
resulting in that the reverse leakage current 
is pretty high. 

 The thin oxide insulator layer in MIS struc-
tures often makes the thermionic emission 
current from the majority carriers decrease, 
but is nearly no effect on the current from 
the diffused minority carriers (as shown in 
 Figure    3  a). It could thus be used to increase 
the open-circuit voltage ( V OC  ) of the Schottky 
photovoltaic devices. [ 29 ]  Therefore, it is pos-
sible to use the developed GOS structures for 
high-performance photodetectors working at 
a photovoltage mode. Figure  3 b shows  I−V  
characteristic curves of the GOS under the 
darkness and the light illumination, respec-
tively. The light source used here is a white 
light-emitting diodes (LEDs) lamp, the power 
of which can be continually modulated up 
to 5.5 mW/cm 2 . Obviously, the GOS device 
exhibits a conventional rectifying behavior 
and a remarkable photovoltaic property 
under the light illumination. It means that 
the incident light can pass through the 
nanographene transparent electrode and the 

inserted thin oxide layer, and then generates 
electron-hole pairs in silicon. The photo-
excited carriers are separated by the built-in 
electric fi eld in the GOS structures, resulting 
in the holes being transported from the sil-
icon to the nanographene and then to the 
nanographite around (Figure  3 a). By this way, 
the photovoltage is generated in the GOS 
structure.  

 The photovoltaic behavior of the GOS 
structure varies with the light power var-
ying. As shown in Figure  3 c, the  V OC   and 
 I SC   keep on increasing with the light power 
increasing. This indicates that the GOS can 
be developed for photodetectors. Photo-

voltage measurement is a promising mode for sensitive photo-
detection due to the zero bias current without any Joule-heating 
associated with energy consumption. We thus tested the GOS at 
a photovoltage mode. Figure  3 d shows the time-dependent pho-
tovoltage response of the GOS device to the light with different 
power switching on and off for six cycles. The results indicate 
that the photovoltage is generated while the light switches on, 
and rapidly shuts off while the light switches off. The gener-
ated photovoltage obviously increases with the light power 
increasing. Under the light power of 0.025 µW, the generated 
photovoltage is about 27 mV; while the light power increases to 
10 µW, the photovoltage increases up to ∼156 mV. 

 Compared with the GS Schottky junctions, the GOS devices 
exhibit much more sensitive to the light.  Figure    4  a shows time-
dependent photovoltage response curves of the GOS device and 
the GS device with the light switching on and off for six cycles. 
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 Figure 2.    a,b)  I−V  curves of a typical nanographene-oxide-silicon (GOS) device and a typical 
nanographene-silicon (GS) device in different y axis scale.

 Figure 3.    a) Energy diagram of the nanographene-oxide-silicon (GOS) under light illumination. 
W NG  is the working function of the nanographene. b)  I−V  curves of the GOS under the dark and 
the light illumination. The light power is ca.13.7 µW. c)  I−V  curves of the GOS under the dark 
and the light illumination with different power. d) Photovoltage ( V OC  ) response of the GOS to 
the light with different power switching on and off.
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Both of them are tested under the light power of ∼13.7 µW. The 
results clearly indicate that the GOS generates a much higher 
photovoltage than the GS. Under the light illumination, the 
GS structure shows a photovoltage of about 3 mV, while the 
GOS structure exhibits a high photovoltage up to 160 mV. It 
increases over 50 times. Figure  4 b shows the responsivity of 
the GOS and the GS to the light with different power. The 
responsivity  R S   is defi ned as  V OC /P ;  P  is the incident light 
power. The results exhibit that both of them are almost lin-
early increase with the light power decreasing, which is sim-
ilar to the reported results. [ 19,28 ]  However, the GOS shows an 
obviously higher responsivity than the GS. And with the light 
power decreasing, the responsivity of the GOS increases much 
faster. At the light power of 10 µW, the responsivity of the GOS 
is about 10 4  V/W; while the light power decreases to 0.025 µW, 
the responsivity increases up to 10 6  V/W, indicating that the 
GOS should be especially suitable for ultrasensitive photodetec-
tors to weak light. In fact, the responsivity of the GOS structure 
is even competitive to the GS Schottky junctions produced with 
CVD-derived graphene. [ 19 ]  But the producing process is much 
easier and of low cost, indicating it should be competitive for 
the future graphene-silicon based optoelectronic devices.  

 Response time is an important characteristic for photodetec-
tors. The photodetectors with a fast response time indicate that 
they can switch quickly from “on” to “off” state or from “off” 
to “on” state along with the light.  Figure    5  a shows the photo-
voltage response time of the GOS to the light switching on and 
off. The power of the light is 13.7 µW. Unfortunately, we can 
not exactly obtain the real response time of the GOS to the light 
due to the equipment limitation. The rough measurements 
clearly indicate that the response time is less than 0.5 s. For 
practical applications, reliability should be considered seriously. 
Figure  5 b shows the photovoltage response curve of the GOS to 
the light cycling on and off for over 200 times. The results show 
that the deviated photovoltage is less than 0.5%, indicating that 
the GOS device has an excellent repeatability.   

  3.     Conclusions 

 We thus developed a simple and low cost method to produce 
metal-free nanographene-oxide-silicon (GOS) confi gurations. 
Compared with the nanographene-silicon (GS) Schottky struc-
tures produced with the similar method, the GOS structures 
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 Figure 4.    a) Photovoltage ( V OC  ) response of the GOS device and the GS 
device to the light switching on and off. The light power is ∼13.7 µW. 
b) Photovoltage ( V OC  ) responsivity of the GOS device and the GS device 
with different light power. The responsivity is defi ned as  V OC /P, P  is the 
incident light power.

 Figure 5.    a) Photovoltage ( V OC  ) response of the GOS device to the light 
switching on and off. b) Time-dependent repeatability of switching prop-
erties of the GOS device for over 200 times. The light power is ca.13.7 µW.



FU
LL P

A
P
ER

7617wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

exhibit high performances on electronic and photovoltaic prop-
erties. Due to the thin oxide layer inserted, the reverse leakage 
current of the GOS is effectively suppressed from over 10 −5  
A down to 10 −8  A and the rectifi er ratio is greatly enhanced 
from less than 5 up to 10 3 . The photovoltaic properties are also 
enhanced due to the GOS can suppress the thermionic emis-
sion current from the major carriers and has nearly no effect 
on the minor carriers diffusion. The open-circuit voltage ( V OC  ) 
of the GOS is increased from ∼3 mV up to ∼160 mV in com-
parison of the GS structure under the light illumination with 
the power of 13.7 µW. The GOS structures exhibit especially 
ultrasensitive to weak light. Under the light power of 0.025 µW, 
the responsivity of the GOS exceeds up to 10 6  V/W, which is 
much better than the GS structures produced with the similar 
method and even competitive to the GS structures with CVD-
derived graphene. Due to the source material for the nanogra-
phene here is photoresist and the GOS produced in this way is 
mainly based on the current-used photolithography and silicon 
technique, the GOS confi gurations are very easy to achieve 
device fabrication, integration, and miniaturization; it could 
thus be a practical way to produce metal-free graphene-silicon 
based electronics and optoelectronics for commercial use.  

  4.     Experimental Section 
  Materials : The silicon wafer used in the experiment is  n -type with a 

resistivity of 1–10 Ω·cm, covered with a 300-nm-thick thermal oxide fi lm. 
The photoresist is RZJ-304 from Suzhou Ruihong Electronic Chemicals 
Co. Ltd. It is a positive photoresist. 

  Fabrication of Metal-Free Nanographene-Silicon (GS) Schottky Diodes : 
Metal-free GS Schottky diodes were fabricated as what we reported 
previously (schematically demonstrated in Figure S1 in Supporting 
Information). [ 28 ]  Firstly, 1.5-µm-thick photoresist fi lm was spin-coated on 
the Si/SiO 2  wafer and a square window with an area of 0.5 × 0.5 mm 2  
was cleaned with a standard photolithography method. The exposed 
SiO 2  layer in the window was then totally wet-etched by buffered oxide 
etchant (BOE, NH 4 F : 10% HF : H 2 O = 8 g : 2 ml : 12 ml) leading to 
the underneath silicon present. In order to avoid the contact between 
the photoresist and the side silicon, the around photoresist was also 
totally etched by photolithography. The obtained structures were then 
heated for 10 minutes in a vacuum horizontal quartz tube at 1000 °C 
under the protection of 100 SCCM 5% H 2 /Ar gas fl ow. The photoresist 
structure thus in situ grew into nanographite with nanographene formed 
on the surface of the part (including the exposed silicon) without 
photoresist. Finally, the nanographene on the surface of the around part 
was etched by oxygen plasma to avoid the possible contact between 
the nanographene and the side silicon. It should be noted here that the 
origination of the nanographite growth is due to the high-temperature 
carbonization and graphitization. The formation of the nanographene 
around the photoresist structure originates from the photoresist 
molecules evaporation and transportation. [ 27,28 ]  After these procedures, 
metal-free GS Schottky diodes were ready for characterization where 
nanographite served as electrodes instead of metal. 

  Fabrication of Metal-Free Nanographene-Oxide-Silicon (GOS) Diodes : 
Metal-free GOS comfi gurations were fabricated as following 
(demonstrated in Figure  1 a–e and Figure S2 in Supporting Information): 
(1) 1.5-µm-thick photoresist fi lm was spin-coated on the Si/SiO 2  wafer 
and a square window with an area of 0.5 × 0.5 mm 2  was cleaned with 
a standard photolithography method. (2) The exposed SiO 2  layer in the 
window was totally wet-etched by BOE leading to the underneath silicon 
present. (3) The photoresist fi lm on the Si/SiO 2  structure was carefully 
cleaned by acetone and DI water in sequence. The Si/SiO 2  structure was 
then dried by N 2  gas fl ow. (4) The dried Si/SiO 2  structure was treated 

in air gas fl ow at 800 °C for 30 minutes to get a 2.5-nm-thick thermal 
oxide fi lm on the exposed silicon window. The determining method 
of the thickness of the thermal oxide fi lm can be seen in Figure S3 in 
Supporting Information. (5) 1.5-µm-thick photoresist structure was 
aligned on the square window. (6) The obtained structure was heated 
for 10 minutes in a vacuum horizontal quartz tube at 1000 °C under 
the protection of 100 SCCM 5% H 2 /Ar gas fl ow. Photoresist structure 
grew into nanographite with nanographene formed on the surface of 
the part (including the window) without photoresist. (7) Nanographene 
on the around part was etched by oxygen plasma to avoid the possible 
contact between the nanographene and the side silicon. After the above 
procedures, metal-free GOS diodes were ready for characterization, 
where nanographite served as electrodes instead of metal. 

  Characterizations : The thickness of the thermal oxide fi lm was 
decided by atomic force microscopy (AFM). The nanographene was 
characterized by Raman spectroscopy. The electrical and photoelectrical 
properties of the produced diodes were characterized with a Keithley 
4200-SCS semiconductor analyzer at room-temperature in atmosphere. 
The light source was a light-emitting diode (LED) lamp whose power can 
be modulated. We used an optical power meter of SGN-1 to measure 
the power of the light and calculated the incident light power on the 
confi gurations according to their area.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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