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1. The Mott-Schottky plot 

Figure S1 shows the Mott-Schottky plot of the experimental C-V measurement taken from the 

GOS device at 1kHz.
1,2

 The built-in potential (V�� ) is estimated as ~ 0.1 V indicated by the 

extrapolated linear curves (1/C
2
 vs V) to x-axis. Using the relationship of 

�
�� � �

	
�������
�V � V��, 

where N
  is the acceptor concentration, ε�  is the vacuum permittivity and ε����  is the relative 

permittivity of SiO2, the Si doping concentration, N
 � �
�����	

���� ��⁄ �
� !"�, is estimated as ~ 1.32 x 10

15
 

cm
-3

. The relationship of E$%��& � E�%��& ' kTln%N
 n�⁄ & says that the corresponding Fermi level of the 

employed Si (E$%��&) is~ 4.86 eV where E�%��& is the intrinsic level of the bulk Si (assumed to be 4.61 

eV) and n� is the intrinsic carrier concentration at room temperature (assumed to be 1.5 x 10
10

 cm
-3

). 

 

Figure S1. Mott-Schottky plot of the C-V curve taken from a GOS diode at 1 kHz AC modulation at 

dark state. 

 

2. Voltage and optical power dependent Raman spectra of graphene 

Raman spectra were measured from the middle of GOS structures using a 515 nm wavelength 
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Ar-ion laser and a 100x microscope objective lens. The beam spot size employed for Raman studies 

is about 1 µm in diameter. The employed laser power was varied from 0.024 mW to 1 mW.
3 
Raman 

spectra were taken at zero bias voltage as well as -5 V reverse bias voltage. 

Figure S2a shows the optical power-dependent Raman shift of the GOS junction at the reverse 

bias voltages of -5 V as well as at zero bias voltage (0 V). The peak position of the G band is varied 

with the reverse bias voltage as well as the optical power as shown in the inset of Figure S2b. This 

suggests that the graphene Fermi level depends on the reverse bias voltage as well as the optical 

power.  

The estimated graphene Fermi level or the charge carrier concentration from the G peak position 

are plotted in Figure S2b while the graphene Fermi level (E$%,&%p&) is related to the hole concentration 

(p) in graphene as E$%,&%p& � ℏ|v$|1πp, where ℏ is the reduced Planck constant and v$ is the Fermi 

velocity (10
6
 ms

-1
) in graphene.
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At the low laser optical power of 0.024 mW, the G peak positions at zero bias voltage (○) located 

at ~1585.6 cm
-1 

(∆EF = 0.186 eV) is shifted to ~ 1585.8 cm
-1

 (∆EF = 0.196 eV) at the reverse bias 

voltage of -5 V (□). As a result, the carrier density (p) in graphene at the reverse bias voltage of -5 V 

increases by more than 10 % of that at 0 V as shown in Figure S2b. The bias voltage dependent 

graphene Fermi level shift of the employed GOS devices is relatively low compared to that observed 

from a similar structure.
1
 This is attributed that the thin native oxide thickness of the present GOS (4.2 

Å) is less than that (5.3 Å) reported previously.
1
 The higher tunneling rate due to the thinner oxide 

layer causes lower charge accumulation across the native oxide layer and thus lower the graphene 

Fermi level shift. 

With the initial increase of the optical power, the G peak position (~1586.3 cm
-1

), the carrier 

density (3.19 x 10
12

 cm
-2

) and the Fermi level (∆EF = 0.209 eV) slightly shift to higher values as shown 

in Figure S2b. However, the further increase of the laser power, the G peak position, the density and 

the Fermi level shift become even lower than that at 0 V as shown in Figure S2b.
3
 At the initial 

exposure of the low optical power, photo-generated electrons are accumulated at the native oxide/Si 

interface while the graphene layer is charging with holes. As a result, the graphene becomes more p-
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doped. However, when the optical power becomes higher than a critical optical power, the enhanced 

photo-induced carrier tunneling caused by the Schottky barrier lowering reduces the hole 

concentration in graphene as the optical power increases. In addition to this, the minority carriers 

tunneled from the silicon are recombined with the holes in graphene. However, further increase of the 

probe laser optical power, the graphene Fermi level is insensitive to the optical power. In addition to 

the higher tunneling rate, this is attributed to the density of state in graphene, which is proportional to 

the energy from the Dirac point. 

However, the employed optical power density for the optical response study of the GOS devices 

are far less than the optical power density employed for the Raman study. Thus, this study suggests 

that the Fermi level shift of the graphene in the GOS structures by the employed LED optical power 

density can be negligible compared to the oxide voltage appeared across the native oxide layer while 

the graphene Fermi level shift by the reverse bias voltage is tangible as shown in Figure S2. 

 

Figure S2. (a) Raman spectra of the GOS diode taken by a laser power of 0.024 mW at 0V, and as a 

function of laser power (0.024 mW ~ 1 mW) at the bias voltage of –5V. (b) Hole doping concentration 

(p) and graphene Fermi level position, ∆E$%,&%p& � ℏ|ν$|1πp, at -5 V reverse bias voltage as a 

function of laser power and marked by squares (□). Those at 0 V are marked by circles (○).  

 

3. Optical power dependent C-V curves and their fitting results 

For the analysis of the photo-capacitance in GOS Schottky diodes, an equivalent circuit model is 



S5 

 

composed of capacitance network as shown in Figure S3a. The GOS Schottky diode is modeled as a 

capacitance network of aluminum-graphene contact (Al-G), graphene (G), silicon diode (SiO2), 

depletion region (D), the interface state (int), inversion region (inv) and gold-silicon contact 

capacitances. Based on the equivalent circuit model in Figure S3a, the total capacitance (C) is given 

by 

�
� � �

��678 '
�
�8 '

�
����� '

�
�9:��;<:��;= '

�
��>7��. 

Here, C
@", and C
A"�� are 9.09 x 10
-7 

F and 2.64 x 10
-4 

F as shown in a previous report.
1 

The 

capacitance of graphene (C,) is estimated as a function of the hole concentration (p) by C, � �	�
ℏBC√E1p 

where q is elemental charge, ℏ is the reduced plank constant, and v$ is Fermi velocity as 10
8
 cm 

sec
-1

. The reverse bias voltage dependent hole concentration (p) of graphene is extracted from the G 

peak shift of Raman spectra at 0 V and -5 V as shown in Figure S2 and can be expressed as a linear 

function of the reverse bias voltage by p � 2.54	x	10�� � 5.73	x	10�� ∙ V. The capacitance of silicon 

dioxide (C����) is calculated as C���� � ε�ε���� 
� , where ε� and ε���� are vacuum permittivity and 

relative permittivity of silicon dioxide, A is 0.0144 cm
-2

 as the junction area, d is the thickness (4.2 Å) 

of silicon dioxide estimated by Schottky emission theory. The depletion capacitance (C�) is calculated 

by C� � ε�ε�� 

Q9  where W�  is depletion width. The depletion width ( W� ) is given by 

W� � S����	�� %V�� � VT � kT& �U, where NA and VBi are acceptor concentration and built-in potential 

extracted from Figure S1, Va is applied voltage, k is Boltzmann constant, T is absolute temperature in 

Kelvin and η is the ideality factor. The capacitances of the interface state (Cint) and the inversion (Cinv) 

are expressed as Gaussian function. They are given by C�WX � P�WX ∙ exp"[
\7\�;<]�;< ^

�
+C�, and C�WB � P�WB ∙

exp"[
\7\�;=]�;= ^�

, where P�WX, V�WX and W�WX are peak height, position and width of the interface state and 

where P�WB, V�WB and W�WB are peak height, position and width of the inversion, respectively. The 

linearly varied voltage-dependent capacitance (C�) is attributed to the voltage dependent interface 

capacitance as shown in the previous study and which is expressed by α�WX ' β�WX ∙ V, where α�WX and 

β�WX ∙ are constants. Table S1 shows fitting parameters for optical power dependent C-V experiment 
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Figure S3. (a) Equivalent circuit models for GOS Schottky diode. CAl-G, CG, CSiO2, CD, Cint, Cinv, Cetc 

and CAu-Si represent capacitances by aluminum-graphene, graphene, silicon dioxide, depletion region, 

interface state, inversion, rest and gold-silicon capacitance, respectively. (b)-(g) Experimental 

capacitances and fitted results based on the equivalent circuit model as a function of optical power at 

(b) dark state, (c) 14 μWcm"�, (d) 71 μWcm"�, (e) 142 μWcm"�, (f) 0.7 μWcm"� and (g) 1.45 

μWcm"�. 

 

Parameters 

Value 

Optical power density (μW	cm"�& 
Dark 14 71 142 712 1450 

η 6.71 6.93 7.31 7.97 8.41 8.74 

CAl-G (F) 9.09 x 10
-7

 9.09 x 10
-7

 9.09 x 10
-7

 9.09 x 10
-7

 9.09 x 10
-7

 9.09 x 10
-7

 

CAu-Si (F) 2.64 x 10
-4

 2.64 x 10
-4

 2.64 x 10
-4

 2.64 x 10
-4

 2.64 x 10
-4

 2.64 x 10
-4

 

CSiO2 (F) 1.18 x 10
-7

 1.18 x 10
-7

 1.18 x 10
-7

 1.18 x 10
-7

 1.18 x 10
-7

 1.18 x 10
-7

 

P�WX (F) 3.26 x 10
-9

 3.26 x 10
-9

 3.96 x 10
-9

 3.98 x 10
-9

 4.19 x 10
-9

 4.27 x 10
-9

 

V�WX (V) 0.186 0.186 0.186 0.186 0.186 0.186 

W�WX (V) 0.263 0.641 0.865 1.03 1.21 2.09 

α�WX (F) 3.09 x 10
-9

 3.52 x 10
-9

 3.56 x 10
-9

 3.57 x 10
-9

 3.61 x 10
-9

 3.71 x 10
-9

 

β�WX (F V
-1

) 1.69 x 10
-10

 2.14 x 10
-10

 2.15 x 10
-10

 2.19 x 10
-10

 2.25 x 10
-10

 2.40 x 10
-10

 

P�WB (F) - 6.53 x 10
-10

 3.38 x 10
-10

 1.59 x 10
-9

 1.92 x 10
-9

 4.80 x 10
-9

 

V�WB (V) - 0.112 0.842 1.08 1.37 2.21 

W�WB (V) - 0.145 0.243 0.638 0.698 0.882 

Table S1. Summary of fitting parameters for the CV curves as shown in Figure S3. 
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