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A B S T R A C T   

One of the key limitations for the device performance of the silicon (Si) based photodetector arrays is the optical 
crosstalk effect encountered between photoactive elements as well. The scope of this work is to reduce optical 
crosstalk and thus increasing the device performances with graphene and Si integration. This paper presents the 
design, fabrication process, and performance evaluation of self-powered individual Graphene/Silicon on Insu-
lator (GSOI) based Schottky barrier photodiode array (PDA) devices. A 4-element GSOI Schottky barrier PDA 
with separate graphene electrodes is fabricated to examine possible optical crosstalk encountered between each 
diode in the array structure. Here, monolayer graphene is utilized as hole collecting separate electrode on 
individually arrayed n-type Si on SOI substrate by photolithography technique. Each diode in the array exhibited 
a clear rectifying Schottky character. Photoresponse characterizations revealed that all diodes had excellent 
device performance even in self-powered mode in terms of an Ilight/Idark ratio up to 104, a responsivity of ~0.12 
A/W, a specific detectivity of around 1.6 × 1012 Jones, and a response speed of ~1.32 μs at 660 nm wavelength. 
As revealed by optical crosstalk measurement, the device with pixel pitch of 1.5 mm had a total crosstalk of about 
0.10% (− 60 dB) per array. These results showed that the optical crosstalk between neighboring n-Si elements can 
be greatly minimized when graphene is used as separated electrode on arrayed Si on SOI substrate. Our study is 
expected give an insight into the performance characteristics of GSOI PDA devices which have great potential to 
be used in many technological applications such as multi-wavelength light measurement, level metering, high- 
speed photometry and position/motion detection.   

1. Introduction 

Silicon (Si) based p-n or p-i-n photodetector array (PDA) technolo-
gies have high demand due to their relatively high detectivity and 
response time in the field of high-value added technological applications 
such as motion and position detection [1], imaging [2], and spectro-
photometry [3]. Si based photodetectors can arrange into Si units by 
stacking them one by one in a row but one of the substantial problem 
faced in such PDA is the optical crosstalk. Optical crosstalk includes the 
effect of photon refraction, reflection at boundaries, and external and 
internal scattering in detector arrays. As the photodiode size and the 
pitch (distance between photodiodes) of the detector array get smaller, 
there is a greater probability of crosstalk influencing system perfor-
mance since the probability of a photogenerated carrier being collected 

by a neighboring junction increases. This situation causes the increment 
in the device noise, therefore, detection sensitivity of detector decreases 
accordingly. When the incident light on one element in PDA is coupled 
to neighbor one by reflection or by lateral diffusion of photogenerated 
charge carriers [4], optical crosstalk occurs due to the illumination 
technique and array geometry [5]. Apart from these, optical crosstalk 
can also appear with different doping concentration of the active junc-
tion layer [6] and can be controlled with the arranging the distance 
between the elements and the thickness of the device layer (i.e., ab-
sorption layer) [5] in different types of PDAs. In literature, there are lots 
of researches in the field of decrement in optical crosstalk effect of de-
vices. In one study, Shirai et. al. [7] showed that optical crosstalk is 
minimized with the inclusion of trenches between adjacent channels for 
the 4 channel InGaAs-based vertical p-i-n photodiode array device. In 
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another study, Menon et. al. [5] theoretically investigated that optical 
crosstalk can be decreased as distance between electrodes and the ab-
sorption layer thickness are increased for Si based interdigitated lateral 
p-i-n photodiode (ILPP) array devices. Besides the conventional fabri-
cation routes for Si array packaging, it has been shown that silicon on 
insulator (SOI) structure enables well isolated Si units in a single sub-
strate using standard microfabrication techniques, hence optical cross-
talk between elements can be minimized using this technology [8]. 
Silicon-on-insulator (SOI) technology plays an important role to 
configure multiple photodiodes on single Si substrate. SOI structure 
consists of a thin single crystal Si film on amorphous buried oxide (SiO2) 
layer (BOX) and handle Si, respectively. Here, BOX layer reduces 
leakage currents and provides full dielectric isolation between device 
and handle Si layers. This opportunity also improves the detection 
limits, and thus decreases the probability of the optical crosstalk be-
tween Si channels. Moreover, the use of SOI in the fabrication of PDA 
ensures remarkable advantages in regards to electrical leakage in 
sandwiched structure because the BOX also behaves as etch stop layer 
[8]. 

Self-powered photodetectors based on conventional semiconductor 
materials and 2D materials has been spotlighted in the field of energy- 
efficient applications due to its ease of fabrication, low noise ad rela-
tively high bandwidth [9,10]. Especially, graphene/n-Si (G/n-Si) het-
erojunctions have been receiving a great deal of attention in the field of 
self-powered device applications due to outstanding device perfor-
mances at room temperature [10]. In the last decade, it has been shown 
that Schottky junction can be easily constructed after transferring gra-
phene onto n-type Si substrates benefiting from its planar structure [11, 
12]. This construction generates the electric field arising from the 
built-in potential of ~ 0.5 – 0.7 V and separates the photo generated 
charge carriers at the depletion region of G/n-Si heterojunction even 
under a zero-bias regime [13,14]. The strong rectification between 
G/n-Si heterojunction enables the highly sensitive, self-powered and 
relatively fast photodetectors with respect to the p-n or p-i-n counter-
parts in the visible and short wavelength infrared spectral ranges [9]. 

Contrary to previous studies based on the fabrication of single pixel 
G/n-Si Schottky devices with different architectures [15–17], our pre-
vious work showed that monolayer graphene can be utilized as a com-
mon electrode on a lithographically defined as linearly four channel 
n-type Si arrays on a SOI substrate [18]. In order to further minimize the 
possible optical crosstalk between elements and hence decrease the dark 
current in junction, it has become important to separate and discon-
nected individual graphene electrodes on every single Si element in the 
array and examine the device performances. In literature, disconnected 
and separated graphene arrays can be patterned laterally on desired 
substrate using soft-patterning technique developed in Ref. [19] or 
inject printing method which represents performance and cost effec-
tiveness in fabrication route. Recently, Grillo et. al. [20] showed that the 
four parallel graphene ink and Si heterojunction based diode arrays with 
Si common electrode can be manufactured on commercial heavily doped 
Si substrates using ‘scratch and print’ approach. In that study, Si is used 
as common electrode and the optical crosstalk between the diodes is 
inevitable due to the fact that photo-generation occurs mainly at the Si 
surface [21]. To the best of our experience, optical crosstalk problem can 
be eliminated in graphene and Si based PDA fabrication as following 
ways; (i) using graphene as common electrode, or (ii) individually 
patterning graphene electrodes on a single substrate using SOI tech-
nology. In this regard, we separated graphene electrodes by adding 
graphene patterning step on our previous work [18] and we successfully 
obtained individual graphene electrodes on arrayed Si channels and 
investigated the optoelectronic characteristics of each element. The 
scope of this work lies in the improvement of SOI based G/n-Si Schottky 
barrier PDAs with separate graphene electrode. 

2. Experimental details 

In this study, self-limiting growth of large area monolayer graphene 
was grown on 25 µm thick unpolished copper foil (99.8 purity, Alfa 
Aesar) cut into 10 × 10 mm2 sized by Atmospheric Pressure Chemical 
Vapor Deposition (APCVD) method and transferred on desired substrate 
by means of the same procedure employed in our previous studies. [17, 
22]. For the experiments, 10 µm thick n-doped photo-active silicon (Si 
(100)) and 10 × 10 mm2 sized SOI substrates (specification ρ = 1–5 Ω. 
cm, nominal doping level Nd ≈ 2 × 1015 cm− 3) were used. The device 
structures were prepared by using three-stage photolithography tech-
nique. An array of n-Si channels on SOI substrates was obtained by 
etching Si layer till the oxide layer (BOX) using Reactive Ion Etching 
(RIE) (Sentech Ins.) system. Graphene transfer was done using ‘Photo-
resist (PR) Drop Casting’ method. Firstly, Microposit S1318 PR as the 
supporting layer was dropped on the G/Cu and the stack was annealed at 
70 ◦C overnight in an oven. The Cu foil at the bottom was fully etched 
using Iron Chloride (FeCl3) solution to get suspended PR/G bilayer. 
After etching of possible FeCl3 residues in H2O: HCl (3:1) solution, the 
PR/G became ready for transfer process. As distinct from our previous 
work ‘G/n-Si PDA with common graphene electrode’ fabrication route 
[18], large area grown monolayer graphene was transferred on arrayed 
SOI substrate following the fabrication of Si array and shaped with thick 
photoresist (t~15 µm) using photolithography, subsequently graphene 
was etched with O2 plasma to separate graphene electrodes. Following 
the graphene etching procedure, the windows for metal contact pads 
were defined by an additional lithography step on individually sepa-
rated elements. After Cr (5 nm)/Au (80 nm) metals were evaporated 
both on the n-Si channel side and on the G/SiO2 side of the SOI sub-
strates with a thermal evaporator and then a lift-off process was applied 
to obtain individual one dimensional (1D) array device structure. A 
schematic illustration of the experimental process to fabricate the G/n-Si 
PDA device is displayed in Fig. 1. Finally, individual G/n-Si PDA on SOI 
with active junction area of 3 mm2 become ready for optoelectronic 
measurements. 

The electronic and optoelectronic characterizations of 4-Element G/ 
n-Si Schottky PDAs were performed using tungsten-halogen lamp 
(Osram, 275 W) at room temperature under ambient conditions using a 
probe station interfaced with a power tunable monochromator light 
source (Newport, Oriel Cornerstone) including internal shutter, Keithley 
2400 Source-Meter, Keithley 6485 Picoammeter, and a commercial Si 
photodiode FDS10×10 (Thorlabs). Time-resolved photocurrent mea-
surements of the devices were evaluated for deep red wavelengths 
ranging employing 660 nm 1 W Power LED and function generator as 
LED driver with pulse modulation (Uni-t utg9005c). The photoresponse 
measurements of devices were acquired under 660 nm wavelength light 
pulsed with 1 kHz frequency and optical crosstalk measurements were 
taken using a 600 µm diameter fiber optic cable. The irradiation wave-
length is specifically selected to be 660 nm since it corresponds to the 
maximum spectral response of our fabricated G/n-Si PDA on 10 µm thick 
SOI substrates. 

3. Results and discussion 

A cross-sectional view, schematic representation of the individually 
fabricated 4-element G/Si Schottky PDA and optical micrograph taken 
on diode is displayed in Fig. 2(a-c), respectively. After the transfer 
process, the quality and number of graphene layers on randomly 
selected spots on the diode surface was determined by single point 
Raman spectroscopy measurements. Raman signals were recorded in a 
spectral range between 1200 cm− 1 and 3050 cm− 1 using an Ar+ ion 
laser with a 532 nm excitation wavelength laser source was used with a 
0.9 µm spot size. In all the measurements, graphene-related D, G, and 2D 
peaks were found at the peak wavelength of around ⁓1350, ⁓1602 and 
⁓2685 cm− 1, respectively and well resolved as shown in Fig. 2(d). 
Strong G peak and weak D peak indicate good graphitic quality, and the 
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ratio of 2D peak intensity with G peak intensity (I2D/IG > 2) confirms 
that transferred CVD graphene is single layer on the device structure 
[23]. The active area where the graphene electrode making direct 
contact with the n-Si side was 3 mm2. Prior to photocurrent spectros-
copy measurements, the I–V measurements of each PD element on the 
SOI substrate with separate graphene electrode were conducted one by 
one under dark conditions with an applied bias voltage range between 
− 1 and 1 V. All the I-V curves of the diodes displayed typical rectifying 
Schottky contact behavior which is in good agreement with the 
thermionic-emission (TE) model [24] given as; 

I = I0

[

exp
(

qV
ηkT

)

− 1
]

(1)  

where I0 is the reverse saturation current which is written as, 

I0 = AA∗T2exp
(
−

qΦB

kT

)
(2)  

where A is the junction area (0.03 cm2), A* is the effective Richardson 
constant (112 A/cm2K2 for n-Si), T is the temperature (300 K), ΦB is the 
Schottky barrier height, k is the Boltzmann constant, q is the elementary 
charge and η is the ideality factor. From the I–V plots, the dark current 
(Id) and saturation current (I0) values were determined were determined 
as ~0.4 nA and 2.61 × 10− 8 A in average for PD elements, respectively. 
In the forward-bias range, although the current increases linearly at very 
small voltages, the deviation from linearity observed at relatively high 
voltages is due to the series resistance contributions from the underlying 
n-Si element. The slight difference seen at the reverse bias saturation 
currents suggests only a small variation in the rectification strength of 
the G/n-Si heterojunction. For a detailed comparison, the I–V data were 
plotted in the semi-logarithmic scale as shown in Fig. 2(e). Using the 
method developed by Cheung et al.[25], the average Schottky barrier 
height (ΦB) and the ideality factor (η) of the PD elements with separate 
graphene electrode were extracted from the linear forward-bias region 
of the log(I)–V plot as ⁓0.81 eV and ⁓1.51, respectively. Considering 
the Schottky–Mott model, where ΦB is defined as the difference between 

the work function of graphene (WG) and the electron affinity of Si (χSi =

4.05 eV), WG was calculated as ~4.86 eV in average for PD elements, 
respectively. These two diode parameters are consistent with our pre-
vious work [18] and those of G/n-Si based Schottky barrier photodiodes 
fabricated on thick n-Si substrates [26]. 

For optical crosstalk measurements, we used an LED source with 
660 nm wavelength coupled to a fiber optic cable tip with 600 µm core 
diameter to locally illuminate each individual diodes and SiO2 regions 
between them in the PDA. Each diode has a Si dimensions with length 
and width of 5 mm and 1 mm, respectively. The length between ele-
ments is kept constant as 1.5 mm (Fig. 3(a)). Firstly, an optical source is 
provided to only one pair of the anode (n-Si) – cathode (G) electrodes in 
the individually arrayed photodiodes where the separate cathode is 
biased with a certain voltage range between − 1 and 1 V. The distance 
between the sample and the tip of the fiber optic cable was kept at 
~1 mm to ensure a well-defined spot size and avoid possible back re-
flections that may respectively arise from the illuminated Si surface and 
the metallic tip of the fiber optic probe used in the experiments. From 
the log(I)–V plot shown in Fig. 3(b), the short-circuit current (ISC) where 
photocurrent measured at zero-bias were determined to be varying in a 
range between 4.2 and 7.5 μA. In the case when the light source is 
brought on the SiO2 regions located in between two neighboring active 
elements, the zero-bias currents of diodes were measured as ~5 nA 
which is more than almost tenfold compared to the corresponding Id 
values. As depicted in Fig. 3(a) with 4 pairs of electrodes, optical illu-
mination is present on the junction of D2. Subsequently, the generated 
photocurrent at every other anode-cathode electrode pair (i.e. D1, D3, 
and D4) is extracted in the same measurement, respectively. The total 
crosstalk as amplitude in any array can be determined as the total sum of 
photocurrent at diode IDn (excluding the illuminated diode) over the 
photocurrent generated at the illuminated element and can be written as 
[5]; 

Total Crosstalk = 20 ∗ log
(

ID1 + ID3 + ID4

ID2

)

(3) 

Fig. 1. Fabrication steps of 4-Element G/n-Si PDAs device base, followed by transferring and individually patterning graphene on SOI.  
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where IDn is the photocurrent that flows at the anode indexed as 
n = 1,2,3,4 and ID2 is the measured photocurrent in diode D2. Therefore, 
when D2 is illuminated, the possible optical crosstalk at D1 can be 
calculated with [5]: 

Crosstalk = 20 ∗ log
(

ID1

ID2

)

(4) 

This relation can be generalized to calculate other crosstalk values 
occurred in other elements. Using Eq. 4, under the illumination of D2 
(ISC(0 V) = 4.2 μA), we calculated the crosstalk values of − 59 dB 
(0.11%), − 57 dB (0.14%) and − 60 dB (0.10%) at D1 (I(0 V) = 5 nA), D3 
(I(0 V) = 6 nA) and D4 (I(0 V) = 4 nA), respectively. The total crosstalk of 
− 60 dB (0.10%), − 58 dB (0.12%), − 63 dB (0.07%), and − 60 dB 
(0.10%) was calculated using Eq. 3 for D1, D2, D3 and D4, respectively. 
Since each diode is individual from each other, the most important 
factors for low crosstalk values can be discussed as the constant length 
between diodes and the constant distance between the sample and the 
tip of the fiber optic cable in the measurement as summarized in Fig. 3 
(c). Even the optical crosstalk effect is suppressed in our device struc-
ture, as the light source moves away from the diodes or the distance 
between the diodes gets closer, the possible crosstalk effect will increase 
due to the limitations in our measurement setup. For all the diodes, we 
observed similar trend but these small variations in optical crosstalk 
values can be caused by a trace amount of light which was randomly 

reflected back from the tip of the metallic casing of the fiber optic probe 
onto the surface of photoactive G/n-Si elements or due to the yield 
associated with graphene transfer process. After transfer process, there 
could be some local defects, cracks or wrinkles which result in unin-
tentionally doping of graphene or some inhomogeneities at the G/n-Si 
interface. These mechanisms affect the optoelectronic characteristics 
of the graphene based photodetectors [17]. The total optical crosstalk 
value that we obtain in G/n-Si Schottky PDA with common graphene 
electrode was ~0.25% (− 52 dB) where I(0 V) = ~6.3 nA and ISC (0 V) 
= ~2.4 μA. Here in, we calculated total optical crosstalk value as 
~0.10% (− 60 dB) for individual diodes. The reason for obtaining high 
optical crosstalk in PDA with common graphene electrode is that the 
least resistive path for the holes is the one through the graphene and not 
the one through the Si substrate. When compared to the device with 
common graphene electrode, the one with disconnected graphene elec-
trodes the magnitude of the optical crosstalk between the diodes was 
found to be decreased by a factor of 150%. The comparison of optical 
crosstalk values for G/n-Si Schottky PDA with common and separate 
graphene electrode per array in detail can be found in Table 1. Despite 
above mentioned relatively high crosstalk values, our diode array 
showed extremely low crosstalk when compared with a 2D 
back-illuminated silicon vertical p-i-n PDA with 16 × 16 elements de-
vice with pixel pitch of 1 mm, gap size of 200 µm and absorption layer 
thickness of 50 µm where the obtained crosstalk is 10% (− 20 dB) [27], 

Fig. 2. (a) The cross-sectional view of the device where graphene is transferred on the planar Si (100) surface and (b) schematic structure of the fabricated individual 
G/n-Si PDA device (D1, D2, D3, and D4 represent the G/n-Si diodes arrayed on SOI), (c) optical micrograph of the diodes, (d) a typical single-point Raman spectrum 
taken on randomly selected region of the diodes and (e) the log(I)-V plot of the devices with separate graphene electrode in dark which was used to extract the η and 
ΦB of each element. Inset: Device photograph. 
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and the 4 channel InGaAs-based vertical p-i-n PDAs with 250 µm pitch 
which produced an optical crosstalk of − 35 dB (1.77%) [7]. Here, the 
determination of pixel pitch is essential because as the distance between 
electrodes were increased, the total crosstalk decreases for all devices in 
array. However, larger electrode distances cause the decrement in the 
speed of the device. As seen in the log(I)–V plots (Fig. 3(b)), all diodes 
exhibited a clear photovoltaic activity with measurable ISC under light 
illumination. The shift of the minimum current seen at forward bias 
range (e.g., Vb > 0.25 V) corresponds to the open circuit voltage (VOC) 
and is consistent with self-powered G/n-Si photodiodes operating in the 
self-powered mode [28]. It is well-known that, when G/n-Si hetero-
junction is subject to light illumination, the incident photons pass 
through the graphene and penetrate into the n-Si substrate to create e-h 
pairs in the depletion region (xd). In the case of zero bias regime, the xd is 
calculated between optically transparent graphene and ~10 µm thick 
n-Si substrate as 1 µm for a built-in potential (Vbi) of 0.7 V and a nominal 
donor doping concentration (Nd) of ~2 × 1015 cm− 3. Owing to the 

effective built-in electric field at the interface, measurable photocurrent 
is generated even at zero-bias. The absorption layer thickness has the 
most profound effect on the total crosstalk. There is a direct proportion 
between the absorption layer thickness and the crosstalk, because the 
probability of e-h diffusion to adjacent electrode pair is less for thin 
absorption thickness when compared with thicker one. For a thicker 
absorption layer, e-h can be generated deeper within the substrate and 
they are prone to diffuse to the neighbor electrodes hence increasing the 
total crosstalk. For instance, the substrate thickness is very critic for 
Ge-based ILPP arrays with an absorption thickness of 3 µm that show 
relatively high crosstalk of − 21 dB (8.9%) [5]. Here, the absorption 
(depletion) layer thickness in our devices is limited with xd (1 µm) in 
self-powered mode. This also supports to gain extremely low crosstalk 
between individual diodes in the array even the effects of reflected light 
on the measured current are ignored. To summarize, we suppressed the 
effect of optical crosstalk in our device structure as in the following 
manner; (i) using n-Si substrate with a similar doping level of graphene 

Fig. 3. Optical crosstalk measurement results of individual G/n-Si Schottky PDAs. (a) Local illumination on each diodes and illumination on SiO2 regions located in 
between two neighboring diodes, (b) log(I)–V measurements acquired on diodes and on SiO2 regions between them and (c) cross-sectional view of possible crosstalk 
elimination of our device structure. (The diodes were illuminated with 660 nm wavelength light having a power of 380 μW/mm2.). 

Table 1 
Summary of the comparison of device performances of the diodes under 660 nm wavelength light at self-powered (0 V) operational mode. (Junction area 3 mm2).  

PDA Device Structure ElementID Idark 

(nA) 
Rmax (A/ 
W) 

D* (1012) 
(Jones) 

NEP (pW/Hz− 1/ 

2) 
tr (μs) td 

(μs) 
3-dB Bw 

(kHz) 
OpticalCrosstalk 
(%) 

Common Graphene Electrode[18] D1 0.6 0.11 1.38 0.125 1.40 1.28 250 0.25 
D2 0.8 0.10 1.29 0.161 1.38 1.31 253 0.28 
D3 0.5 0.10 1.26 0.127 1.32 1.23 265 0.26 
D4 0.3 0.09 1.25 0.138 1.33 1.21 263 0.19 

Separate Graphene Electrode (This 
Work) 

D1 0.5 0.12 1.69 0.085 1.37 1.29 255 0.10 
D2 0.9 0.12 1.60 0.142 1.35 1.32 259 0.12 
D3 0.4 0.11 1.56 0.103 1.27 1.29 275 0.07 
D4 0.3 0.11 1.45 0.088 1.28 1.30 273 0.10  
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(unintentionally p-type doped with an intrinsic hole carrier concentra-
tion of about 1013 cm− 2), (ii) aligning the array geometry including the 
photodiode size and pitch of the detector array on SOI substrate and (iii) 
arranging the absorption layer as ~1 µm in zero-bias condition. The 
narrower depletion region minimizes the crosstalk effect compared to 
their counterparts working with external bias. Since the size of our de-
vices is in the range of few millimeters (i.e., the distance between the 
diodes), the resolution is limited by the size of the LED spot. Indeed, the 
resolution of each element in PDA could easily be further improved by 
using a focused laser beam. 

In order to determine the zero-bias (Vb = 0 V) spectral responsivity 
(R) of each element in the PDA, we conducted wavelength-resolved 
photocurrent spectroscopy measurements under illumination of light 
in the spectral range between 400 and 1050 nm. Here, R is defined as the 
ratio of generated photocurrent to the incident light power (P) at a 
certain wavelength. The maximum R of the diodes were observed as 
~0.12 AW− 1 at a peak wavelength of 660 nm and exhibited a decrement 
towards a cutoff wavelength of 1050 nm due to the band edge of n-Si 
substrate (Fig. 4(a)). The spectral responsivity of diodes exhibits two 
maxima located at around 660 nm and 780 nm wavelengths and decays 
earlier for the wavelengths above 780 nm. As we explain in our previous 
work [18], this phenomena can be understood by the contribution of the 
drift and diffusion currents, penetration depth of light and reduced ab-
sorption coefficient of Si layer on SOI structure when compared with 
bulk Si substrate. Besides, the BOX and Si handle layer make ineffective 
the remaining light power for photoresponse gain in SOI structure [26]. 
The active Si layer forms an optical microcavity for the G/n-Si Schottky 
PDA devices and causes an oscillating wavelength dependent respon-
sivity. This mechanism is a result of constructive and destructive inter-
ference effects by favor of multiple reflections occurred between SOI 
interfaces. 

Taking into account the Rmax values read at 660 nm wavelength, we 
also calculated the specific detectivity (D*) and noise equivalent power 
(NEP) parameters of each active element in the array. Here, D* is 
defined as the weakest level of light detected by a photodiode having a 
junction area of 1 cm2 and is determined by [17], 

D∗ =
A1/2R
̅̅̅̅̅̅̅̅̅
2qId

√ (5)  

and NEP is the incident power required to obtain a signal-to-noise ratio 
of 1 at a bandwidth of 1 Hz and is calculated by [14,17], 

NEP =
A1/2

D∗
(6) 

D* and NEP of our samples were calculated using Eqs.5 and 6, 
respectively and the obtained results were displayed as a function of 
wavelength in Fig. 4(b) and (c), respectively. In agreement with the 
corresponding Rmax = ~0.1 AW− 1 with a junction area of 3 mm2, the 
average D* and minimum NEP values were calculated at 660 nm peak 
wavelength. With D* = ~1.57 × 1012 Jones and NEP = ~0.121 pW/ 
Hz− 1/2, each individual diodes showed similar light sensitivity among 
diodes with common graphene electrode [18] and these results are in 
good agreement with those of both single pixel G/Si PD on SOI [26] and 
G/Si PD on bulk Si substrates [17]. 

The response speed of the diodes in the PDA were carried out with 
one-cycle switching on/off within 0.08 ms using time-dependent 
photocurrent spectroscopy measurements. In the experiments, rise 
time (tr) and decay time (td) of each individual element in the array were 
determined from single pulse response measurements taken under 
660 nm wavelength light pulses with a frequency of 1 kHz. The mea-
surements were done with the same manner in Ref [18]. Here tr is 
defined as the range that the photocurrent rises from 10% to 90% of the 
peak amplitude output on the leading edge of the pulse and td is defined 
likewise. The measurements revealed that all the elements showed great 
capability to respond high-frequency pulsed light and on/off switching 

stability. The single pulse response measurement was done to extract the 
respond speed of each individual diodes with separate graphene elec-
trode as shown Fig. 5(a-d). Considering the measurements taken on each 
elements, the average tr and td were determined as ~1.32 µs and ~1.30 
µs respectively. Using the 3-dB bandwidth (Bw) relation Bw = 0.35/tr, 
the average 3-dB Bw of the diodes was calculated as ~266 kHz, 
respectively. For convenience, all the obtained performance parameters 
of each diode in the PDA device structures are listed and compared with 
our previous study and among themselves in Table 1 in detail. In addi-
tion, we also compared the device performance parameters of our device 
with previously reported graphene/Si based photodetectors fabricated 
on SOI structure in Table 2. 

Fig. 4. (a) The spectral responsivity, (b) D* and (c) NEP of the fabricated in-
dividual diodes as a function of wavelength. 
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4. Conclusion 

To conclude, the optoelectronic characteristics of individual G/n-Si 
based Schottky linear PDA on a conventional SOI substrate in terms of 
their spectral response, specific detectivity, noise equivalent power and 
response speed under self-powered condition and the suppression of the 
optical crosstalk encountered between each element was analyzed and 
examined. Individual monolayer graphene was utilized as optically 
transparent cathode electrode on arrayed 4-element n-Si fabricated on a 
single SOI substrate. All devices exhibited strong rectification behavior 
and have low leakage current in parallel with high detectivity, low noise 
and fast operation speed. We also revealed that separated G/n-Si diodes 
on a SOI operate independently from each other with an extremely low 
optical crosstalk. This study guided that the devices with common gra-
phene electrode showed considerable suppression in terms of magnitude 
optical crosstalk compared to InGaAs, Si and Ge based p-i-n PDA 

counterparts. Conversely, the magnitude of optical crosstalk measured 
for devices with separate graphene electrode is even better than common 
electrode one which requires fewer lithography steps in fabrication 
route. 
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Fig. 5. The one cycle time-resolved photocurrent spectrum of an individual diodes under 660 nm wavelength light with 1 kHz switching frequency at zero-bias 
voltage; depending on the element name (a) D1, (b) D2, (c) D3 and (d) D4, respectively. The measured photocurrents were normalized with the maximum values. 

Table 2 
Comparison of the photoresponse properties of our device with previous reported graphene/Si photodetectors on SOI.  

Types of Devices Junction Area Responsivity Detectivity Rise/Fall Time Refs 

Graphene–silicon-on 
Insulator 

16 mm2 0.26 A/W 
(Vb = − 2 V; λ = 635 nm) 

7.83 × 1010 

Jones 
~10 ns/ 20–70 ns [26] 

Graphene/silicon-on insulator in conductor mode - 1017 A/W 
(Vb = − 30 V; λ = 532 nm) 

1.46 × 1013 

Jones 
90 μs/- [29] 

3D-graphene/SOI - 27.4 A/W 
(Vb = − 0.5 V; λ = 1550 nm) 

1.37 × 1011 

Jones 
212 μs/ 242 μs [30] 

4-Element G/n-Si Schottky PDA with separate graphene electrode 3 mm2 0.12 A/W 
(Vb = 0 V; λ = 660 nm) 

1.57 × 1012 

Jones 
~1.32 μs/ ~1.30 μs Our work  
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