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vision, color perception in the human 
visual system can be predicted by using 
the color matching curve. Based on this, 
a high-resolution digital still camera was 
constructed using a color filter array (CFA) 
equipped with a charge-coupled device 
(CCD) to process the recognized objects 
and reconstruct the color images.[7]

Generally, the representative wavelength 
sensor has been achieved by using a broad-
band inorganic semiconductor photodiode 
combined with a dichromatic prism or a set 
of filters.[8,9] For example, full-color sensing 
can be easily achieved by employing filter 
arrays that consist of a periodic arrange-
ment of red, green, and blue filters.[10] This 
type of sensor is characterized by rela-
tively narrow operation range (e.g., visible 
light).[11] As an important complement to 
above filter-assisted wavelength sensors, 

filterless sensor has lately received increasing research interest 
as well.[12–14] Although this device can quantitatively discriminate 
the wavelength of incident light, they are however characterized 
by relatively narrow sensing range and complicated device struc-
tures which entail very sophisticated instrument during device 
fabrication process.[15–20] Thereby, high-resolution wavelength 
sensor with simple device geometry is in great demand.

Various study have shown that photodetectors composed 
of artificial nanostructures in the form of nanofilm or nano-
wires can exhibit unique optoelectronic characteristics.[21,22] 
For example, Xu et  al. has recently reported that graphene/
thin Si (200 nm) heterojunction can display pronounced photo
response to UV light illumination (365 nm), but is virtually 

In this paper, a broadband wavelength sensor which is composed of two 
horizontally stacked photodetectors is reported. The top part is a monolayer 
graphene (MLG)/thin Si/MLG heterojunction device and the bottom part is 
a MLG/Ge Schottky junction device. Owing to the thin thickness of the Si 
and the wavelength-dependent absorption coefficients of both Si and Ge, the 
two photodetectors exhibit sharp contrast in photon-generation rate when 
illuminated with different wavelengths of light. This distinction in photon 
generation leads to completely different evolution in photocurrent, and the 
corresponding relationship between the photocurrent ratio and wavelength 
can be easily expressed as a monotonic function, via which the wavelength in 
a broad range from deep ultraviolet (265 nm) to near infrared light (1550 nm) 
can be easily calculated. Notably, the average relative error and the average 
absolute error of the wavelength sensor are estimated to be 2.1% and 2.3 nm, 
respectively, which are much better than previously reported values.
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1. Introduction

Wavelength sensor that can quantitatively detect the wavelength 
of light plays an important role in various fields such as image 
sensing, spectral analysis, optical communication, environ-
mental monitoring, medical testing, and so on.[1–5] For example, 
in the field of environmental monitoring, a piece of glass fiber 
filter paper containing monocyandiamide was placed directly 
above the red–green–blue (RGB) color sensor and chip light 
emitting diode (LED). By monitoring the RGB color change of 
the light reflected from the paper, hydrogen cyanide gas can be 
easily detected, which is vitally important to security check.[6] 
In addition, according to the tri-receptor theory of human color 
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blind to both visible and near infrared light (NIR) illumination 
(from 500 to 1200 nm).[23] This unique phenomenon is asso-
ciated with the relatively strong absorption in the UV region, 
which is reasonable considering the wavelength dependent 
absorption coefficient and the relatively small thickness of the 
Si film. What is more, many filterless wavelength sensors are 
composed of integrated deep and shallow p–n junctions on sil-
icon. As the p–n junctions at different depths can discriminate 
different wavelengths of light, the filterless sensor can distin-
guish the wavelength of light in the range of 400–950 nm, with 
a resolution of 20 nm.[24]

Inspired by the above work, we herein report a wavelength 
sensor consisting of two different kinds of photodetectors: one 
is monolayer graphene (MLG)/thin Si/MLG heterojunction 
photodetector, and the other one is MLG/Ge Schottky junction 
photodetector. Thanks to the high transparency and exception-
ally high carrier mobility, the graphene not only allows the pen-
etration of incident light to semiconductor, but also collect the 
carriers during wavelength sensing process. According to tech-
nology computer aided design (TCAD) simulation, the photon-
generation rate of the two photodetectors is different under var-
ious wavelengths of radiation, leading to a completely different 
spectral response. The relationship between the photocurrent 
ratio and the wavelength follows a typical monotonic func-
tion through which the wavelength of the incident light can 
be determined. Further device analysis finds that wavelength 
sensor can quantitatively detect the wavelength of incident 
monochromatic light in a broad range from 265 to 1550  nm, 
with an average relative error and average absolute error of 

2.1% and 2.3 nm, respectively, which are very competitive in 
comparison with other wavelength sensors previously reported. 
We believe that the present wavelength sensor may find poten-
tial applications in some future optoelectronic systems.

2. Results and Discussion

In this study, the broadband wavelength sensor is composed 
of one MLG/thin Si/MLG heterojunction photodetector (PD1) 
and one MLG/Ge Schottky junction photodetector (PD2), which 
are assembled in a horizontally stacked manner (Figure  1a). 
The MLG was grown by a chemical vapor deposition (CVD) 
method, and the synthetic details and the fabrication of the 
two PDs are provided in the Experimental Section. Figure S1a,  
Supporting Information, shows the field emission scanning 
electron microscopy (FESEM) image of the thin Si-based 
MSM PD (Figure  1b), the interdigital metal electrodes are  
0.4 cm long and 400 µm wide. What is more, the PD2 was 
fabricated by directly transferring MLG onto a 200 µm thick  
n-type Ge wafer with a predefined window of 3.9 mm2  
(Figure S1b, Supporting Information). From the Raman study 
shown in Figure S2, Supporting Information, one can see 
a weak D band and two strong bands due to G and 2D band, 
respectively, with a ratio of I2D/IG of 2.9, suggesting that the gra-
phene is of monolayer with negligible defects.[25,26] Moreover, 
the sheet resistance of the MLG is estimated to be about  
280 Ohm sq−1, which is close to previously reported value 
of 260 Ohm sq−1.[27] From the absorption spectra shown in  
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Figure 1.  a) Schematic diagram of the wavelength sensor. b) Cross-sectional FESEM image of Si wafer and Ge wafer. c) I–V characteristics of PD1 under 
dark and illumination with 660 nm light with different power intensities. d) I–V characteristics of PD2 in linear and logarithmic coordinates, respectively, 
in the dark. e) Photoresponse of the PD1 under different light with an intensity of 1.2 mW cm−2 at 2 V. f) Photoresponse of PD2 under different light 
illumination with an intensity of 1.2 mW cm−2 at 0 V.
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Figure S3, Supporting Information, it can be seen that the 
MLG only absorbs about 2–7% of the light in the range from 
UV to NIR.[28,29] This means it not only allows the majority of 
the incident light to reach the MLG/semiconductor interface, 
but also facilitates the incident light to pass through the first 
PD, as long as the semiconductor is thin enough. From the I–V 
shown in Figure S4a, Supporting Information, one can see that 
the current through PD1 is symmetric and relatively small at 
low bias voltage which is similar to what was observed on the 
metal–semiconductor–metal (M–S–M) structures.[30,31] When 
shined by 660 nm light illumination, the current will increase 
with increasing intensity (Figure  1c). Figure  1d shows the I–V 
curves of the MLG/Ge heterojunction in dark, from which 
the typical rectifying behavior can be observed. According to  
Figure S4b, Supporting Information, the PD2 exhibits a photo-
voltaic behavior with an open-circuit voltage (VOC) of 0.028 V  
and a short-circuit current (ISC) of 10.9 µA under 1550 nm illu-
mination, suggesting that the PD2 is a self-driven device.[32] 
Figure S5, Supporting Information, confirms that the Ag and 
graphene, Au and graphene, and In-Ga alloy and Ge are all 
ohmic contacts. Figure  1e,f compares the photoresponse of 
PD1 and PD2 under DUV (265 nm), visible (660 nm), and NIR  
(1550 nm) illumination, respectively. It is noted that while both 
PDs show reproducible photoresponse to various light illumina-
tion, their spectral response is completely different. For example, 
a large photocurrent of 3.4 µA is achieved for PD1 under 660 nm  
light illumination with intensity of 1.2 mW cm−2 (Figure  1e). 
However, the photocurrent will decrease to 0.8 µA and 132 
pA when the wavelength is switched to 265 and 1550 nm,  
respectively. On the contrary, the PD2 exhibits peak photo
response in the NIR region, with a high photocurrent of 1.4 µA. 
Such a distinction in spectral selectivity can be ascribed to their 
difference in optical absorption, as shown in Figure S3, Sup-
porting Information.

The above discrepancy in photoresponse can be understood 
by the schematic illustration shown in Figure 2. Basically, both 
PDs can be divided into two different regions: the depletion 
region and diffusion region[33] (the widths of depletion region 
for PD1 and PD2 are 2 and 3 µm, respectively; and the carrier 
diffusion lengths are 410 µm and 0.7 cm, respectively, please see 
Supporting Information). On the other hand, the penetration 
depth that denotes the transmitted distance of incident light 

when its intensity declines to 1/e of the initial value in semi-
conductor is highly dependent on the wavelength: take silicon 
for example, the penetration depth is only 5 nm for wavelength 
of 265 nm (Figure S6, Supporting Information). Nonetheless, 
the penetration depth will be as long as 3.9 and 156.2 µm for 
wavelength of 660 and 1000 nm, respectively. Because of this, 
the PD1 and PD2 display different spectral photoresponse: 
When irradiated by 265 nm light, the majority of the photons 
will be absorbed by the surface of the PD1. As a result, the 
majority of the photo-generated electron–hole pairs (EHPs) 
will be separated by the depletion region in PD1, contributing 
to photocurrent in the circuit. Meanwhile, due to the shadow 
effect of PD1, the photocurrent in PD2 is very small. Such a 
discrepancy in photocurrent will be inconspicuous when the 
wavelength moves to visible region. In this case, the penetra-
tion depth begins shift to diffusion region, and the PD2 begin 
to absorb photons, leading to narrowed difference in the photo-
current. As the wavelength increases to NIR (e.g., 1550 nm), 
the photocurrent of PD1 will be much smaller than that of PD2 
in that the narrow bandgap of 1.12 eV can hardly absorb any 
1550 nm photons, while the MLG/Ge shows peak sensitivity to 
this wavelength.[34]

To verify the above theory, the distribution of photon-genera-
tion rate and photocurrent was simulated by using TCAD.[35,36] 
For convenience, when simulating the photon-generation rate 
of PD1 and PD2, grid points number of 28 000 was chosen in 
the profile of both PDs as a compromise between computing 
time and precision, and the light beam shined the sensor at an 
angle of 90o. Figure 3a shows the simulated photon-generation 
rate of both PDs for various wavelengths (the gray part denotes 
glass). It can be seen that with the increase of wavelength, the 
area with relatively high photon-generation rate in PD1 gradu-
ally shift from the superficial surface to the deep part of the 
Si (Figure 3b). Similar phenomenon was also observed in PD2, 
where the area with high photon-generation rate is found to 
shift to central part of the Ge when the wavelength is 1550 nm. 
Figure 3c plots the corresponding photocurrent of the two PDs. 
It is clear that the photocurrent of PD1 will increase gradually 
and reach the maximum value at 660 nm. Further an increase 
in wavelength however will lead to decrease in photocurrent. 
Such an evolution in photocurrent is different from what is 
observed in PD2, whose photocurrent keeps increasing in the 
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Figure 2.  The operation mechanism of wavelength sensor under different light illuminations.



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2101735  (4 of 8)

www.advopticalmat.de

region from 250 to 1550 nm. Interestingly, careful examination 
of both photocurrent finds that photocurrent ratio decreases 
monotonously from 1.45 × 104 to 3.06 × 10−5 as the wavelength 
increases from 250 to 1550 nm (Figure 3d).

Further experimental analysis reveals that the two het-
erojunction PDs indeed display completely different spectral 
response when they were illuminated by different wavelengths  
of light. Figure  4a plots the photoresponse of MLG/thin  
Si/MLG PD in the range from UV to NIR region. One can see 
that at a bias voltage of 2 V, the PD1 exhibits obvious photo
response to various light illumination with peak sensitivity at 
660 nm, which is blue-shifted compared with graphene-bulk 
Si device.[37] This photoresponse is understandable because the 
weak p-type graphene due to the absorption of oxygen molecules 
can form a typical Schottky junction a barrier height of 0.7 eV. As 
a result, the photo-generated EHPs at the graphene-Si interface 
will be separated by the built-in electric field, and form photo-
current in the external circuit, according to the E–K diagram in 
Figure  4b and the corresponding density of states in Figure  4c. 
Obviously, this spectral photoresponse is different from that of 
MLG/Ge, whose peak sensitivity is at 1550 nm, in consistence 
with above simulation results. Considering the fact that selection 
of 2 V is able to separate all of the photo-generated EHPs and 
further increase in bias voltage will no longer lead to increase in 
photocurrent,[38] a bias voltage of 2 V was thereby applied on the 
PD1 in this study. It is worth noting that while a number of sil-
icon PDs without graphene have shown typical cutoff wavelength 
at 1100 nm,[39–41] however, the present MLG/thin Si/MLG has a 
photoresponse in the range from 1100 to 1550 nm. We believe this 

abnormal photoelectric effect is associated with the hot electron 
emission effect due to the graphene.[42–44] The schematic energy 
band diagram in Figure S7, Supporting Information, shows the 
generation mechanism of the hot electron emission: the barrier 
height of the MLG/Si Schottky junction is estimated to be 0.7 eV. 
When the Si/MLG is shined by the light illumination with wave-
length longer than 1100 nm, the incident photons will be mainly 
absorbed by the MLG, as opposed to the Si. As a result, when 
the photon energy is larger than the barrier height, the excited 
electrons in the MLG will inject into the Si, leading to an obvious 
photoresponse in the NIR region. Figure 4d shows the evolution 
of photocurrent ratio in the DUV to NIR region, it is revealed 
that when the wavelength of incident light increases from 265 to  
1550 nm, the photocurrent ratio (I1/I2) gradually decreases from 
1.21 × 104 to 9.43 × 10−5, in consistence with the above simulation 
result. Figure 4e plots the experimental results of the photocurrent 
ratio as a function of various wavelengths. It is seen that even 
though the relationship between wavelength and photocurrent 
ratio is nonlinear in the 265–1550 nm region, it is however pos-
sible for us to accurately estimate the incident wavelength as the 
relationship can be described piecewise using the following Boltz-
mann fitting (265–660 nm) and Allometric fitting (660–1550 nm):
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Figure 3.  a) Simulated photon-generation rate under different wavelengths of illumination. b) The magnified mapping of the photon-generation rate 
at the surface of the first and second PD under illumination with wavelength ranging from 250 to 550 nm. c) Simulated photocurrent of the PD1 and 
PD2 in the whole sensing range. d) The simulated photocurrent ratio of PD1 over PD2.
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In order to evaluate how and to what extent the above fitting 
curve can quantitatively determine the wavelength, the relative 
error was then analyzed using the following formula:
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is the experimental photocurrent ratio. Figure  4f summarizes 
the errors of wavelength sensor from 265 to 1550 nm. It can 
be seen that under an intensity of 1.2 mW cm−2, the average 
relative error in the whole sensing range is 2.1%, with a 
maximum relative error of 4.4% at 1200 nm. What’s more, the 
current device has an average absolute error of 2.3 nm, with 
the maximum value of −4.6 at 365 nm. Comparison of these 

two parameters with a previously reported device reveals that 
the average relative error of our sensor is lower than that of 
the CFAs sensor (relative error: 2.2%, Figure  4g),[45] filter-
less BiCMOS RGB sensor (2.5%), and filter-based microspec-
trometers (8.5%).[12,46] On the other hand, the absolute error is 
comparable to the spectral sensors based on photonic crystal 
slabs (absolute error: 1.5 nm) and a quantum dot spectrometer  
(2.5 nm),[47,48] but is much better than other sensors including 
filter-less BiCMOS RGB sensor (absolute error: 5.0 nm),[12] 
single-nanowire spectrometers (15 nm),[49] multi-wavelength 
analysis based on CMOS buried Quad p–n junction PD  
(20 nm),[24] filter-based miniature spectrometers (40 nm),[46]  
in-situ formed gradient bandgap-tunable perovskite PDs  
(80 nm), and filterless narrowband visible PDs (100 nm).[14,50]

Even though the above result has corroborated that the pre-
sent wavelength sensor can indeed achieve the precise deter-
mination of the incident wavelength. However, there is an 
undeniable the fact that the quantitative discrimination of the 

Adv. Optical Mater. 2022, 10, 2101735

Figure 4.  a) The spectral response of PD1 with the bias of 2 V and the PD2 with the bias of 0 V under the light intensity of 1.2 mW cm−2. b) E–k diagram 
of the graphene-Si interface. c) The corresponding density of states. d) Photocurrent ratio at different incident wavelengths, the inset is the physical 
image of the wavelength sensor. e) Subsection fitting data: the red curve is Boltzmann fitting and green curve is allometric fitting. f) The relative error 
and absolute error of the wavelength sensor. g) Comparison of both absolute error and relative error between our sensor and other wavelength sensors.
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wavelength is subject to the change of light intensity. In order 
to describe the relationship between the photocurrent ratio 
and the wavelength in a more comprehensive way, new piece-
wise fitting functions after considering light intensity can be 
obtained (see Supporting Information). Figure 5a,b shows the 
evolution of photocurrent of both PDs when the light intensity 
gradually increases from 0.2 to 1.2 mW cm−2. It is apparent that 
the photocurrent of both PDs increases due to enhanced photon 
generation at high intensity. The corresponding relationship 
between the photocurrent ratio and wavelength according to 
our calculation is slightly increased, but still follows a typical 
monotonic function (Figure 5c). Table S1, Supporting Informa-
tion, shows the sensing errors in three different regions: DUV 
(265 nm), visible (660 nm), and NIR (1050 nm). It can be seen 
that in the short and medium wavelength region, as the light 
intensity gradually increases from 200 to 1200 µW cm−2, our 
wavelength sensor has a relatively large absolute error (−5.5 to 
5.6 nm) but a small relative error (−0.7% to 1.2%). On the con-
trary, in the longer wavelength (NIR), the average relative error 
of our wavelength detection device is much larger than that in 
short wavelength. What is more, our device is also character-
ized by a broader sensing range. Figure 5d shows the working 
range of various wavelength sensors. Obviously, compared 
with other wavelength sensors, our device has a sensing region 
ranging from DUV to NIR, which is at least two or three times 
longer than that of other wavelength sensors,[12,14,24,48,50,51] such 
as two parallel PtSe2/thin Si Schottky junctions (265–1050 nm), 

filter-less BiCMOS (400–900 nm), and Quad p–n junction  
(400–950 nm). This broad sensing region along with the com-
petitive device performance renders the current wavelength 
highly promising in some optoelectronic devices and systems.

3. Conclusion

In summary, we have successfully developed a wavelength 
sensor composed of MLG/thin Si/MLG heterojunction PD 
and MLG/Ge Schottky junction PD. The proposed wavelength 
sensor can easily distinguish different wavelengths in the range 
from DUV to NIR. From TCAD simulation, the photon-genera-
tion rate of the two PDs is different under various wavelengths 
of radiation, leading to completely different spectral responses. 
The relationship between the photocurrent ratio and the wave-
length follows a typical monotonic function, through which 
the wavelength of the incident light can be determined. Fur-
ther device analysis finds that wavelength sensor can quantita-
tively distinguish wavelength of incident monochromatic light 
in broad range from 265 to 1550 nm, with an average relative 
error and average absolute error of 2.1% and 2.3 nm, respec-
tively, which are very competitive in comparison with other 
wavelength sensors previously reported. We believe the present 
device configuration is also applicable to other semiconductor 
materials, as long as their absorption coefficient is highly 
dependent on the light wavelength.

Adv. Optical Mater. 2022, 10, 2101735

Figure 5.  a) Photocurrent of the PD1 under illumination with various intensities at a bias voltage of 2 V. b) Photocurrent of the PD2 under various 
illuminations with different intensities, at 0 V. c) The relationship between the photocurrent ratio and the wavelength under various light illuminations 
with different intensities. d) Comparison of sensing range of the present sensor and other devices.
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4. Experimental Section
Materials Synthesis and Device Fabrication: In this work, the  

20 µm-thick phosphorus doped n-type (100) single-crystalline silicon film 
with resistivity of 1–10 Ω cm (diameter: 2 inches, doping concentration 
of 1016 cm−3, double side polished) was purchased from the University 
Wafer INC, the 200 µm-thick antimony doped n-type (100) single-
crystalline germanium wafer with resistivity of 0.1–6 Ω cm (diameter: 
4 inches, doping concentration of 1016 cm−3, single side polished) was 
purchased from Beijing Voskey Technology Co., Ltd. In addition, high-
quality single layer graphene was grown at 1005  °C by using a mixed 
gas of CH4 (1 sccm) and H2 (50 sccm) via a CVD method in which 
50 µm-thick copper foils were employed as the catalytic substrates. 
The detailed process of growing graphene has been described in 
our  previous work. After growth, the graphene films were spin-coated 
with 5 wt% polymethylmethacrylate (PMMA) in chlorobenzene, and 
then the underlying Cu foil were removed in Marble’s reagent solution 
(CuSO4: HCl: H2O = 10 g: 50 mL: 50 mL). The graphene films were 
rinsed in deionized water to remove the remaining ions. To assemble the 
Gr/thin Si/Gr heterojunction device, an n-type Si wafer was first cleaned 
with alcohol and acetone under ultrasonication for 10 min, which was 
placed on a glass substrate in advance, and then covered with a layer 
graphene film supported by PMMA. Lithography was used to define the 
interdigital pattern of graphene, and then an oxygen plasma was used to 
remove the graphene in the channels. Finally, silver paste was coated on 
the graphene at the ends of the fingers to form good ohmic contact for 
device analysis.

To assemble the MLG/Ge Schottky junction device, lithography 
was first used to define the window pattern of Ge wafer coated with 
50 nm-thick alumina, then the Ge wafer was immersed in dilute 
hydrochloric acid solution for eight hours. The as-treated Ge wafer was 
soaked in deionized water, and then slowly lifted to mount the graphene 
film on the Ge. Afterward, the shadow mask method was used to pattern 
the Au electrode by the thermal evaporation technique. Finally, the silver 
paste and indium-gallium alloy were coated on the top of the graphene 
and the bottom of the Ge wafer respectively to form ohmic contact for 
device analysis. To assemble the color detector, we attached the silicon-
based device to the top of the germanium-based device and blocked the 
light around it to prevent light from coming in from the side.

Material Characterization, Device Analysis, and Simulation: The 
morphology of graphene cross finger electrode, thin silicon cross 
section and Ge window were observed using a FESEM instrument 
(Hitachi, SU8020). The graphene film was studied by a Raman 
spectrometer (Horiba Jobin Yvon, LabRAM HR800). The absorption 
spectra of graphene in quartz, the planar Si substrate, and Ge were 
recorded on a Shimadzu UV-2550 UV–vis spectrophotometer. The 
photoelectric characteristics were performed on a semiconductor 
parameter testing system (Keithley 2400), and spectral response was 
measured on a monochrometer (LE-SP-M300). Prior to device analysis, 
the power intensity of the incident light was calibrated by a power meter 
(Thorlabs GmbH., PM 100D). All studies were conducted under ambient 
conditions at room temperature. Simulation was carried out using 
Synopsys Sentaurus TCAD to analyze the photon-generation rate and 
photocurrent in the device.
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