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ABSTRACT: We report on the simple fabrication of
monolayer graphene (MLG)/germanium (Ge) heterojunction
for infrared (IR) light sensing. It is found that the as-fabricated
Schottky junction detector exhibits obvious photovoltaic
characteristics, and is sensitive to IR light with high Ig/Ta,u
ratio of 2 X 10* at zero bias voltage. The responsivity and
detectivity are as high as 51.8 mA W' and 1.38 X 10" cm
Hz"> W), respectively. Further photoresponse study reveals
that the photovoltaic IR detector displays excellent spectral
selectivity with peak sensitivity at 1400 nm, and a fast light
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response speed of microsecond rise/fall time with good reproducibility and long-term stability. The generality of the above

results suggests that the present MLG/Ge IR photodetector would have great potential for

applications.

future optoelectronic device
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B INTRODUCTION

Infrared (IR) photodetector, as a type of widely studied device
of great practical importance, is a crucial component for wide-
ranging applications in many areas such as military surveillance,
target detection, and target tracking. To date, numerous IR
photodetectors have been developed from narrow band gap
semiconductors such as PbS, InSb, CdZnTe, HgCdTe, etc.' In
addition, germanium (Ge) as an important semiconductor
material of IV group,”® can be employed to fabricate infrared
(IR) photodetectors as well. Because of the distinct property
including large absorption coefficient at near-infrared frequen-
cies, low cost, and excellent compatibility of parallel processing
with silicon technology, great efforts have been devoted to
fabricating on-chip Ge photodetetors with exceptionally high
speed and responsivity.” So far, a number of Ge-based IR
photodetectors with different device configurations have been
developed, including metal—semiconductor—metal,5’6 p—i—n,7’8
semiconductor/metal Schottky junction photodetectors,* Ge/
Si junction.” In spite of these research efforts, it is undeniable
that the fabrication of these devices normally requires very
complicated instruments, which leads to high costs and energy
consumption, and therefore constitutes the main obstacle to
their wide application.

A possible solution to the above predicament is to design
graphene/semiconductor Schottky-type IR photodetectors
featuring low dark current, high response speed, and small
parasitic capacitance. Graphene, as a promising material for
transparent electrode, has extraordinary properties such as high
optical transmittance, larger thermal conductivity, excellent
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electronic and mechanical properties, as well as outstandin:
chemical/physical stability with tunable work function."'
Owing to these fascinating electrical and optical properties,
graphene has been successfully combined with other semi-
conductor materials such as ZnO, CdSe for high-performance
ultraviolet (UV), and visible light photodetectors applica-
tion."”"* Enlightened by this, we propose a simple IR detector
that combines monolayer graphene (MLG) with bulk Ge wafer
that will possibly provide synergistic effects in light absorption
and electron transport, and therefore will bring about improved
device performance. It is found that the Schottky junction
diode is highly sensitive to IR light irradiation at zero bias
voltage with good reproducibility. The responsivity, detectivity,
and response time are estimated to be 51.8 mA W' 1.38 X
10" cm Hz'? W7, and 23 us, respectively. What is more, the
IR sensor exhibits excellent spectral selectivity with peak
sensitivity at 1400 nm. The generality of the above result
suggests that this MLG/Ge IR detector will have potential
application in future optoelectronics devices.

B RESULTS AND DISCUSSION

To fabricate the photovoltaic IR photodetector, we etched 400
um thick n-type Ge wafer with resistivity of 0.1—0.4 & cm by
using HF buffer etching (BOE) solution to remove thin GeO,
layer on the surface. Then sellotape was stuck at the periphery
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of the cleaned Ge wafer (1 X 1 cm?) for insulation purpose.
The MLG films were grown at 1000 °C by using a mixed gas of
CH, (40 sccm) and H, (20 sccm) via a CVD method in which
25 pm thick Cu foils were employed as the catalytic substrates.
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 (CuSO,:HCL:H,0O 10 g:50 mL:S0 mL). The
graphene films were rinsed in deionized water to remove the
remaining ions."* Afterward, the as-treated Ge wafer was soaked
in deionized water, and then slowly lifted to mount the MLG
films on the Ge. The as-assembled device was eventually
transferred onto a copper foil, on which silver paste was coated
to form good contact between the Ge and the underlying
copper. The microstructure of the MLG was characterized by
Raman spectrum. Figure la shows a typical Raman spectrum
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Figure 1. (a) Raman spectrum of the monolayer graphene film, the
inset is the schematic illustration of the MLG/Ge photovoltaic IR
photodetector. (b) I—V characteristics of the IR photodetector
measured at room temperature with and without IR irradiation, the
inset shows the magnified I-V characteristics of MLG/Ge Schottky
junction in low voltage range.

which is composed of two sharp peaks, ie., 2D band peak at
~2623 cm™" and G band peak at ~1525 cm™". The intensity
ratio of Lp: I = 2.1, along with the weak D band scattering at
~1343 cm ™, confirms the high crystal quality of the monolayer
graphene film.' > In this study, the MLG mainly functions as a
transparent electrode. Namely, it can not only allow the
majority of the incident light to reach the contact area but also
transport carriers when the electron—holes were separated. On
the other hand, the flat and bulk Ge substrate will provide
sufficient contact area for the MLG, which is vitally important
for the formation of effective Schottky junction. The electrical
characteristic of the MLG/Ge Schottky junction was evaluated
by an I-V characterization system (Keithley 4200 SCS). The
photoresponse of the IR photodetectors was studied by using a
1550 nm laser (DFB light source, China-fiber) as light source.
To determine the spectral response and time response of the IR
photodetectors, we used a home-built system composed of a
light source (LE-SP-LS-XE), a monochromator (LE-SP-M300),
an oscilloscope (Tektronix, TDS2012B), and an optical
chopper (LE-0c120).

Figure 1b shows the current—voltage (I-V) curves of a
typical heterojunction at room temperature, from which one
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can see that the device exhibits typical rectifying behavior. The
nearly linear I—V curves of both Ag/MLG and Ge/Ag/Cu (see
Figure S1 in the Supporting Information) signify that such a
rectifying characteristic arises from Schottky barrier of Ge/
MLG, which can be described by the thermionic-emission
based diode equation'”
|
(1)

where ] (T, V) is the current density across the MLG/Ge
interface, V the applied voltage, kg the Boltzmann’s constant, T
the absolute temperature, n the ideality factor (n = (q/kT)(dV/
d In I)). The prefactor, J,(T) is the saturation current densitg
and can be expressed by J(T) = A*T* exp(—epspn/KsT),"

whereis the zero bias Schottky barrier height (SBH), A* the
Richardson constant, m* the effective mass of the charge
carriers. For Ge, A* is theoretically estimated to be 66 A cm™
K2 (m* = 0.55m,)."> Using the J; value, the Schottky barrier
height at the MLG/Ge interface was estimated to be 0.455 V.
This barrier hei%ht is comparable to that of graphene/n-type
silicon (0.41 V)."® Interestingly, when exposed to 1550 nm IR
irradiation, the Schottky barrier of MLG/Ge, like ZnO/Au
Schottky junction,' almost disappeared, giving way to a huge
photocurrent at reverse bias. This remarkable photocurrent is
associated with photoexcited carriers under IR light illumina-
tion. Careful examination of the I-V curves found that the
device exhibits typical photovoltaic effect (c.f. the inset of
Figure 1b), with an open-circuit voltage (Vi ), a short-circuit
current (Isc) and a fill factor (FF) of 0.085 V, 0.23 mA, and
0.25, respectively, yielding a PCE of 0.11%. Comparison of the
Ag/MLG or Ge/Ag(silver paste)/Cu found that such a
photovoltaic effect is due to the MLG/Ge Schottky junction,
rather than Ag/MLG or Ge/Ag(silver paste)/Cu (as shown in
Figure S1 in the Supporting Information). This photovoltaic
characteristic can be understood from the energy band diagram
illustrated in Figure 2a. Once the MLG was transferred onto Ge
wafer, electrons in Ge tend to move to the graphene side and
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Figure 2. (a) Energy band diagram of the IR photodetector under IR
illumination. yg. is the electron affinity of Ge. @;/®g, and Epg/Egge.
denote the work functions and Fermi energy levels of MLG/Ge,
respectively; Ec and Ey are the conduction and valence bands of Ge,
respectively. (b) Photoresponse of the device under 1550 nm light
illumination without external bias voltage.
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consequently the energy levels near the Ge surface will bend
upward, leading to the formation of built-in electric field near
the MLG/Ge interface. Under light illumination, photo-
generated electron—hole pairs will be separated by the built-
in electric field. The resulted free electrons and holes will move
toward opposite directions, giving rise to generation of
photovoltaic current in external circuit. The photovoltage is
formed as a result of the energy difference between the Fermi
level of Ge and the MLG under illumination. Although the
generation of photocurrent in the MLG/Ge is ineflicient in
comparison with MLG/Si,*° the weak photovoltaic effect can
enable the Schottky junction to sense IR illumination without
external energy supply. Figure 2b displays the representative
photoresponse of an IR sensor when light was turned on and
off alternately at zero bias voltage. It demonstrates clearly that
our device can be reversibly switched between low- and high-
resistivity states, with a high Ig/Ig,q ratio of 2 X 10*. The
steep rise and fall edges suggest the swift response speed.

To further reveal the response properties of the IR sensor,
we investigated the bias voltage dependent photoresponse of
the IR detector. Figure 3a shows a family of I-V curves under
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Figure 3. (a) Photovoltaic characteristics of the MLG/Ge device when
the incident light power was gradually increased from 0.14 to 18 W/
cm”. (b) Corresponding photoresponse of the IR detector; the inset
shows a digital photograph of the IR photodetector. (c) Fitting curve
of the relationship between the photocurrent and light intensity; the
light wavelength was 1550 nm.

increasing incident light intensity (from P = 0.14 to 18 W/
cm?), from which one can see that the photocurrent of the
device is highly dependent on the bias voltage. Further
experimental result reveals that both on and off currents will
monotonously increase when the bias voltage was decreased
from —0.2 to —1.0 V. In addition, the corresponding
responsivity is observed to increase with increasing voltage
(see Figure S2 in the Supporting Information). Figure 3b
displays the photocurrent under IR light irradiation with
different intensities. Basically, the photocurrent of the device
increases gradually with increasing radiation power. This
dependence of photocurrent on light intensity can be fitted
by a simple power law: I = APY, where A is a constant for a
certain wavelength, and the exponent determines the response
of photocurrent to light intensity.”" Fitting the curve leads to @
= 0.96, in other words, the photocurrent is nearly proportional
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to the incident light intensity.”* This nearly integer exponent
suggests that there is little trap states in our photodetector.”>**

It should be noted that the present MLG/Ge IR detector
exhibits excellent reproducibility as well. Figure 4a shows the
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Figure 4. (a) Photovoltaic characteristics of 6 representative devices
under IR light illumination, inset shows the distributional histogram of
the photocurrent for 20 devices. (b) Spectral response of a
representative IR photodetector.

I=V curve of 6 representative devices, from which one can see
that all the curves virtually overlap. Further photocurrent
histogram of 20 devices reveals that the majority of photo-
current is in the range from —0.215 to —0.235 mA (see the
inset of Figure 4a), with an average value of 0.225 mA. This
reliable characteristic is vitally important and will enable the
MLG/Ge Schottky junction to function as commercial device.
To quantify the performance of such an IR photodetector,
other two key metrics including responsivity (R) and detectivity
(D*) that reflect the photodetector sensitivity to incident light
were calculated by using the following equations

R(AW™) = Lo n(ﬂ)G
Pyt he )
D* = AI/ZR/(Zqu)I/Z = I/Z(Ip/%pt)/(qud)l/z (3)

where I, Py 1, h, ¢, 4, A, q, I and G are photocurrent,
incident light power, quantum efficiency, Planck constant,
speed of light, light wavelength, active area, the unit of
elementary charge, dark current, and photoconductive gain,
respectively. The responsivity (R) is estimated to be 51.8
mAW ! at zero bias (assuming 7 = 1 for simplification). This R,
much higher than that of the conventional Si photodetector,™
is dependent on the biasing voltage applied on the device (see
Figure S2 in the Supporting Information). On the basis of
above values and the active area of 0.025 mm? (the spot area of
the laser), the detectivity (D*) is estimated to be 1.38 X 10"
cm Hz'? WL, which is comparable with that of bulk Si based
photodetector.”® Apart from the high responsivity and
detectivity, the MLG/Ge IR detector exhibits good spectral
selectivity. Figure 4b) plots the normalized responsivity of the
IR detector as a function of wavelength (to make the analysis
more reliable, we kept the light power identical for all
wavelengths during testing). It can be seen that the present
device exhibits peak sensitivity at 1400 nm, corresponding
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closely to the intrinsic absorption of Ge crystal. This
consistence is believed to be highly related to the workin:
mechanism, which has been studied in our previous work.”
This excellent spectral selectivity, along with the low cost and
simple fabrication process, will make the present device highly
practical in future IR detection.

Next, the response speed of the device is examined. Figure Sa
shows the time response when exposed to the pulsed IR light
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Figure S. (a) Photoresponse of the photovoltaic detector to pulsed IR
light irradiation (1550 nm laser) with a frequency of 500, 1000, and
2200 Hz. (b) A single normalized cycle measured at 2200 Hz for
estimating both response time (7,) and recovery time (7). (c) The
relative balance (Iy—Inin)/Ina Versus switching frequency. (d)
Photoresponse behavior of the IR detector after long-term storage.

(1550 nm). For all switching frequencies, the response is fast
and exhibits long-term repeatability in the frequency range from
0 to 2200 Hz. Notably, even at 2200 Hz, the relative balance
only decreases by less than 18%. Namely, this IR detector is
able to monitor pulsed optical signal with very high
frequency.** In the time domain, the response speed of the
IR photodetector is normally assessed by the response time
(zr), which is the time interval for the response to rise from 10
to 90% of its peak value. The recovery time (zf) is the time
interval for the response to decay from 90 to 10% of its peak
value.">***” Specifically, when the device is working under a
pulsed light with the switching frequency of 2200 Hz, a small
response/recovery time (7,/7;) of 23/108 us was obtained. This
response speed is slower than the commercial germanium
photodetector (Table 1), but much quicker than other
graphene based photodetectors, including CdSe nanobelt/
graphene heterojunction, and ZnO nanowires/graphene
heterojunction.”®*” We attribute this relatively quick response
speed to the extremely high carrier mobility due to high
crystallinity with a low density of trap centers, and quick
separation of huge amount of photogenerated carriers by the
built-in electric field formed at the MLG/Ge interface. Finally,
it should be noted that, unlike the majority of IR devices based
on nanostructures, the present MLG/Ge Schottky junction can
work properly even after long-term storage. As shown in Figure
Sd, our device can retain the same photocurrent after 3 months
storage in drying box.
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Table 1. Summary of the Device Performances of the MLG/
Ge Photovoltaic IR Detector and Other Photodetectors with
Similar Device Structures

rise time  fall time  Igp,/
device structure responsivity (z,) (zp) Tk ref

graphene/Ge S1.8 23 us 108 us ~1 X our
Schottky junction mA/W 10* work

graphene/ZnO 113 A/W 0.7 ms 3.6 ms 12
nanorod array
Schottky junction

CdSe nanobelt/ 8.7 A/W 70 ps 137 ps ~1x 13
graphene Schottky 10°
junction on PET

CdSe nanobelt/ 102 A/W 82 us 179 us  ~1x 16
graphene Schottky 10°
junction on SiO,/Si

graphene/Si 02 A/W 12ms 3 ms ~1 X 26
heterojunction 10*

MWNT/n-Si 100 uA/W 16 ms 16 ms 25
heterojunction

p-CdTe NR/n-SiNWs 12ms 158 ms ~1X 28
heterojunction 10°

p-ZnS NR/n-Si 200 A/W 48 us 180 us 36 29
heterojunction

metal-Ge-metal 0.24 A/W 2 ns S

H CONCLUSION

In conclusion, we demonstrated the fabrication of a high-
performance photovoltaic type IR photodetector based on the
MLG/Ge Schottky junction. Electrical analysis reveals that the
as-fabricated device was highly sensitive to IR irradiation with
peak sensitivity at 1400 nm, good reproducibility, excellent
spectral selectivity and long-term stability. The Iyg/Iy, ratio,
responsivity and detectivity of the device were estimated to be 2
X 10% S1.8 mAW™', and 138 X 10" em Hz'"> W7,
respectively. What is more, the response speed is as quick as
23 ps, much quicker than other conventional photedetectors. It
is expected that this simple, but high-performance MLG/Ge
device will have potential application for future IR detection.
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Electrical property of both Ag/MLG and Ge/Ag/Cu contacts,
bias voltage dependent photoresponse behavior, the Ijgne/Iuui
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