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Abstract: The low intrinsic absorption and the existence of the inherent defects hamper the monoatomic layer gra-
phene from being a high-performance photoelectric material, which leads to the strategy to form heterostructure
by combining graphene with semiconductor materials. In this work, a graphene/GaAs heterostructure based photo-
detector has been designed and fabricated, in which the two-dimensional electron gas are enhanced to improve the
photoresponse ability at the band of sub-millimeter and Terahertz (THz) wave ranging from 20 GHz to 0. 12
THz. Under 25 GHz radiation, the responsivity of photodetector at room temperature (RT) reaches 20. 6 V-W™,
with the response time of 9. 8 s and the noise equivalent power (NEP) of 3. 2x10"W-Hz"* under a bias of 400
mV. At 0. 12 THz, the responsivity is determined to be 4. 6 V'W™, with the response time of 10 pus. And a NEP
of 1. 4x10”W*Hz"* can be achieved under the bias of 400 mV. These results exhibit great application potential for
the graphene/GaAs heterostructure based THz photodetectors.
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Introduction

Sub-millimeter/THz wave photodetectors, due to its
wide application in meteorology, astronomy, medicine,
communication and biology'"*, have attracted great re-
search interest. Since the photon energy in this regime is
comparable to the background thermal noise energy at
RT, most reported devices require cryogenic working en-
vironment. Conventional semiconductor photodetectors
rely on photoexcitation of electron-hole pairs in semicon-
ductors, which is not suitable for detection of sub-milli-
meter/THz photons. The most used sub-millimeter/THz
detectors include Golay cell, thermal electron bolome-
ter, and pyroelectric detectors™’. Due to the thermal
sensing mechanism, such detectors are either slow in re-
sponse since the modulation frequency of Golay batteries
and pyroelectric detectors is only a few hundred hertz, or
must be cooled with liquid Helium. In contrast, Schottky
barrier diodes (SBD) , which exhibit high-speed re-
sponse at RT, require the use of complex techniques in
device fabrication and material production. As a result,
their chip integration is currently being hampered.
Therefore, there is an urgent need for a new detection
scheme that can provide both fast response, RT opera-
tion, high sensitivity, and ease of manufacture. In the
past few years, great efforts have be devoted to the devel-
opment of field effect transistor based millimeter and THz
photodetectors .

Sub-millimeter and THz field effect transistors usu-
ally have submicron-scaled channel>**”. In the transis-
tor, photon absorption can be enhanced by a well-de-
signed source-gate antenna, which leads to longitudinal
electric field along channel to drive electrons resonant.
Thus a DC signal can be measured between the source
and drain(V,). A photo-conductor, such as GaAs, pos-
sessing high resistivity and ultra-short carrier lifetime in
connection with the antenna, confines incident light and
generate electric field at the interface between it and an-
tenna. Meanwhile, photo-excited carriers form photo-
current in proportion to the intensity of incident light
field**", driven by the force of the generated electric
field.

Graphene and other two-dimensional materials have
been proven competent to detect long-wavelength photons
in recent years ' Graphene detectors, including
field effect transistors'® , thermal electron side bolome-
ters'?’, and photo-thermal electric devices'""", have seen
a great development in the last couple of years. Gra-
phene field effect transistor-based detectors perform well
at RT and in the 300GHz band"’. The reported two-layer
graphene hot electron side bolometer has almost compara-
ble sensitivity as silicon devices at low temperatures but
faster response' ™. At RT, graphene sub-millimeter/tera-
hertz detector showing detectivity greater than 10 V/W
and half-height width pulse of 110 ps''". In addition, a
long-wave detector based on carrier thermal transfer at
temperature < 30K has also been reported'*. It is capa-
ble to respond to 5S5pum-wavelength radiation. To further
enhance the performance of the graphene based photode-
tectors, the hybrid structured devices based on the van

der Waals (vdW) heterostructure has been well devel-
oped™. For example, GaAs/Graphene hetero-structure
optoelectronic devices have attracted a lot of attention,
due to the outstanding electrical and optical properties in
wavelength-independent — absorption, low dissipation
rate, extraordinarily high carrier mobility, and micro-
scale ballistic transportm'm. On the other hand, there
has yet been any report on the GaAs/Graphene based sub-
millimeter/THz photodetector, thus in this work, we de-
signed and fabricated a graphene/GaAs heterostructure
based photodetector, and the results of the photoresponse
in the range of sub-millimeter and terahertz range are re-
ported to verify the availability to achieve higher THz re-
sponse with the vdW heterostructure.

1 Experimental

The high mobility GaAs sample was prepared with
molecular beam epitaxial (MBE) method. Semi-insulat-
ing n-type GaAs wafer is used as the substrate. The
growth is performed with a Riber-21 MBE system. After
a high temperature adsorption of the substrate, a 50 nm
GaAs layer, with the Si doping concentration of 2%
107cm?, is deposited at 600°C with growth rate of 0. 21
nm/s. Then the sample is taken out of the MBE cham-
ber, and is cleaned using an ultrasonic treatment with ac-
etone solution, isopropanol solution and deionized wa-
ter. After drying with nitrogen, the sample is placed in
oven, and is baked at 120 °C for another 2 hours.

Before transferring the graphene layer, a 10-nm-
thick GaAs layer is etched away from the sample with a
standard GaAs etching solution (H,PO,: H,0,: H,0 =
40: 20: 400 ml). After that, single-layer graphene is
transferred upon the substrate with a well-developed
method”. Then we transferred a monolayer graphene
sheet onto this substrate, which initially is grown on cop-
per foil. The specific transfer process of graphene is as
follows: Firstly, a layer of PMMA is spin coated onto the
graphene film. Then it is put into a solution of ferric chlo-
ride (FeCl,) to etch the copper foil. After the copper foil
is etched completely, it will be taken out and put into a
dilute hydrochloric acid solution. The PMMA covered
graphene is subsequently fished out by GaAs substrate.
Finally, dip the hybrid graphene/GaAs sample is dipped
into acetone solution to remove PMMA , and then it is fur-
ther rinsed with isopropyl alcohol, and dried in the air.

Then the electrode source and drain are deposited
(Cr/Au 5/60 nm) with ultraviolet lithography and elec-
tron beam evaporation. Graphene is etched with O, plas-
ma treatment to obtain designed channel size. After that,
a 30nm-thick gate dielectric Al,O, layeris deposited in
ALD process. At last, electrode gate is deposited with ul-
traviolet lithography and electron beam evaporation pro-
cess.

The IV characteristics of the devices were measured
by B2912A Semiconductor Analyzer using variable volt-
age mode. For photoresponse measurements, the sub-
millimeter/THz waves at different frequencies were gener-
ated from multiplier of electronic source and the photo-
voltage data were collected by B2912A and magnified by
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a lock-in amplifier and preamplifier. The 0.12 THz
source based on frequency multipliers was employed in
the photoresponse experiments. And the power density of
the millimeter wave is 2. 5 mW-cm?, the power density
of the sub-millimeter/THz radiation was 1.05 mW-cm?
calibrated by a Golay cell. The detailed measurement set-
up can found in our previous work >,

2 Results and discussion

Fig. 1(a), (b) are the cross-sectional structural
schematic and the corresponding optical top view of the
fabricated device, respectively. Here, the graphene
channel length is L = 6 pwm. To enhance the absorption
at wavelength of millimeter scale, a bow-tie antenna with
subwavelength gap is contacted to the detecting material
to form the channel. The length and the width of the bow-
tie antenna defined region are 200 wm and 140 pm, re-
spectively, as shown in Fig. 1(b). In Fig. 1(c) Raman
spectrum of the monolayer graphene shows two strong
peaks: 2D peak (2680 cm’) and G peak (1580 ecm™) ,
which indicates the high quality of the monolayer gra-
phene, since 2D/G intensity ratio is about 2.9. The D
peak at 1350 em™) is caused by the disorder induction
and defect of graphene. The peak value is small, indicat-
ing that the quality of transferred graphene is high*™. As
shown in Fig. 1(d), the transfer characteristic curve of
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the detector shows a bipolar behavior”. The neutral
charge point (CNP) is located at V, (gate voltage) = 2.2
V, indicating that graphene is p-type.

Fig. 2(a) (b) are the time response of the photocur-
rent under radiation of 25 GHz at modulation frequencies
of 1 kHz and 10 kHz with zero bias. Fig. 2(c) is the pho-
tocurrent response as a function of incident power at dif-
ferent bias voltages. It can be seen that the photocurrent
increases almost linearly with the incident light power,
which is due to fact that the higher the incident light pow-
er, the more pairs of electron-hole and excitons are gen-
erated. Fig. 2 (d) shows the time response of the photo-
current at different bias voltage. The time response is
still smooth at the modulation frequency reached 1kHz
and 10 kHz. It indicated that the response performance
of the device is at s level, which will be discussed lat-
er.

Fig. 3(a) is the extension of the rising edge and fall-
ing edge (inset) of the photocurrent in a single time-peri-
od. And the rising time and falling time are 9. 8 s and 2
ws, respectively, which is usually defined as the time
measured from 10% up to 90% on rising edge of signal as
well as the recovery time from 90% down to 10% of the
falling edge. In the meantime, the response speed is also
much faster than the typical RT thermal-based photode-
tectors such as the pyroelectric and bolometric ones,
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(a) (b) the cross-sectional structural schematic and the corresponding optical top view of the fabricated device (c) Raman spec-

trum of the monolayer graphene (d) transfer characteristic curve measured with V, = 0. 2V
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Fig. 2 (a) (b) Time response of the photocurrent under radia-
tion of 25 GHz at modulation frequencies of 1kHz and 10kHz
with zero bias (¢) Photocurrent response as a function of incident
power at different bias voltages (d) Time response of the photo-
current at different bias voltage
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which response to the radiation on the order of ms. Fig. 3
(b) is the photocurrent as a function of the gate voltage
with V,_of 0. 2 V, which will be discussed with Fig. 5(b)
together later. It can be seen from Fig. 3 (¢) that when
the forward bias increases, the photocurrent increases al-
most linearly. And when reverse bias increases, the pho-
to-current decreases linearly as well. Responsivity (R,)
and noise equivalent power (NEP) are two important pa-
rameters for photodetectors. Usually, a responsivity of R;
can be obtained from the equation R, = (S,-1,)/ (P,-
S,) at zero bias. Here P, is the total power of the source,
S, is the radiation beam spot area, and S, is the active ar-
ea. Nevertheless, given the fact that the wavelength \
corresponding to the 25 GHz is about 12 mm, which is
much larger than the device itself. Thus an alternative
method to calculate the responsivity has to be used for
the sub-wavelength case’, in which, the responsivity can
be expressed by R, = (Sh'lph) / (P,+S, ), where the S, =
N°/4. By this method, the R, can be determined to be
about 4. 1 mA/W. Since the R, = R,*R, R =2.6 k() is
the resistance of the device, the R, = 10.7 V/W can be
obtained. When the photocurrent reaches(7,) 6. 16 pA,
the R, of the device can be determined to be 20.6 V/W
under V,, = 0.4 V. According to the noise equivalent
power formula NEP = (4TRK, ) "”/ R,, where K, is the
Boltzmann constant, T is the temperature, R is the de-
vice resistance™', the noise equivalent power (NEP) of
the device at RT can reach below 3. 2x10™" W/Hz'".

Fig. 4(a) (b) (c) show the time response of the de-
vice under radiation of 0. 12 THz at different modulation
frequencies of 1kHz, 5kHz and 10kHz under zero bias,
respectively. Fig. 4(d) is the time response of the photo-
detector at different bias voltage with different modula-
tion frequencies of 1kHz. As can be seen from the
Fig. 4, the photodetector is extremely sensitive to tera-
hertz radiation with fast response speed, and maintains a
complete pulse shape at modulation frequency of 10
kHz, which indicates stable temporal response perfor-
mance.

Fig. 5(a) is the extension of the rising edge and fall-
ing edge (inset) of the photocurrent in a single time-peri-
od, in which the response time are 11 ps and 10 ps un-
der radiation of 0. 12THz. Fig. 5(b) shows photocurrent
variation as a function of gate voltage with V, of 0.4 V,
in which the highest photocurrent reaches 113nA. Based
on the obtained photocurrent, the photoresponsivity at
different V, can be determined as shown in Fig. 5 (c).
With 0. 12 THz radiation, the \ is 2. 5Smm, and thus the
responsivity at RT can reach 4. 6V/W at V, of 0.4 V.
Similarly noise equivalent power can also be deduced
and exhibited in Fig. 5(d) as a function of the gate volt-
age V,, which shows the lowest NEP is less than 1. 4x
10°W Hz".

As shown in Fig. 3(b) and 5(b), the photocurrent
of is mainly generated due to the intraband excitation of
graphene. The contact potential does not contribute
much to the photocurrent. It is necessary to consider the
influence of high concentration carriers in GaAs on the
photoresponse of graphene.
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Fig. 3 (a) The extension of the rising edge and falling edge (in-
set) of the photocurrent in a single time-period (b) Photocurrent
as a function of the gate voltage with ¥, of 0.2 V (¢) Photores-
ponsivity at different bias voltage (d) Noise equivalent power
variation with gate voltage
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To explore the mechanism behind the phenomena
observed in the heterostructure-based photodetector, a
schematic is proposed in Fig. 6, based on the measured
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responsivity as shown in Fig . 1 and Fig. 3. Due to the
nature of the hybrid channel of our device, the measured

transfer characteristics is not only determined by the gra-
[22-24,32-34]
b

phene but also influenced by the graphene-
GaAs heterostructure >,
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When the graphene is in contacting with GaAs, a
contact potential well is formed, which leads to the accu-
mulation of a number of carriers at the well. And the
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Fig. 6 Schematic energy band diagrams of graphene /GaAs het-
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der millimeter/THz radiation
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change in the size of the well will affect the carrier behav-
ior between the source and the drain. Without millimeter/
THz radiation, when V,, = 0.2V, and V, <0, as shown
in Fig. 1(c), the graphene Fermi level rises, leading to
the rise of both of the barrier height between the gra-
phene and the GaAs. Thus the carrier concentration at
the potential well increases subsequently, resulting in
the photocurrent /. increases as well, as indicated in the
Fig. 6(a). On the other hand, when 0 < V,<2.2V, the
graphene Fermi level decreases, which lowers the barrier
as well as the carrier concentration, and the source and
drain current decreases subsequently. Further increase
the V, above the neutral charge point of 2.2 eV, the in-
version onsets, in which case, the graphene becomes n
type, and the carrier concentration increases again.

On the other hand, under the radiation, the photo-
current of the photodetector is mainly generated by the in-
band excitation of graphene, as indicated in Fig. 6(bh).
When V=0, the carriers accumulated in the contact well
have a certain gain effect on the photocurrent due to the
positive effect of the high concentration carriers in GaAs.
When V,<0, the potential well increases, and carriers at
the potential well are difficult to migrate, which reduces
the potentiation on the graphene photocurrent, and the
photocurrent decreases. On the contrary, when V>0,
the potential well is reduced, and the photocurrent poten-
tiation on graphene is remarkable. When V>V, , the
photocurrent decreases, and changes to the contrary.
Thus the results exhibited in Fig. 3 can be well under-
stood.

3 Conclusion

In this work, a graphene/GaAs heterostructure
based photodetector has been designed and fabricated,
in which the two-dimensional electron gas characteristics
are enhanced to improve the photoresponsivity at the
band of millimeter and THz wave ranging from 20 GHz to
0.12 THz. Under 25 GHz radiation, the responsivity of
photodetector at room temperature (RT) reaches
20. 6 V'-W™', with the response time of 9.8 s and the
noise equivalent power (NEP) of 3. 2x10"W-Hz"” under
a bias of 400 mV. At 0. 12 THz, the responsivity is de-
termined to be 4. 6 V'W"', with the response time of 10
ws. And a NEP of 1. 4x10°W*Hz " can be achieved un-
der the bias of 400 mV. To further improve the perfor-
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mance the GaAs/Graphene hetero-structured photodetec-
tor, various approaches will be adopted, such like opti-
mization of the antenna, and the reducing the length of
the channel, both to enhance the coupling of the electro-
magnetic field in the channel. These results exhibit great
application potential for the graphene/GaAs heterostruc-
ture based Terahertz photodetectors.
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