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We have developed a hybrid quantum Hall midinfrared (QHMIR)—quantum Hall far-infrared (QHFIR)
photodetector by the use of graphene-GaAs/(Al, Ga)As—layered composite material. Both MIR and FIR
photoresistance are observed in a single chip by utilizing cyclotron resonance in the quantum Hall regimes
of graphene and two-dimensional electron gas (2DEG) in GaAs/(Al, Ga)As heterostructure, respectively.
By cooperatively operating 2DEG as a back-gate electrode to change the carrier density of graphene or
graphene as a top-gate electrode to modulate the carrier density of 2DEG with an applied gate voltage less
than 1 V and applying the magnetic field to tune cyclotron resonance, we achieve a wide frequency
selectivity, covering 640-790 cm™! for the graphene-QHMIR detector and 24-89 cm™! for the 2DEG-
QHFIR detector. Moreover, our design integrates a log-periodic antenna with the detector to minimize the
device size, while preserving high sensitivity. Our results pave the way for implementing a highly tunable

MIR-to-FIR photodetector and a dual-band (MIR-FIR) imaging array.
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I. INTRODUCTION

Indefatigable research efforts in infrared (IR) technolo-
gies to develop and exploit advanced IR detectors for
fundamental research and applications have persisted for
decades [1]. An ultimate IR detector should possess high
responsivity R,, low noise-equivalent power (NEP), high
and tunable specific detectivity D*, and preferably higher
operating temperatures. Nevertheless, the trade-off among
these figures of merit in various types of IR detectors—
mostly due to material limitations—always has to be
considered in practical use.

Quantum Hall infrared (QHIR) detectors based on
cyclotron resonance (CR) of two-dimensional electron
gas (2DEG) are known to be very sensitive and frequency
selectable [2,3]. For example, typical QHIR detectors made
of GaAs-based 2DEG have been reported for operation at
the far-infrared (FIR) band of 27 — 102 cm™!, tuned by
external magnetic field B [4]. The optimal performance of
the QHFIR photodetector has been achieved with a high R,
of ~10% V/W and a NEP of < 10~'* W/Hz!/? at 42 K [2].
Recent advances in the search of cooling technologies
and novel low-dimensional materials significantly foster
the implementation of QHFIR detectors and enrich their
detection spectrum. First, nowadays, refrigeration has
become more accessible due to the invention of
cryogen-free systems [5]. Second, distinct quantum Hall
states (QHSs) in various low-dimensional materials with
different CR frequencies, such as graphene [6], atomically
thin black phosphorus [7], topological insulators [8], and
2DEQG at oxide interfaces [9] have been recently discovered
and shed new light on developing innovative photodetec-
tors. Therefore, it is conceptually feasible to implement a
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hybrid QHIR detector by stacking conventional semicon-
ductor heterostructures and one of the new 2D materials to
achieve a wide spectra range of photodetection. To date,
however, the attention of such research has not been geared
towards this aspect [10].

In this work, we implement a hybrid quantum Hall
detector by stacking graphene on GaAs/(Al, Ga)As
heterostructure embedded with 2DEG, as illustrated in
Fig. 1(a), where a 2DEG layer and graphene are capaci-
tively coupled. Graphene has attracted a great deal of
attention for constructing innovated optoelectronics due to
its high carrier mobility [11], broad absorption spectrum
[12], and high thermal sensitivity [10]. In addition,
graphene and GaAs-2DEG hold distinctly different
Landau-level (LL) energies: EY = sgn(N)vp+/2¢hB|N|
for graphene and E2° = (n + 1/2)hw?® for 2DEG, where
vr is the Fermi velocity of graphene, 7 is Planck’s constant,
N and n are Landau-level indices of graphene and 2DEG,
respectively, 2P = eB/m* is the cyclotron frequency of
2DEG with the effective mass m* (~0.067m,, where m, is
the free-electron mass), and B is the magnetic field
perpendicular to the sample surface. Figure 1(b) shows
E2D and E¥; as a function of B. It can be readily seen that at
B =28T, the first LL energy spacing for graphene is
AE® = hof' = vpv/2ehB(v/N+1—+/N)~100meV (for
N =0 - 1), and AE?® ~ 25 meV, which corresponds to
the photon frequency f in the midinfrared (MIR) and far-
infrared (FIR) range, respectively. Because of a large
discrepancy in CR frequency between 2DEG and graphene,
the photoresponse of the two materials is expected to be
observed at different IR bands. Consequently, the combi-
nation of graphene and 2DEG provides a platform to realize
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FIG. 1. (a) Schematic configuration of a graphene—GaAs-
2DEG capacitively coupled bilayer system. (b) Plot of the
Landau-level (LL) energy EY of graphene and E2P of GaAs-
2DEG as a function of the magnetic field B for Landau index
N =0,=£1,£2 and n = 0, 1, 2, respectively. Schematic diagram
of the LL density of states (DOSs) of (c) GaAs-2DEG and (d)
graphene. Extended and localized states are represented by bright
and dark colors, respectively. Energy levels are broadening in the
presence of disorder. When the photon energy matches LL energy
spacing, electron-hole pairs are generated, giving rise to a
measurable photoresponse.

a quantum Hall midinfrared (QHMIR)—quantum Hall far-
infrared (QHFIR) dual-band detector.

II. PHOTON-DETECTION PRINCIPLE

The underlying mechanism of the detection scheme for
the QHIR detector has been well established [2,3]. The
photoresponse can be attributed to the nonresonance effect
and CR absorption [3]. Since the nonresonance effect is not
a well-controlled experimental parameter, we intend to
focus on the CR effects in the device design. When the
illuminating photon energy matches the LL energy spac-
ings of 2DEG and graphene, electrons and holes are excited
via CR absorption. Schematic representations of the photo-
excitation process on 2DEG and graphene are illustrated in
Figs. 1(c) and 1(d), respectively. These nonequilibrium
photoexcited carriers cause charges to build up along the
edge of the Hall bar, yielding a detectable change in the
longitudinal resistance ARg, [2,3]. The performance of
the GaAs-2DEG QHFIR detector has been well studied; in
contrast, that of graphene the QHMIR detector is much less
explored. The selection rule for the photon absorption
processes follows An = +1 for GaAs-2DEG and A|N| =
+1 for graphene. The QHSs of graphene have been
demonstrated to be sensitive to the MIR photon with a
frequency ranging from 1100 to 25 cm~! [13]. Both
intraband and interband transitions are allowed in the
photon absorption process for graphene [14]; nevertheless,
the intraband transition between adjacent LLs is easier to

observe in the experiment [15,16]. Because the energy gaps
forN =0 — 1and N = —1 — O transitions are the largest,
they are expected to be more robust against LL broadening
due to the presence of disorder. We, therefore, consider that
the photon absorption between N =0 and 41 are the
dominant processes in graphene-QHMIR photoresponse.

III. DEVICE CONCEPT AND
CHARACTERIZATION

The layout of the hybrid QHMIR-QHFIR detector
investigated in our experiment is schematically shown in
Fig. 2(a). The device consists of a chemical-vapor-
deposited (CVD) graphene, a GaAs/Al,;Gag;As single
heterostructure with 2DEG 90 nm beneath, a log-periodic
antenna (LPA), and an ionic liquid coated on graphene as a
top-gate electrode. Our design aims to increase frequency
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FIG. 2. (a) Schematic layout (in scale with the real device) of
the quantum Hall dual-band photodetector by use of graphene-
GaAs/(Al, Ga)As heterostructure composite material. The hy-
brid device consists of GaAs-2DEG, graphene, metal contacts for
the gate and source-drain electrodes, log-periodic antenna, and
ionic liquid. (b) Enlarged view of the photosensitive area.
(c) Four-terminal longitudinal resistance of the graphene R$,
as a function of the voltage Vlgq applied to the ionic-liquid gate at
room temperature (T = 300 K). (d) R%, as a function of the
voltage V3P applied to the 2DEG gate at 7' = 2, 10, and 20 K
with V},q = 0 V. The black dashed line denotes the charge neutral
point (CNP) of graphene at V2, = 0.46 V. (e) Current /?°
through 2DEG versus the voltage V' applied to the graphene gate

at T =2 K and Vlgq =0 V. The insets in (c) to (e) show the
measurement circuitries.

064001-2



QUANTUM HALL DUAL-BAND INFRARED ...

PHYS. REV. APPLIED 8, 064001 (2017)

selectivity and have a miniature chip for the hybrid device,
as described in the details below.

One of the important merits of the QHIR detector is its
excellent wavelength selectivity, which is achieved by
varying CR frequency via sweeping B [2,13]. To fully
exploit this property, the carrier density can be served as
another knob to tune QHSs. Our early study has shown that
graphene and 2DEG layer can function as a mutual channel
material and gate electrode for each other to facilitate the
dual-function electric-field effect [17]. For the QHFIR
detector, we have also demonstrated that graphene can
be used as a transparent top gate to tune the carrier density
n*® of 2DEG, yielding a wide detection range of
27-102 cm~! [4]. For QHMIR operation, applying a bias
voltage at 2DEG back gate to tune the carrier density n*" of
graphene is viable, but its maximum gating range is limited
by the interface band bending in the GaAs/(Al, Ga)As
heterostructure [17]. To remedy this drawback, we employ
a solid polymer electrolyte, composed of polyethylene oxide
and LiClO;—a commonly used ionic liquid [18]—onto
graphene. The ion-gel gate is operable above T ~ 250 K and
can electrically dope graphene to very high n&"(~10'3 cm™2)
[19]. We have measured FIR-MIR transmission spectra of the
ionic liquid by using Fourier transform infrared spectroscopy
(FTIR) and found no evident response within the infrared
frequency range of 40-650 cm~!, which is consistent with
previous work [20]. As a result, this design allows us to
expand the tuning capability of n&" by cooperatively manipu-
lating the ion-gel gate and the 2DEG gate. The operating
scheme is as follows: we first bias the ion-gel gate to tune n&"
to the desired regime at room temperature, cool down the
detector, and then use the 2DEG gate to fine-tune n#" at low
temperatures.

The other important goal in the present work is to
minimize the chip size for potential applications in the
imaging array. It has been recognized that AR, of a QHIR
detector can be effectively enhanced by increasing the
aspect ratio (length L to width W) of the device [2]. As a
rule of thumb, conventional QHFIR detectors are com-
monly patterned into a very long Hall bar, e.g., L~ several
centimeters [2,4,21]. The long QHFIR detector, however,
cannot efficiently couple IR radiation with the 2DEG
because of impedance mismatch. To retain decent photo-
response in a detector with a reduced size, we employ a
LPA to couple FIR-MIR into the detection area and to
polarize the electric field along the channel direction [22].
The diameter of the largest and the smallest segments of
the LPA is 375 and 32 um, respectively. The LPA is expected
to resonate from 0.1 THz (~3.3cm™') to 1.1 THz
(~36.3 cm™!). The end of the LPA is tapered into a bow-
tie-like structure to focus radiation with a shorter wavelength.

We now proceed to describe the details of the device
fabrication procedure. The CVD-grown graphene was
transferred onto a GaAs/(Al, Ga)As heterostructure, on
which the ohmic contacts made of (Au,Ge)Ni alloy for

2DEG have been prepatterned. The details of the growth,
transfer, lithography procedures, and characterizations of
the CVD graphene are referred to in our previous pub-
lications [17,23]. Care has been taken to ensure that the
graphene is electrically isolated from the contact metals for
2DEG. We then define the graphene-2DEG mesa into a
Hall-bar geometry with W =20 ym and L = 1 mm in a
self-aligned manner. Subsequently, Au/Cr (30 nm/5 nm)
metal layers are deposited onto the graphene, serving as
antenna and electrode materials for electrical measure-
ments. Finally, ionic liquid is dropped onto the graphene
surface as a gate electrode. The center gap of the LPA
defines the exact sensing area A,, ~90 x 20 um?. The size
of the LPA is much larger than A and limits the minimum
chip size.

Figures 2(c)-2(e) demonstrate full electric characteristics
of the investigated hybrid device. We characterize
n?P, n#, and the mobility of 2DEG x?P and graphene 8"
at 42 K: n?? =25 x 10" ecm™2, n& = 3.3 x 10! cm™2,
uP =9.8 x 10° cm?/Vs, and u& = 3540 cm?/Vs. The
measurement circuits are shown in the insets of
Figs. 2(c)—(2e) for different operations, as explained below.
Here, we denote gate voltages on the graphene gate, the ion-
gel gate, and the 2DEG gate as V', Vlgq, and V2P, respec-
tively. Figure 2(c) displays the four-terminal resistance of
graphene RS, as a function of Vg* at room temperature
(T = 300 K). The maximum R$; corresponds to the position
of the charge neutral point (CNP). Figure 2(d) shows R$y
versus V2P at T = 2, 10,20 K with V' = 0 V. The CNP of
graphene is located at ~0.46 V (= VZ,). We can estimate
n€(V2P) by using n¥ (V2P) = Cguas(V2P-VERp)/ e, where
Cgans(~130 nF/cm?) is the capacitance between graphene
and 2DEG [17]. To demonstrate the electric tunability of 7P
by the use of the graphene gate, Fig. 2(e) plots current /2P
through 2DEG versus V§' with a bias voltage V22 of 5 mV
applied on 2DEG. We can see that n? is depleted as
V5 ~—0.43 V. In the other end, n*P is increased up to
5.2 x 10" cm™2 as V§' ~0.54 V, deduced from the meas-
urement of the QHSs.

Broadband blackbody radiation at 800 °C chopped at
21 Hz is used as a weak IR source and is guided down to
the cryostat by a copper hollow pipe [24]. A manually
controllable optical shutter located in front of the detector at
low temperatures is implemented for checking the photo-
response of the detector. Both the incident radiation and the
applied magnetic field are set to be normal to the sample
surface (Faraday geometry).

IV. RESULTS AND DISCUSSION

We first demonstrate the performance of the hybrid
device as a QHFIR detector. The device is driven by a
dc current 1P =1 uA through the 2DEG channel, and
the photoresponse defined as ARZ(= AVR/IP) is
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measured using a standard lock-in technique. The circuitry
for QHFIR measurement is illustrated in the upper-left inset
of Fig. 3(a). Figure 3(a) shows R2D (black dashed line)
and AR?E (red solid line) of 2DEG as a function of B at

V5" =0 V. For reference, the corresponding cyclotron
frequency is indicated in the upper scale of Fig. 3(a),
where the positions for integer filling factors 1?P
(= hnP/eB) are indicated by the arrows. The transition
regions of QHSs are marked by the gray areas, wherein
photoresponses due to CR absorption are properly
observed. The photosignals outside the gray regime are
attributed to nonresonant effects [3]. When the shutter
blocks the light illumination, all photosignals disappear
[24]. The photosignal modulation (AR /R3Y) atv*P ~ 4 s
approximately 0.5%, which is much larger than ~0.01% of
typical QHFIR detectors without LPA [4,21]. The presence
of the LPA significantly enhances the photoresponse at
1?P > 6, consistent with previous report [22]. Early studies
by using a Fourier transform spectrometer have shown
that the spectra of ARfilg match well with CR transmission
spectra [21]. Therefore, in principle, the frequency range of
detection can be selected by picking up the photoresponse
from different QHSs. Figures 3(b) and 3(c) show two
representative traces of photoresponse at v?° ~ 4.5 and
~2.7 for V§' decreasing from 0.4 V to —0.1 V as a function
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FIG. 3. (a) The magnetoresistance R2P (dashed line) and
photoresponse ARZ (solid line) of the QHFIR detector as a
function of B at 1.5 K. The upper-left schematics shows the
measurement setup. The shaded areas marked with integers
correspond to the QHS regimes of the 2DEG with its integer
filling factors v?P. AR?E at (b) 1P ~4.5 and (c) *P ~2.7 as a
function B at various V§ from 0.4 V to —0.1 V in a step of
AV = —0.1 V. The corresponding cyclotron frequency is in-

dicated in the upper scale.

of B, respectively. It is found that for a given 1P, the
photoresponse shifts to the lower-frequency regime with
decreasing n”P. Within the applied voltage range of V', the
frequency range of FIR detection covers from ~25 cm™' to
~100 cm™!, which are comparable to our previous report,
obtained from a rather long QHFIR with L = 5.3 cm [4].
By comparing the photoresponse of our QHFIR detector
with that of a calibrated bolometer, the R, is estimated to
be ~8.2 x 10* V/W. The NEP of the detector, determined

from the noise level on the AR peaks, is around

1.4 x 10~ W/Hz!/? (with 3 Hz bandwidth) [2,3].

In the following, we turn to present the characterization
and the photoresponse of the hybrid device through
graphene channel as a QHMIR detector. Figure 4(a)
shows R, as a function of V2P — V&, at 2 K for various
B. The cone shape of RY; shown in Fig. 2(d) gradually
evolves into a valley and a second peak as B goes beyond
5 T. The evolution of RY, with VP and B indicates

that graphene is driven into the QH regime. The emergence
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FIG. 4. Device characterization and performance for QHMIR
detector (a) Graphene magnetoresistance Rf: versus VZP-VZQ,
for various B at 2 K, measured with 7¢" = 0.5 uA. The hollow
squares and solid triangles indicate the evolutions of the peak and
the valley of R%, with B, respectively. These features can be
resolved as B > 5 T. (b) The B dependence of n&" extracted from
the data of the hollow squares and solid triangles in (a). For
comparison, the fitted solid lines indicate n® associated with
filling factor v#" (= hn&/eB) = =2 and —4. (c) The photores-
ponse AR, as a function of ViP-VeRy, for various B at 2 K. The
traces have been shifted for clarity. When the optical shutter is
closed, the key features on ARfirg disappear, as shown in the green
trace at B = 8 T. This dark photoresponse is presented by the
green dashed lines for the rest traces. The arrows indicate the
positions of & = —4 and zero (at V;° = V). The shaded area
covered v ~ —4 indicates the regime where CR absorption of
graphene is justified (see Ref. [25] and main text for details).
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of the R%; valley marked by the red triangles
suggests the formation of QHSs with a filling factor
V& (= hn¥/eB) ~ =2, while the main peak centered at
VP = V& represents QHSs with the filling factor
I/gr ~ 0. Note that R%, at v& ~ —2 remains a finite value
even at B~ 8 T, suggesting that the QHSs is not fully
developed and our CVD graphene suffers from certain
disorder. The disorder-induced density of states may
contribute nonresonant photoresponse. To substantiate
our claims, we extract n& associated with the valley (the
red solid triangles) and the second peak (the red hollow
squares) in Fig. 4(a) and display it as a function of B in
Fig. 4(b). For comparison, a line of best fit through the data
points corresponding to 18" = —2 and —4 is also plotted in
Fig. 4(b). It can be readily seen that the valley and the peak
arise from 18" ~ -2 and ~ — 4, respectively. The uncer-
tainty in the estimation of n#" is the main source of the error
bars. The second peak aside from the main peak at CNP
is associated with the QHSs of 18 ~ —4 for LL of N = —1
in graphene. It should be mentioned that by properly
selecting capacitance C ~ 113 nF/cm? for 12" ~ —4, and
C ~ 104 nF/cm? for 18 ~ —2, we can get the best-fit line.
The fitted value of C is approximately 13% and 20%
smaller than that of Cg,a in the absence of the magnetic
field. This discrepancy suggests that the capacitance of the
hybrid graphene-2DEG material may depend on its elec-
tronic states and extra energy is required to reduce the total
capacitance. For example, quantum capacitance Cy, origi-
nating from the compressibility of 2DEG and acting in
series with Cg,a, 1S one of the possible sources to
contribute such additional capacitance [26].

After identifying QHSs in graphene, we explore the
photoresponse of graphene ARY, (= AV%y/I¥") as a func-
tion of V2P-VER, at T = 2 K for various B, as shown in
Fig. 4(c). A bias current /2" of 500 nA on graphene
optimizes the signal-to-noise ratio. The measurement setup
is similar to that used in QHFIR detection. A positive ARSlg
is observed between v# ~ —4 and 0 as B exceeds 5.2 T,
which gradually increases with increasing B. In contrast, a
negative AR, is found in the vicinity of the peak shoulders
at 12" ~ 0 and —4, which remains visible even when QHSs
is not well resolved for B < 5 T. The negative AR{, has
been observed in previous works [25,27,28]; however, the
underlying mechanism is yet to be fully understood. In the
control experiment, the mentioned features on ARglg dis-
appear when the optical shutter is closed [see the green
trace at B = 8 T, shown in Fig. 4(c)]. We hereby confirm
that the observed AR, is related to the bolometric effect,

consistent with early reports [27,28]. The widespread
photoresponse of ARglg in Fig. 4(c), e.g., trace at

=8 T, can be understood by the broadening of LL.
We note that early studies also observed fairly broad
photoresponse, CR linewidth ~3 T at around 1000 cm™!

1.0
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30L ﬁ —e—y9' =35
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— —A—y20 — =
g H S :s %E 1.8
Q2 20t © 58
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10f
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55% , .

60 90 600 700 800
Frequency (cm-1)

FIG.5. The ARY atv®® = 6.3,4.5, and 2.7 and ARY, at 12" =
—3.8 and —3.5 as a function of cyclotron frequency.

radiation, in the devices fabricated by exfoliated graphene
[25]. On the other hand, CR linewidth in graphene on SiC
is more like 0.1 T at similar probing energy [29,30].
It suggests that the CR linewidth broadening predominantly
arises from surface effects associated with interactions
between graphene and substrate-adatoms on the surface,
which is moderately suppressed in devices deposited on
SiC where the graphene layers are buried in few C-rich
buffer layers on substrate. As for the hybrid graphene-
2DEG device, in addition to the above-mentioned effect,
the interplay between CVD graphene and metal LPA might
be another source to cause the CR linewidth broadening.
The photoresponse induced by nonresonant effects, e.g.,

ARflrg at & ~ 0 or independent of QHSs, is a broadband

channel with no frequency selection. In contrast, early
studies via LL spectroscopy have identified that the photo-
response around 18" ~ —4 can be attributed to CR absorp-

tion [25,31]. As shown in Fig. 4(c), ARSIg exhibits a

declined shoulder around 2#" ~ —4, marked by the gray
area, which substantially evolves with B and V2°. Hence,
we consider that ARS, near &' ~—4 contains a tunable
CR-related photoresponse. The performance merits of the
graphene-based QHMIR detector is characterized by the R,
of ~13 V/W and the NEP of 3.8 x 10~ W/Hz!/? [25,28].

To summarize the dual-band photoresponse of the hybrid
device as a function of the detection frequency, Fig. 5 shows

ARZ at?® = 6.3,4.5,and 2.7 and AR, at 1 = -3.8 and

—3.5 as a function of ®?P and wf'. The photoresponse of the
2DEG channel can be continuously tuned in FIR region
from 24 to 89 cm™', whereas that of the graphene covers
MIR region from 640-790 cm™!. For comparison, charac-
teristics of the hybrid QHIR photodetector and other
graphene-based IR detectors are summarized in Table 1.
Finally, we make a few comments on future improve-
ment and development of the hybrid QHIR detector.
First, although MIR photoresponse is observed in our
QHMIR detector, higher-quality graphene is needed to
further improve the device performance. A well-established
technique is simply to prepare graphene on a hydrophobic
substrate to alleviate the effect of charged impurities
[34,35]. Second, the relatively low R, of the QHMIR
detector in Table I is mainly attributed to the low optical
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TABLE I. Characteristics of the hybrid quantum Hall photodetctor and other graphene-based IR detectors, where
R, is the responsivity and D*(= AV? /NEP) is the specific detectivity.
QHFIR QHMIR DGBLG-HEB* GFET’

Material GaAs/(Al,Ga)As  CVD graphene  Bilayer graphene  Exfoliated graphene
R, (VIW) 8.2 x 10* 13 2x10° 0.1

D* (cm Hz'/2/W) 1.1x10° 1.1 x 10°
Detection frequency (cm™') 24-89 640-790 944 10

NEP (nW/Hz!/2) 1.4 %1072 3.8 33 x 1070 200

*Dual-gated bilayer-graphene—hot-electron bolometer (DGBLG-HEB), from Ref. [32]. Note that R,, is estimated

by using the absorbed power of graphene.

bGraphene field-effect-transistor- (GFET) based THz detector, from Ref. [33].

absorption of graphene [15,36], which would be a funda-
mental limitation by using the monolayer or few-layer 2D
material for photosensing. To enhance light-matter cou-
pling of graphene, one accessible route is to integrate
plasmonic microstructures onto graphene [37-39]. Third,
one may try to utilize interband CR transition to further
extend the detector’s response to higher energy photon and,
more interestingly, exploit the Pauli-blocking effect to
develop polarization-sensitive QHMIR detectors [29].
Finally, a variety of newly discovered 2D materials provide
various alternatives for QHIR detection. Multiband IR
detection could potentially be achieved by compositing
these emergent materials and utilizing their QHSs.
For example, distinct QHSs have been observed in black
phosphorus [7] and MgZnO/ZnO heterostructures [9,40].
The electron effective mass is approximately 0.34m, for
black phosphorus and 1.17m, for MgZnO/ZnO, which
gives rise to a CR frequency of 0.8-6.3 cm™! and
2.7-22 cm™! for 1 T < B < 8 T, respectively. Moreover,
recent studies also suggest that LLs formed in the surface
states of Bi-based topological insulators can be used for MIR
detection at high temperatures (e.g., 7 > 100 K) [41,42].

V. CONCLUSION

In summary, we demonstrate a dual-band QHMIR-
QHFIR photodetector based on the photoresponse induced
by the CR absorption in a graphene-GaAs/(Al, Ga)As
composite material. By operating 2DEG as a back-gate
electrode, the graphene-QHMIR detector picks up a photo-
signal covering the frequency range of 640-790 cm™'.
Alternatively, using graphene as a top-gate electrode, the
photoresponse range of the GaAs-QHFIR detector can be
tuned over 24-89 cm~!. Notably, our innovative design
integrates a LPA to minimize the chip size and significantly
enhance FIR detection. Our results pave a way for the
development of a highly sensitive, tunable, multicolor
quantum Hall MIR-FIR detector and imaging array.
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