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We report on the photodetection properties of high-quality graphene encapsulated by hexagonal boron nitride
under illumination with optical communication light. We demonstrate a gate-tunable photocurrent and zero-bias
switching cycle operation at room temperature. Through gate- and temperature-dependent photocurrent mea-
surements, we determine that the dominant photoresponse mechanism is the photo-thermoelectric effect. At low
temperatures, the photocurrent in finite doping regions correlates with the Seebeck coefficient, while sharp peaks
emerge near the charge neutrality point due to an edge-excited photocurrent. Our study provides guidelines for

high-performance graphene-based optoelectronic devices.

Graphene has garnered attention due to its excellent electronic and optical properties,
such as a broad light absorption range, high conductivity, and high carrier mobility.” Owing
to its ultrafast photo-excitation dynamics, graphene is particularly anticipated as a building
block for high-speed optoelectronic devices in fiber-optic communication bands from 1260
to 1625 nm. Studies have explored photodetection at the low-loss wavelength of 1550 nm
using graphene on Si05,2™> carbon nanotubes,® Si waveguides (WGs),”!¥ SiN WGs, !> 16
plasmonic cavities,!” and metamaterials.'® A high responsivity of ~50 mA/W was demon-
strated in graphene/Si WG-integrated devices,” and graphene-metamaterial hybrid devices
demonstrated an ultrafast operating speed of >500 GHz.!®

Despite such high performance, the quality of graphene in previous studies was limited
due to the use of chemical vapor deposition-grown graphene® 1% 14-18) and/or gate dielectrics,

which could degrade the quality of the product.'#'® To enhance graphene photodetector
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performance, improving its electronic quality (e.g., carrier mobility) is crucial. Encapsulation
of exfoliated graphene with hexagonal boron nitride (hBN), forming a hBN/graphene/hBN
heterostructure, is a promising approach.'” A previous study using hBN/graphene/hBN het-
erostructures on Si WGs demonstrated high-speed operation and high responsivity; however,
the low carrier mobility of 1000 cm?/V-s, below that of typical graphene devices, might
have limited performance.!! Recent time-resolved measurements have demonstrated that the
operating speed of high-quality graphene devices based on hBN/graphene/hBN heterostruc-
tures reaches 220 GHz for visible light excitation.’” Accordingly, a hBN/graphene/hBN
heterostructure is key to achieving high-performance photodetectors. Investigating photode-
tection characteristics for optical communication bands in high-quality hBN/graphene/hBN
devices is imperative; however, this area has received limited exploration. In particular, a
device consisting of hBN/graphene/hBN heterostructures on SiO,/Si substrates, a typical
high-quality graphene device structure, has not been adopted so far.

Furthermore, understanding the photoresponse mechanism is crucial for improving pho-
todetector performance. Although the photoresponse mechanism varies with device design
and materials, an intrinsic photodetection mechanism in graphene is hypothesized to be a
photo-thermoelectric (PTE) effect,?!-?? generating a photoresponse through a temperature
gradient and the thermoelectric (Seebeck) effect. This gradient is caused by the ultrafast
cooling of photo-excited-hot carriers in graphene.”>>> As the PTE-induced photoresponse

14-16,18.21.22) it epables zero-bias and zero-dark

emerges without an external bias voltage,
current operation, leading to low noise and low power consumption in device applications.

In this study, we investigate the photodetection properties of the hBN/graphene/hBN
device on a typical SiO,/Si substrate under simple top illumination at a wavelength of 1550
nm. We examine the gate- and temperature-dependence of the photoresponse in our device to
elucidate the photoresponse mechanism in hBN/graphene/hBN heterostructures. Our results
suggest that the dominant mechanism of the photocurrent generation is the PTE effect, allowing
the gate-tunable zero-bias photoresponse.

For device fabrication, single-layer graphene (SLG) and hBN flakes were prepared on a 90-
nm Si0,/Si substrate through mechanical exfoliation from bulk crystals. The hBN/SLG/hBN
heterostructure was assembled via a modified dry transfer method as described in 29 . Electron-
beam (EB) lithography and reactive ion etching (SFg plasma) were employed to selectively etch
the top hBN layer to expose the contact region, ensuring SLG was not etched due to fluorination

of its surface.?”) Subsequently, contact electrodes (Cr/Pd/Au) were deposited directly over the

EB resist, followed by liftoff. The schematic cross-section and optical image of the fabricated
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Fig. 1. (a) Schematic cross-section of our device. (b) Drain current as a function of Vg at Vog = 1 mV, T =
300 K in the dark. The inset exhibits the optical image of our device. The represented scale bar is 10 ym. The

dotted lines represent the edge of graphene.

device are displayed in Fig. 1(a) and the inset of Fig. 1(b), respectively. Measurements were
conducted in a vacuum using a helium optical cryostat, allowing temperature (7°) control
down to 8 K. A two-terminal DC drain current (/) of the device was measured by applying
a source-drain bias voltage (Vyq) using a source-measure unit. A highly doped Si substrate
served as a back gate to adjust the Fermi energy of graphene. The device was illuminated
using a semiconductor laser at a wavelength of 1550 nm and a spot diameter of ~4.5 um.
Given that the laser spot size exceeds that of the graphene channel, we referred to the laser
power as the internal power (Pj,) at the device.

Initially, we examine the standard transport property of our device at room temperature.
Figure 1(b) illustrates the drain current as a function of the back-gate voltage (V) at T =
300 K, indicating typical ambipolar behavior with the charge neutrality point (CNP) located
at Vo ~ 0 V. This behavior suggests minimal external doping in the graphene due to hBN
encapsulation. The field-effect mobility is estimated by urg = (dlq/dVy)L/(WVsCy), where
L is the channel length, W is the channel width, C is the gate capacitance per unit area. We
obtain upg ~ 9600 cm?/V-s for electrons and upg ~ 19000 cm?/V-s for holes, higher than that
in typical graphene on SiO, and WG-integrated graphene devices.!!~10

Next, we explore the photoresponse in our device. Figure 2(a) displays the transient
photoresponse characteristics at zero-bias voltage (Viq ~ 0). We monitor the change in Iy
when turning on and off the light illumination. At V, = 1V, a finite photoresponse is observed,
as presented in the top panel of Fig. 2(a). Conversely, a negative photoresponse at V, = -1 V
is also observed, as depicted in the bottom panel of Fig. 2(a). These results indicate that the
sign and intensity of the photoresponse depend on V,, and our device operates at zero bias.

The on/off tracing speed is instantaneous on a 10-ms timescale (the inset of Fig. 2(a)), limited
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Fig. 2.

Photodetection at T’ = 300 K. (a) Zero-bias switching cycles at V, = 1 V (top), —1 V (bottom) with

Pin =345 uW. The inset shows the photoresponse at illumination switching. The green-shaded region
represents the data from the device under illumination. (b) Seebeck coefficient (top) and zero-bias photocurrent
(bottom) as a function of V,; and Pj,. (c) Bias voltage dependence of the photocurrent with Py, = 345 uW. The
inset exhibits the I4-Vyq curves in the dark and under illumination at Vg = 1 V. (d) Responsivity and

photocurrent (inset) as a function of Pj, at zero bias.

by our measurement system.

Investigating the gate-dependence of the photocurrent provides insight into the photore-
sponse mechanism. Here, the photocurrent (/) is defined as the difference between the drain
current under illumination (/jign) and in the dark (Iqark), i.€., Iph = liight — Ldark- The bottom
panel of Fig. 2(b) exhibits the dependence of I, on V, at zero bias (Igak ~ 0). The sign
of I, switches upon crossing the CNP, whereas the photocurrent vanishes at the CNP. In
other words, the photocurrent is negative (positive) when the Fermi energy lies in the valence
(conduction) band. This feature can be attributed to the PTE effect,?? and is discussed below.

The sign reversal of I, across the CNP could reflect the dependence of the Seebeck
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21.22.28.29) The Seebeck coefficient, which converts a

coeflicient (S) on the carrier density.
temperature gradient into a built-in voltage, can be derived from the transport characteristics
by the modified Mott formula:?!-2228:30)

‘- kT dG dVy n
3eG dVy dE |p_p,

where kg is the Boltzmann constant, e is the elementary charge, G (= I3/Vyq) is the electrical

conductance, and EF is the Fermi energy. Using the Fermi energy of SLG, Ef = fivgvrn (i is
the Planck constant divided by 27, vg ~ 10% m/s is the Fermi velocity of graphene!) and the
carrier density, n = Co(Vy — Venp) /e (Vonp is the gate voltage at the CNP), we calculate the
Seebeck coeflicient as shown in the top panel of Fig. 2(b). The absolute value of S increases
as doping deceases, reaching a maximum value of ~200 uV/K, in good agreement with
values from the literature for high-quality graphene/hBN devices.?? Upon further decreasing
the doping, the S value decreases and vanishes at the CNP. This is due to the opposite
contribution of electrons and holes near the CNP to S. Consequently, the sign of S switches
at the CNP, analogous to the dependence of I, on V; in our device.

In our configuration, although the graphene channel is smaller than the laser spot, it
is possible that one of the two graphene-electrode interfaces heats up significantly due to
deviation in the center location of the laser spot. Additionally, the graphene channel away from
the electrodes is n-doped (p-doped) for V, > Venp(< Venp), while the chemical potential
near the graphene-electrode interface is pinned by the doping from the metal electrode.’
Consequently, an n-i (p-i) interface forms in the graphene channel, where regions with different
S connect. This creates a temperature gradient and induces the PTE effect in our device.

To analyze the PTE effect, we calculate the temperature difference resulting in the pho-
toresponse using ATprg = Vpn/AS, where Vpn(= IpnR) is the PTE-induced photovoltage
and R(= G7') is the resistance. Considering R ~ 780 Q and AS ~ 117 uV/K at Ve =1
V, and Pj, = 345 uW, we obtain ATptg ~ 0.1 K. Furthermore, we estimate the tempera-
ture increase induced by illumination (A7) by considering heat flow as a plane-wavefront;
AT = (L/2tgW)(Piner/ «),21:33) where tgr 1s the thickness, @ = 2.3% is the absorption coeffi-
cient, and ¥ ~5300 W/m-K is the thermal conductivity of SLG.?® This calculation yields AT ~
0.6 K, in the same order of magnitude and consistent with A7prg. It is noted that illumination
of both source and drain electrodes could reduce net photocurrent due to the cancellation
of symmetric photocurrents from opposite-directional graphene-electrode interfaces,?% 343

potentially leading to an underestimation of A7pyg. From this analysis, we deduce that the

PTE effect predominates in the photoresponse mechanism of our device.
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It should be considered that there are other potential mechanisms for photocurrent gener-
ation, such as photovoltaic, bolometric, and photogating effects. However, if the photovoltaic
effect was dominant, a sign switch of Z,, would not occur upon crossing the CNP.>!8) The
bolometric effect requires a bias voltage to observe a photocurrent,>® contrary to the zero-bias
photoresponse in our device. The photogating effect is unlikely in our device because graphene
is isolated from potential charge traps by the hBN encapsulation.®3”) Moreover, photogating
effects from a doped Si substrate should not occur for wavelengths >1100 nm, as the excitation
energy is lower than the bandgap of Si.?”)

We reaflirm the zero-bias photoresponse in the Ip-Vsq and I4-Vsq characteristics depicted in
Fig. 2(c) and its inset, respectively. For Vo = 1 V (=1 V), the photocurrent increases (decreases)
with increasing Vyq, becoming zero at Vgq ~ —0.45 mV (—0.2 mV). This reflects the polarity
of the photovoltage, where the bias voltage enhances (cancels out) the photovoltage when its
polarity is the same (opposite). At finite Vg, the photoconductive effect might also contribute
to enhancing Ipp.

The figure-of-merit values are instrumental in evaluating the photodetector performance
of our device. As shown in the bottom panel of Fig. 2(b) and the inset of Fig. 2(d), the absolute
values of I, increase with Pj,. The maximum responsivity Ri(= Ion/Pin) is ~0.55 mA/W at
zero bias (Fig. 2(d)). Assuming the noise current originates from the thermal Johnson-Nyquist
contribution,*® we estimate the minimum noise equivalent power (NEP = \/ém /Ry) to be
~9.5 nW/Hz~!/2. These values are comparable to conventional graphene photodetectors (zero
bias, 1550-nm top illumination).? 3D It should be noted that the PTE-induced photocurrent
is dependent on the laser spot position and is enhanced when the laser is focused on a
graphene-electrode interface. Thus, the device performance could be improved by enlarging
the graphene channel size, introducing the asymmetric geometry, and focusing on one side of
the graphene-electrode interfaces.

We then consider the low-temperature characteristics and temperature dependence of the
photoresponse. Figure 3(a) and its inset display the I4-V, and I4-Vyq characteristics at T = 20
K, respectively. At low T, the CNP shifts slightly to V, ~ —0.4 V. We confirm Ohmic contact
through the linearity of /4-Vyq curves across all 7' ranges in this study (20—-300 K), thus ruling
out the possibility of photocurrent generation due to a Schottky contact. In contrast to the
Ipn-Vy curves at T = 300 K, we observe two distinct I, peaks at T = 20 K as presented in Fig.
3(b). One peak is positive at the CNP (“CNP peak”), while the other is negative at a slightly
positive V, from the CNP (“negative peak™). The maximum absolute values of these peaks

increase with increasing Pjp,.
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Fig. 3. (a) Drain current vs V;; at Vg = 1 mV, T = 20 K in the dark. The inset exhibits the /4-Vyq curve at V, =
—0.1 V. (b) Photocurrent as a function of V, and Pj, at T = 20 K.

To determine whether the peaks originate from the PTE effect, we calculate the Seebeck
coeflicient using Eq. 1 for various T (Fig. 4(a)). As T decreases, the |S| value diminishes,
and the V, positions of maximum positive and negative S shift toward the CNP. This shift
corresponds to the narrowing of the energy region dominated by electron-hole puddles, a
result of reduced thermal excitation of electrons and holes at lower 7.2 As illustrated in Fig.
4(b), the |Ipy| values also decrease with T in the finite doping regions. It is noteworthy that at 7
= 20 K, the photocurrent exhibits strong fluctuations due to the influence of the I, peaks. By
tracking the maximum positive S (Smax) and I, values at the same V, position across various
T, we observe their correlated temperature dependence, as depicted in the inset of Fig. 4(a).
This correlation indicates that the photocurrent is dependent on S, supporting the dominance
of the PTE effect in the photoresponse mechanism for finite doping regions. However, the
positions of the I, peaks do not depend on either T nor S. As T increases, the intensity of /p,
peaks diminishes, and they disappear for 7 > 200 K (Fig. 4(b)). These observations suggest
that the mechanism behind the I, peaks differs from the PTE effect.

The device geometry and the size of the laser spot suggest that an edge-excited photocurrent
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Fig. 4. (a-c) Temperature and back-gate voltage dependence of the (a) S, (b) Ipy at Vig = 1 mV, and (c) R.
The CNP peak region is shaded in (b,c). The inset of (a) presents the T dependence of Siax and Zpp.

(EPC) might explain the CNP peak.?> The EPC arises from potential symmetry breaking at
graphene edges and strong electron-electron interaction in charge-neutral graphene. In our
case, the illumination with a laser spot covering the graphene edges could lead to the generation
of the EPC. As the EPC is sensitive to the charge-neutral state of graphene, the width of the CNP
peak should be narrower than that of the resistance peak.? This characteristic is observable
in our device, as indicated by the shaded region in Figs. 4(b) and (c).

Conversely, the negative peak, not observed in previous studies, presents a unique case.
Depending on the channel symmetry, the EPC mights assume a negative value but would
typically appear at the CNP.3> Therefore, neither the PTE effect nor edge excitation can
fully explain the negative peak. A plausible cause for the emergence of the negative peak
could be the photogating effect from charge traps, activated at low 7', due to impurities at the
graphene/hBN or hBN/Si0; interfaces. However, the precise origin of the negative peak and
the reason for the disappearance of the CNP peak at high temperatures remain unclear and are
subjects for further investigation.

In summary, we have fabricated an hBN/graphene/hBN device and investigated its pho-
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todetection characteristics for optical communication light. Our analysis of the gate- and
temperature-dependent photoresponse in this device reveals that the predominant photodetec-
tion mechanism is the PTE effect. The ability to tune the photoresponse via the gate voltage
enables the ambipolar zero-bias switching operations at room temperature. To deepen under-
standing of the PTE effect and contribution of other photoresponse mechanisms, investigating
local photoresponse by photocurrent mapping on a graphene channel larger than a laser spot is
left as a future task. Since the photoresponse could result from the asymmetricity of the device,
the device performance could be improved by introducing asymmetric factors such as channel
and electrode structures. It is noteworthy that a simple structure on a typical SiO,/Si substrate
was utilized in this study. This structure offers the potential for additional functionalities. For
instance, integrating local gates into this setup could allow for the electrostatic definition of pn
junctions within in a graphene channel, leading to highly responsive photodetectors without
compromising the carrier mobility of graphene. Our study provides the fundamental insight
into the photodetection properties of hBN/graphene/hBN heterostructure devices. Regarding
the role of hBN in addition to improving the quality of graphene, out-of-plane energy transfer,
due to the coupling between charge carriers in graphene and hyperbolic phonon polaritons
in hBN, may influence the photoexcitation/hot carrier relaxation process.>4?) This suggests
that designing proper geometrical parameters, such as the thickness of hBN and the graphene
channel size, could enhance the PTE effect. Given their high carrier mobility and Seebeck
coeflicient, hBN/graphene/hBN heterostructures hold promise as the foundation for future

high-performance optoelectronic devices.
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