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Graphene and transition-metal-dichalcogenide- (TMD) based van der Waals heterostructures in field-
effect-transistor (FET) architecture exhibits extremely high sensitivity to optical radiation due to transit
and physical separation of the photogenerated carriers across the heterointerface. Both the sensitivity and
speed of these detectors depend on the kinetics of charge transfer, but their interdependency at room
temperature (7), where these detectors would be most useful, remains largely unexplored. Here we system-
atically measure the 7" dependence of the magnitude (gain) and timescale (bandwidth) of photoresponse
in graphene-TMD heterostructures well up to the room 7. The gain-bandwidth product is found to be
strongly dependent on the power of optical illumination and increases with decreasing power (P), becom-
ing as large as 1 MHz in the low-P limit. We find that thermally activated back transfer of charge from
graphene to the TMD determines the response time of the detector at higher temperatures under continu-
ous illumination. Our experiment reveals the impact of charge-transfer pathways on the performance in a

broad class of graphene-TMD detectors.
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I. INTRODUCTION

Since their inception, the superior light-matter interac-
tion in two-dimensional (2D) materials and their van der
Waals (vdW) heterostructure hybrids have been employed,
not only to explore their possibilities in quantum tech-
nology applications but also to understand the conversion
of light to electricity [1-16]. While the semiconducting
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2D materials, which includes TMDs, showed promising
outcomes in photodetector applications [17], their graphene-
based vdW hybrids revolutionized the field with extremely
high photoresponsivity (R*) [18-22]. It is now well under-
stood that the origin of such a large optical response is
the high optical gain (G) whereby a single photon, which
generates an electron-hole pair in the TMD layer produces
many carriers in graphene, which acts as the channel of
current flow [19]. Earlier work on the photoresponse of
such graphene-based hybrid devices either explored on
the origin of the photoresponse, ultrahigh R* at low opti-
cal power (P), or the existence of gate-tunable persistent
photoconductance, which may lead to optical-memory-
device applications [19-22], including several studies for
room-7 broadband applications [23—25]. In contrast, sys-
tematic studies on the response time, or the bandwidth,
of these detectors are comparatively few [26,27], which
generally correlates the response time to the self-limiting
rate of charge transfer from TMD to graphene upon optical
illumination. Although these models provide a qualitative
agreement with the experimentally observed response time
[26], the role of back transfer of charge from the graphene
to the TMD layer, which is likely to become increasingly

© 2022 American Physical Society
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relevant with increasing 7, remains largely unknown.
Possibility of graphene — TMD charge transfer has been
discussed in the context of sub-band gap photon absorption
in pump-probe experiments [28,29] but their character-
istics (e.g., dependence on temperature or optical P) in
phototransistor architecture require further understanding.

If the TMD — graphene charge transfer is considered
as the dominant process for photoresponse in these vdW
hybrids, it is expected that the photoexcited electrons will
be back to the TMD to recombine with the trapped holes,
and the current in the channel reverts back to its ini-
tial dark-state value when the optical illumination is off.
However, the observation of persistent photoconductivity,
i.e., only partial recovery to the dark-state conductivity
on turning the excitation off, indicates such recombina-
tion remains incomplete, especially at low temperatures
(T < 150 K). It appears that there exists an energy barrier
at the interface of the hybrids, that obstructs the return of
the electrons back to the TMD, once the optical source is
turned off. On the other hand, the vanishing persistent pho-
toconductivity at room temperature implies that the evolu-
tion of photoresponse at the intermediate 7 is also useful
to understand the photogenerated charge-carrier dynamics
across the interface.

Here, we explore the effect of temperature on the pho-
toconductivity of different TMD-based graphene vdW
hybrid heterostructure devices. We observe that with
increasing 7, the probability of the photogenerated elec-
trons moving back to the TMD and recombining with
the localized holes increases in certain TMDs. This is
experimentally manifested in the gradual decrease in the
low-T persistent photoconductance with increasing 7. Fur-
thermore, our experiments suggest that the dynamics of
photoresponse are crucially determined by the trap states
in the TMD. Finally we have experimentally evaluated
the gain-bandwidth (G-BW) product of our devices as
a function of the optical power density P. Since both
G and charge-transfer rate, i.e., BW, are determined by
(1) P and (2) density of states in the graphene layer
at the Fermi energy, they are strongly linked [26]. The
inverse correlation between the gain (G ~ 1/P) and the
device bandwidth (BW ~ 7. ~ P), categorizes the 2D
photodetectors broadly into two classes, either with high
G and low temporal BW or vice versa. We find the
G-BW product can be as large as 1 MHz, which com-
pares very well with existing 2D-based detectors in the
same P regime (approximately 100 fW/um?) of optical
illumination.

I1. DEVICE FABRICATION AND
MEASUREMENTS

The graphene and few-layered TMD-based vdW het-
erostructure is created by layer-by-layer dry transfer [30]

of mechanically exfoliated graphene and TMD. We use
two different TMDs in this study, one being a six-layered
thick WS, (dev A) and the other is a bilayer MoSe; (dev B)
[31-34] to form the vertical heterostructures. The exfoli-
ated flakes of graphene and TMD are then transferred onto
a few-layered 4#-BN (exfoliated using the crystals from
NIMS, Japan) flake on SiO,/Si™" substrate, where the
heavily doped p-type Sit™ acts as a global back gate. The
few-layered #-BN is a wide band gap (approximately equal
to 6 eV) semiconductor, which acts as the bottom insulat-
ing surface with fewer defects than SiO, and also disre-
gards the effect of defects at the SiO,-TMD interface on
the photoresponse. The TMD (WS, or MoSe;) is covered
with graphene, which acts as the measurement channel.
The invasive electrical contacts are defined on graphene by
e-beam lithography and made by subsequent metallization
with thermally evaporated Cr (5 nm)/Au(50 nm). The opti-
cal images of the fabricated devices are shown in Fig. 1(a).
The left panel shows the image of dev A and the right panel
shows the image of dev B. The TMD and the graphene
in dev B are larger than that of dev A. While the channel
length in dev A is approximately equal to 1 pwm, the same
for dev Bis 3 um.

The devices are optically characterized prior to the elec-
trical measurements, using the PL spectroscopy [Figs. 1(b)
and 1(c)]. In Fig. 1(d), we show the typical device archi-
tecture schematic and the measurement scheme.

Electrical transport measurements are performed at high
vacuum (pressure < 10~° mbar) inside a flow-type cryo-
stat [20]. A Lake Shore temperature controller (LS331) is
used to control and measure the temperature. We take a
voltage-biased two-probe lock-in measurement technique
for the majority of our transport experiments. In certain
cases, we take a current-biased measurement approach as
well. However, these two give no conflict to the under-
standing described. In the voltage bias measurements, a
constant bias voltage (10 or 6 or 2.5 mV depending on
the channel resistance, with a bias modulation frequency
approximately equal to 217 Hz) is applied to the source
(S) contact and the drain (D) current is measured using a
lock-in amplifier (SR830) (time constant = 3 ms for the
BW measurements, and 300 ms otherwise) on-board DAQ
under optical illumination [yellow light-emitting diode
(LED), 590 nm, 2.10 eV for dev A, and red LED, 635 nm,
1.95 eV for dev B]. The electrical pulses to drive the LED
(Thor Labs) are mediated by the Stanford Research DS345
function synthesizer. The on and off time of the light pulses
is created by Arbitrary Waveform Creator (AWC) soft-
ware for DS345 with a modulation frequency of 1 kHz. A
2400 Keithley SMU is used to apply the back-gate voltage
(VBg). The current biased measurements, whenever con-
ducted, are performed by applying a constant bias current
(100 nA with a bias modulation frequency approximately
equal to 217 Hz) and the voltage drop between the source
and drain terminal is measured using the lock-in amplifier.
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FIG. 1. Experimental consideration and primary characterizations of dev A (graphene/WS,/h-BN) and dev B (graphene/MoSe,/A-
BN). (a) Optical image of dev A (graphene/WS,/h-BN) and dev B (graphene/MoSe,/h-BN). The channel length in dev A is
approximately equal to 1 um, and the same for dev B is 3 um. (b) PL spectra of dev A, measured at 295 K. Excitonic contribu-
tion from WS; is observed at 1.996 eV (A = 621 nm), with a linewidth of 73.4 meV. (c) Room temperature (295 K) PL spectra of
dev B. The excitonic contribution from MoSe, is observed at 1.53 eV (A = 810.3 nm), with a linewidth of 82.4 meV. The black
solid lines in (b),(c) are the Lorentzian fit to the experimental data. (d) Illustration of the graphene-TMD device architecture and
electrical measurement set up. A constant bias voltage is applied to the source (S) terminal, and drain (D) current (/ps) is mea-
sured by a lock-in amplifier at diverse (including room) temperatures under various optical illumination conditions. The tunable dc
voltage (Vg) is applied to the p-doped Si**, which acts as a global back gate. Room temperature (295 K) transfer characteris-
tics (Ips-VBg) of (e) dev A, and (f) dev B. The minimum of current (/pg) indicates the charge neutrality (or the Dirac point Vp) of
dev A is 4.39 V and —4.42 V for dev B. The TMD starts conducting around 15 V and screens the applied Vpg, leading to a Vg
independent /pg.

III. RESULTS AND DISCUSSIONS maximum at the excitonic peak and remains almost
We show the PL of the devices at 295 K in Figs. 1(b) constant for energies thereafter. Below the optical band

and 1(c). The excitonic contribution for dev A [Fig. 1(b)] gap, the ph'otoresponsc.: is greatly suppressed. .

[35-37] is observed at 1.996 eV with a linewidth of Ve Degin fo describe our transport data by showing
73.4 meV as evident from the Lorentzian fit (black the souljce-draln currer}t (Ips) in the graphene channel as
solid line) to the experimental data. For dev B, as a function Of,VBG [E1gs. I(e) and 1(f) for dev A aqd
shown in Fig. 1(c), the excitonic peak appears at 1.53 dev B, respectively] in the dark state to understand their
eV with a line-width of 82.4 meV [38]. Excitonic doping profile. For both devices, we observe the typical
peaks obtained from PL are also compared with val- “bell-shaped” transfer characteristics of graphene on an
ues from optical absorption based experiments reported insulating substrate. The charge neutrality point (Vp) at
in the literature. We observe that the A excitonic peak  room temperature comes out to be 4.39 V (dev A) and

(1.99¢eV) for dev A is in agreement with the absorp-  —4.42 V (dev B), where Ips become minimum. Being
tion data presented for five-layered WS, [39]. A similar ~ ambipolar, the graphene is hole doped for Vg < Vp, while
comparison of the MoSe,-based device (dev B) sug- Vg > Vp indicates conduction by electron. The conduc-

gests the same [40]. The photoresponse of the device  tion threshold for the TMD, appears around 15 V [22,41]
is obtained by illuminating photons with energy slightly =~ and for Vgg > 15 V, TMD starts conducting and screens
greater than the optical band gap of the respective  the Vpg [22]. The carrier number density (») in graphene is
TMDs assuring nonzero optical density of states. Our  calculated using the parallel plate capacitor model
previous work [21] showed that the photoresponse became ~ described elsewhere [22].
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A representative plot of the temporal dependence of
Ips for dev A under two successive optical pulses
(P = 1597 fW/um?) measured at 7 = 100 K for Vgg —
Vp = —2 V is presented in Fig. 2(a). Since Vp is T depen-
dent (see Sec. II within the Supplemental Material [34]),
we intend to show the T-dependent behavior at a particu-
lar Vgg — Vp = —2 V for a fair comparison. Figure 2(a)
shows that Ipg for dev A changes by 3.9% and reduces
to a lower value (/,,) under the optical illumination. This
reduction of Ipg suggests a transfer of photoexcited elec-
trons from WS, (TMD in general) to the hole-doped
graphene [Fig. 2(b)] and reduced its carrier concentra-
tion by recombining with its holes. An opposite feature is
observed for the electron-doped side of graphene, where
the transferred electrons increase the carrier number den-
sity in graphene and /pg increases under light (see Sec. III
within the Supplemental Material [34]). The magnitude of
the photocurrent (/p) is defined as the difference between
I and I,,. Once the first optical pulse is off, Ipg tends

to go to the I, however, changes only by 0.9% and per-
sists at [.. This again changes back to /,, on the arrival
of a second optical pulse. A similar light-off trend is seen
once the second pulse is turned off and a clear persistence
at I.. is observed (see Sec. IV within the Supplemental
Material [34]). Similar behavior in dev B is also observed
[Fig. 2(c)]. To reset the device and change /pg back to /g,
a high Vpg sweep is applied [22].

As Ips is both T and Vg dependent as well, we calculate
the net electron density (Ng)

1 Ip
No= ey M

dVBg
where C is the capacitance of the insulating gate bar-
rier, transferred from TMD to graphene, that leads to /p
for the particular Vgg — Vp following Ref. [21,22]. Ng
follows a linear (1/7) dependence in a semilogarithmic
representation for both the devices [Fig. 2(b) for dev A and
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FIG. 2. Temperature dependence of the photoresponse. (a) Ins — ¢ plot for dev A measured at P = 1597 fW/um?, T = 100 K, and

Veg — Vp = —2 V. Ip is the absolute photocurrent magnitude (defined as /,,

— Lo, where I, is the steady-state /pg under illuminated

condition and 7 is the dark current), 7. is the steady state Ipg, after the optical pulse is turned off. Al is the difference between
Ion and Ic. (b),(c) The T dependence of the net electron density (Ng) transferred to graphene from TMD. Ng — T~! followed a linear
behavior in a semilogarithmic representation, suggesting an activated process. The black dashed line is the Arrhenius fit to elucidate
the activation energy as 156 + 34 meV (dev A) and 47 4 4.6 meV (dev B). (d) Temporal dependence of normalized /ps measured
at P = 1597 fW/um? and Vg — Vp = —2 V for three different T for dev A. (e) Temporal dependence of normalized Ipg measured
at P = 5930 fW/um? and Vg — Vp = —2 V for three different T for dev B. For both (d),(e) the increasing T increases I, and the
persistence is gradually removed. (f) T dependence of recovery time (7..) for dev A, measured at V'gg — Vp = —2 V. The decrease of
Trec With increasing 7, suggests electron back transfer is supported by the thermal energy (kgT). The black dashed line is the Arrhenius
fit to the experimental data to elucidate the activation energy (®), which comes out to be 28 & 3.3 meV.
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Fig. 2(c) for dev B], suggesting an activated process of the
charge transfer associated. It is manifested in the reduction
of Ip with increasing T [21]. An Arrhenius fit with

AE
Ng x exp| — 2)
kgT

allows us to estimate the activation energy barrier (AFE) as
156 &+ 34 meV for dev A [Fig. 2(b)] and 47 £ 4.6 meV for
dev B [Fig. 2(c)].

In Fig. 2(d), we show the temporal dependence of
the normalized source-drain current ((Ips — Iofr) /Ip) (P =
1597 fW/um?) for dev A measured at different 7. Figure
2(e) shows a similar representative plot for dev B, mea-
sured with P = 5930 fW/um?. We observe the low-T per-
sistence in photocurrent, gradually decreases with increas-
ing T. Eventually, at higher 7, persistence is completely
subjugated and Ipg returns to /o, without any external Vpg
sweep, once the light is off.

While we find that the response time (7.s) is
independent of 7 (depends only on P [21,22,42,43]); inter-
estingly, the recovery time (time taken by the device to
go to the I, Trec) decreases with increasing 7. Figures
2(d) and 2(e) depict this behavior for both dev A and dev
B, respectively. The increasing back-transfer rate (..
with 7, attests to the fact that the graphene — TMD
charge transfer is supported by the external thermal energy
(kgT), whereas, T, associated with TMD — graphene
charge transfer is always energetically favorable due to the

Vacuum level

FIG. 3.

heterostructure band alignment, and, hence, remain 7 inde-
pendent. We find that the 7 varies linearly with 7-! in a
semilogarithmic representation [Fig. 2(f) for dev A mea-
sured at Vs — Vp = —2 V], implying an Arrhenius-type
activated process. The activation energy () comes out to
be 28 + 3.3 meV from the linear fit of the experimental
data. The other device (dev B) also shows a similar behav-
ior with respective ® as 51 & 3.8 meV (see Sec. V within
the Supplemental Material [34]).

It may be convenient to explore the energy band diagram
(Fig. 3) for this category of vdW hybrids to explain the
photoresponse mechanism and the experimentally deter-
mined activation energies. Considering the conduction
band edge of the TMD is at E¢, and the excitonic binding
energy is Ej, the excitonic energy (Ex) in TMD appears
at Ec + Ejp. The work function of graphene (Dirac point,
Ep) [44,45] allows us to estimate the position of the
Fermi level (Er) for any particular Vgg [45]. Together
they form a type-II heterostructure, with a tunable energy
difference AE at the interface determined by Ey — EF,
which leads to an effective charge separation at the inter-
face. This holds for any graphene-semiconducting TMD-
based hybrids [19,21,26]. For dev A, Ex of WS, lies
around approximately equal to 110 meV above Er for
Veg — Vp = —2 V, whereas for dev B, Ex — Er comes
out to be approximately equal to 60 meV [34,46-52]. We
observe that the calculated value of the Ex — Er agrees
quite closely with the obtained activation energy from the
Ng — 1/T plot. This possibly implies that Exy — Er favors

CBM

Excitonic level

Fermi energy

Mean trap level
VBM

Schematic of band alignment for graphene and TMD hybrid heterostructure. CBM and VBM represent the conduction

band minima and the valance band maxima of the TMD, respectively. Alignment of bands at the interface favors electron transfer
(represented with solid blue arrow) to graphene from TMD upon optical illumination. The back transfer of electron (red dotted arrow)
is hindered by an energy barrier Exy — Er. The optically generated electrons and holes are represented as filled and hollow violet
circles respectively. The hole trap states are situated near VBM and their mean energy is away from the Er by Er. Er is related to the

detrapping energy of the holes.
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the transfer of photoexcited electrons from Ey of TMD to
Er of graphene, however, the back transfer in the opposite
direction is majorly restricted, due to the apparent energy
barrier as appeared to the electrons in graphene.

At any instance of time, the effective Ipg is propor-
tional to the difference between the number of electrons
going into graphene (n") and coming back to TMD (n™).
At low-T, n™ > n~ leading to the persistence in Ip. The
removal of persistent photoconductivity at higher tempera-
tures implies that the number of photoexcited electrons that
went into graphene and came back to TMD in the light-
off condition, is comparable. The increasing T continues
to provide extra thermal energy to the photoexcited elec-
trons transferred to graphene and increase their probability
to move back to the TMD and recombine with the trapped
holes.

We believe that .. is associated with the detrapping
of the holes in the TMD. Detrapping times, in contrast to
trapping times, depend strongly on the trap’s energy level
in the band gap [53]. The former will have an activated
T-dependence, [53] and this activation energy is propor-
tional to the energy gap between the Fermi level and the
energy level of the hole trap (E7). Quite possibly, the acti-
vation energy (®) from our 7. — (1/7) plot is related
to this detrapping activation energy (E7) and suggest that
trap states in the TMD may lie a few meV away from
the Er.

We further note that there are possibilities of other rel-
evant energy associated with this phenomenon. For exam-
ple, the chalcogen atom vacancies in TMD create defect
states near Er, which trap these photoexcited holes are
known to be localized [41,54—57]. For efficient recombi-
nation of the electrons and holes, this localization energy
has to be overcome as well. Different TMDs in the devices
cater defect states of different densities and the localization
lengths of the holes are different as well. Alongside, this
localization energy of the trap states will depend on the
Er (or Vgg). Hence, it will not be appropriate to compare
quantitatively from different devices. However, the quali-
tative arguments hold true and this could be emphasized
in the observation of persistent photoconductivity at room
temperature in a similar device architecture with MoS,
as the light-active element (see Sec. VII within the Sup-
plemental Material [34]), where the localization energy is
known to be significantly stronger [55] than WS, [41,56]
or MoSe; [57]. Also the distribution of the midgap defect
states and its manifestation at different 7 plays a key role
in the photoresponse.

The observation of significant photoresponse at
room temperature, allows us to explore the devices’
optoelectronic characteristic features to be used as a
room-temperature photodetector. The representative plots
of the room-temperature photodetector application of dev
A and dev B are shown in Figs. 4(a) and 4(b), respectively,
where the temporal dependence of Ips are shown for

Ve =0V (dev A) and Vg = —8 V (dev B) with nine
200 ms optical pulses of P, viz., 16800 fW/um? (for
dev A) and 64930 fW/um? (for dev B). As the optical
pulse is on, /ps decreases by 0.8% from /¢ and moves to
a lower level, I,, and comes back to I, when the pulse
goes off without showing any persistence. It thus replicates
the light on-off pulse and, hence can be used as a good
photodetector. The on:off ratio is 0.99 and is found to be
weakly dependent on P. The high dark current appears due
to the highly conducting graphene as the channel mate-
rial [58]. At Vg =0 V (dev A) or Ve =—8 V (dev
B) the graphene is hole doped [see Fig. 1(e) for dev A
and Fig. 1(f) for dev B] and this decrease of /pg under
optical illumination is consistent with the photoresponse
mechanism based on TMD to graphene charge transfer
discussed earlier [19-22]. The similar room-temperature
response from both the devices indicates that the pre-
viously discussed charge-transfer mechanism for low T
applies at room temperature as well. The magnitude of
Ip [Fig. 4(c)] comes out to be 6.35 nA for the highest P
used and decreases only by a small factor. For the two P,
differing by order of magnitude, /p changes only by
0.2%. The apparent P independence of Ip gives rise to a
significantly large responsivity (R*) at low P in this type
of binary hybrid [19,21,22].

The high-frequency photoswitching measurements are
required to estimate photodetector response time (Ties),
which is defined as the time for Ipg to reach from 0.1/p
to 0.9/p. The limiting number of 7, is used to define the
maximum operating frequency as [17]

1

B (277 Tres ) max .

f (€)

In Fig. 4(d), we show the way we determine the room
temperature s for dev A measured at V3 = 0 V with
16 800 fW/um?. 1,.s comes out to be 14.9 ms, giving rise
to a bandwidth (BW, defined as 0.35/7.s) [59] of 23.5
Hz. A similar estimation gives the BW of dev B as 35
Hz (see Sec. VIII within the Supplemental Material [34]).
Although 7,5 is P dependent, [21,22,42,43], it become
almost P independent at the current experimental P win-
dow and limited by the measurement electronics (see Sec.
IX within the Supplemental Material [34]).

The frequency dependence of the photocurrent mea-
sured under square pulse light modulation [Fig. 5(a)]
shows that the photocurrent begins to decrease beyond a
characteristic roll over frequency fy = 10 Hz correspond-
ing to a characteristic transient time Ty = 2mfy)~' =
16 ms [9]. Following the bandwidth convention, the char-
acteristic time constant (13 g8 = (27f3 ¢g) ') comes out to
be 7.5 ms. Our current measuring amplifier (lock in) is
characterized by the time constant of 3 ms. This implies
that our BW estimation is limited by the capacitive time
constant of the instrument electronics, as also observed
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FIG. 4. Room-temperature photoresponse of graphene/ TMD/A-BN hybrid devices. /ps — ¢ plots measured at room temperature, for
(a) WS;-based device (dev A) with 16 800 fW/um? and (b) MoSe, based device (dev B) with 64 900 fW /.m?. Nine input optical
pulses with 200 ms on and off time are used as input (590 nm for dev A and 635 nm for dev B) to describe their utility in photodetector
applications. These optical pulses are also used to determine the speed of the devices to elucidate their bandwidth. (c) A representation
of room temperature / pg-¢ for a 200 ms optical pulse (P = 16 800 fW/um?) measured at V35 = 0 V to elucidate the magnitude of
photocurrent (/p). (d) Enlarged plot of (a) to determine the response time (t,.s) of the device. 7. is defined as the time taken to go from
10% Ip to 90% Ip. At 16800 tW/um?, 7,.s comes out to be 14.9 ms. (¢) Temporal (f) dependence of I pg under two 200 ms optical
pulses separated by 1 s. The two plots are of different optical power density, viz., 16 800 fW/um? (blue) and 2800 fW/um? (violet).
Under the optical illumination, /s decreases from its dark-state value, implying an increase in device resistance. The measurements
are done at 295 K and 0 V Vpg. The Ip is decreased slightly by an order of magnitude change in P, leading to a significantly high
photoresponsivity (R* ~ 10* A/W) at low power. (f) The variation of responsivity (R*) with P. R* increases as P is decreased and
reaches to 10* A/W at the lowest P used. This value of R* gives rise to a photoconductive gain of 10°.

previously (Refs. [9,60,61] and Sec. X within the Sup-
plemental Material [34]) and the interlayer charge-transfer
time, which gives the t,s, is much faster (approximately
of the order of a few ps) as evident from the pump-probe
experiments in this type of hybrid device [62]. Nonethe-
less, it is worth noting that the estimated 7. in our devices
are comparable to the other FET-based photodetectors
[5,17,63].

At room temperature, T, is approximately equal to 30
ms. This limits the device resetting time (dead time) and
thus if two pulses come in a timescale shorter than this
dead time, the device will not distinguish them as two
separate pulses.

In Fig. 4(e), we show the temporal response of Ips of
dev A for a two 200 ms pulses separated by 1 s. R*, one of
the useful figures of merit for photodetectors, defines the
number of excess carriers collected in the external circuit
for incident unit power and depends on both P and incident
wavelength (1), and is found to be as high as 10* A/W for

dev A [Fig. 4(f)]. A slightly lower R* (approximately equal
to 5 x 10> A/W) appears for dev B, possibly due to the
larger device area and comparatively higher P of the light
source used.

At our lowest P, the photoconductive gain (G) is calcu-
lated to be 103 (for dev A) and 10° (for dev B), following
[22]

G- hcR*

ean ’ “)

where £, ¢, e, A, n are Planck’s constant, velocity of light
in vacuum, electronic charge, excitation wavelength, and
internal quantum efficiency (estimated as 0.3 for various
TMD photodetectors) [26]. G follows a similar P depen-
dence as R* for both dev A and dev B (see Sec. IX within
the Supplemental Material [34]).

The high R* (or G) and the reasonably high BW of these
devices give rise to another trade of art, G-BW product,
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Optical power (P) dependence of GBP at room temperature and the state of the art. (a) LED modulation frequency depen-

dence of the normalized photocurrent. The photocurrent starts to decrease from the zero-frequency value near 10 Hz and eventually
reduced by 3 dB at 20 Hz, which determines the BW. P dependence of the G-BW product (GBP) for dev A (b) and dev B (c¢) measured
at room temperature for three different V35. The GBP is independent of Vg and goes to a high value of 1 MHz (dev A) and 10 kHz
(dev B) for the lowest of the applied P. (d) The current status of the TMD and its hybrid-based FET photodetectors in the G-BW phase
space. Our devices, dev A and dev B, are marked in red, and stands high in comparison to the other similar phototransistors.

which appears to be higher than several other FET pho-
todetectors [17]. Since the BW is largely independent of P
in its current experimental window (see Sec. IX within the
Supplemental Material [34]), GBP increases with decreas-
ing P in a manner similar to that of R* [19,21,22] and
reaches to a value approximately equal to 1 MHz for dev A
[Fig. 5(b)] and 10 kHz for dev B [Fig. 5(c)]. The P depen-
dence of GBP for both the devices appear to be indepen-
dent of Vg [Figs. 5(b) and 5(¢)]. In Fig. 5(d), we intend to
show the current status of TMD and its hybrid-based FET
photodetectors in the G-BW phase space at room tempera-
ture. With G of 10° and BW of 23.5 Hz, dev A stands well
above many of its contemporary devices, while dev B with
a G of 10° and BW of 35 Hz shows promising possibil-
ity. These two devices’ photoresponse characteristics sug-
gests that graphene and TMD-hybrid-heterostructure FET
devices have the quality to be considered as one of the effi-
cient FET photodetectors at room temperature, alongside
being contemplated as an optical memory device at low 7.

For the photodetector applications, several characteris-
tic parameters need to be computed based on G and BW,
and two out of them are the noise equivalent power (NEP)
and the specific detectivity (D*) (see Sec. XI within the
Supplemental Material [34]). NEP (= 4/S;/R*) measures
the minimum detectable power of /p above the noise floor
where

S, = S + Sen + Sf 5)

is the spectral density of noise and its estimation is crucial
and should be performed experimentally under different
operating conditions [17]. The Johnson noise (Sy,) is given
by 4kpT/Rgark With kg is the Boltzmann constant, and Rgak
is the dark-state resistance of the phototransistor. Sy, is
the shot noise, and is given by 2elps under the dark state.
While Sy, and Sy, are frequency independent, Sy is the low-
frequency 1/f noise. Considering the BW of these devices
as 20 Hz, S; comes around 10722 A%/Hz [26], while
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S and Sy, are approximately around 10~2* A?/Hz and
10725 A2/Hz, respectively. Similarly, the specific detec-
tivity (D* = +/A/NEP) indicates the minimum detectable
power per unit area (4) of the device and unity BW
and useful for cross-platform performance comparison.
At the lowest P, of 100 fW/um?, NEP comes out to be
10-'® W/Hz!/? (see Ref. [34] for a detailed calculation of
the NEP), which leads to a high value of D* (&~ 10'? Jones)
where 4 is approximately equal to 1 pm?.

IV. SUMMARY

In summary, we made a systematic 7-dependent study
of the optoelectronic properties of the graphene-TMD
vdW hybrid FETs to explore the possibility to tune their
optoelectronic response and understand the device charac-
teristics at room temperature. We find that the signature
low-T persistent photoconductivity of these hybrid FETSs
is removed by thermal energy, which helps the photogen-
erated transferred electrons from graphene to come back
to the TMD and recombine at a higher 7. We find while
the response time is P dependent, its 7" independence sug-
gests that the graphene to TMD charge transfer under the
optical illumination is energetically favorable. We describe
that the bidirectional charge-transfer probability could be
tuned with thermal energy. Furthermore, the temperature
variation of the recovery time suggests that the charge-
transfer probability also depends on the position of the
trap states in the TMD. We find that the low-T photogating
mechanism prevails at room temperature as well. Our mea-
surements elucidate the instrument-limited response time
of these FET devices, which suggests a higher BW com-
pared to many of its contemporaries, along with significant
gain. The high GBP for our devices attest to our claim of
graphene and TMD FET to be one of the most efficient
photodetectors at room temperature.
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