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Abstract— We explore through numerical simulations the
possibility of exploiting 2-D materials (2DMs)-based field
effect transistors (FETs) as read-out devices for quantum
cascade (QC) detectors. For this purpose, a deep investi-
gation of the device parameter space has been performed
while considering different 2DMs as channel material, such
as graphene and transition metal dichalcogenides (TMDs),
considering both short- and long-channel devices. We find
that while graphene offers the highest current density for
a given impinging power, it shows higher ofr-currents
as compared to other solutions based on TMDs, which,
eventually, can represent a better choice for this particular
application.

Index Terms—2-D materials (2DMs), ballistic transport,
diffusive transport, quantum cascade detector (QCD),
terahertz (THz).

. INTRODUCTION

HE terahertz (THz) gap has, for decades, attracted intense
T research activity, which sought to technologically bridge
the microwave and optical regions of the electromagnetic
spectrum. Despite the efforts and several notable proposals [1],
[21, [3], [4], [5], [6], the generalized adoption of emitters
and detectors in the far- and mid-infrared wavelengths is
not solved. In this field, quantum cascade (QC) technology
has represented a main workhorse. QC devices leverage the
quantum engineering of the electronic band structure for the
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detection/emission of photons with frequencies not constrained
to the semiconductor bandgap energy. In particular, their
operation at a specific wavelength is enabled by the proper
design of the quantum wells (QWs) and the adjustment of the
corresponding intersubband transitions.

Two main aims are pursued toward THz photodetection:
high operation speed and high responsivity (the latter to be
achieved while keeping both a low dark current and a high
sensitivity). The simultaneous optimization of both figures of
merit is challenging. In the timescale arena, QC detectors
(QCDs) [7], [8], [9] rose to prominence as especially appeal-
ing because they operate as unipolar devices: as such, their
fundamental speed limit is set by the intersubband scattering
time of electrons (induced by longitudinal optical phonons),
which is of the order of picoseconds.

During the rich history of QCDs [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21] responsivity improvement
has remained an open question. While the design of the active
region has a significant impact on the absorption and the
internal quantum efficiency of the QCD, a nonnegligible con-
tribution is due to the interface with the reading region from
which the photocurrent is extracted. In particular, in QCDs,
detection is usually achieved by means of direct measurements
(e.g., with a two-point probe). This generally complicates the
active region design (which needs to include highly doped
regions working as low-resistive contacts located above and
below the active region), thus impacting the collection of the
photogenerated carriers, and therefore, the responsivity.

A novel alternative to conventional QCD reader designs
could consist of the exploitation of electrostatic coupling of
the active area with a 2-D material (2DM) channel. 2DMs
are especially attractive to this end because their monoatomic
thickness guarantees superior electrostatic interaction. While
2DMs have already been extensively studied both in their
electronic [22], [23], [24], [25], [26], [27], [28] and in their
optoelectronic properties [29], [30], [31], [32], [33], [34], [35],
[36], [37], [38], these read-out architectures remain mostly
unexplored [39] both from the theoretical and experimental
point of view. In this case, the QCD active region would
play the role of a photo-controlled gate of a Field Effect
Transistor (FET) structure where the 2DM-channel coupling-
induced charge would provide the electrical read-out (while
the 2DM does not interact directly with the electromagnetic
radiation). This design could potentially meet the need for
simpler, smaller, and easily scalable detecting devices, which
could find application in the THz field in tandem with THz
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light emitters; furthermore, the use of FETs as readers is
likely to lead to an intrinsic current amplification effect in
the detector.

In this work, we explore the possibility of exploiting 2DM-
based FETs as readers in QCDs, looking for the 2DM-based
channel that works best at detecting the photovoltage changes
in the active region. To this purpose, we consider the active
region architecture proposed by Schwarz et al. [13] with
outstanding external quantum efficiencies of 40% at 80 K and
25% at 300 K. Different 2DMs are taken into consideration
as channel materials, including graphene and two different
transition metal dichalcogenides (TMDs), namely Molybde-
num Disulphide (MoS;) and Tungsten Disulphide (WS,), all
monolayers. Their photo-induced current and their respon-
sivity are investigated in detail. In particular, we investigate
both long- and short-channel devices, considering the two
different transport regimes, i.e., diffusive and ballistic. The
former enables a direct comparison with state-of-the-art device
dimensions, while the latter projects the performance of the
ultimate scaled channel FETs, where the device operation
should reach faster response times, higher speeds, and lower
power consumption.

The article is organized as follows. In Section II,
we describe the simulated device, together with the modeling
of the QCD backgate action on the reader FET and the quanti-
tative estimation of the modulating charge in the active region.
In Section III, the results of the simulations are presented and
discussed. Finally, in Section IV, the conclusions are drawn.

[I. METHODS

The proposed device concept (Fig. 1) consists of a 2DM-
based FET back-gated by an active region made of alternating
InGaAs/InAlAs layers (lattice matched to InP) analogous to
the one realized by Ovchinnikov et al. [27], which is capac-
itively coupled to a bidimensional material by means of an
insulating layer of HfO,, with a thickness of 7,x = 33 nm and
relative dielectric constant of g,x = 22, as reported in [39]. The
active region realized experimentally in [13] was embedded in
a waveguide with a highly doped substrate acting as a bottom
contact layer to prevent light coupling from the substrate.
In order to streamline the modeling process, the active region
is simplified in the in silico device representation as a single
layer, whose relative dielectric constant is equivalent to the one
of the original heterostructure, i.e., &, = 8.023. At the bottom
of the active region, there is backgate contact, which sets the
bias point of the FET structure. The influence of the biasing
condition on the photo-generated current and voltage has been
studied, e.g., in [14] and [39], showing that the effect can
be reasonably considered small and follows an approximately
linear trend. In the proposed device, the light impinging on
the active region induces a charge separation between the
(fixed) positive nuclei and the negative electrons, which move
toward the interface with the oxide (Fig. 1). This process
produces a photo-voltage (Vph), that acts as a back-gate for
the 2DM-FET. For computational purposes, we choose the
charge generated by the impinging light as the physical input
that modulates the current in the 2DM-based FET, and we
investigate the performance of the latter as a function of it.

Sou& Len Dr& Reader
&_ ¢ & & & ¢

Pin in Active
O \B\"® © ©o| o |rdgon

.. Back gate
InGaAs
InAlAs
InGaAs
InAlAs

Fig. 1. Device schematics (3-D and cross section) with the relevant
physical quantities highlighted; the incident power P, impinges on the
photodetecting active region, separating the electrons from the nuclei
and generating a photovoltage Vpn. The induced charges act as a
backgate for the reader FET.

We can relate the indirectly light-induced charge (¢ An) in the
2DM channel to the optical power (P;,) using the following
relations:

qgAn = Coxvph = CoxROIph = CoxRoPnR (D

where Cox = &ox/fox is the HfO, equivalent parallel-plate
capacitance; Vpn = Rolpn and I, = PR are the active
region photogenerated voltage and current, respectively, while
Ry and R are the active region resistance and responsivity,
respectively. Ry can be determined from the active region
detectivity (D7). The expression for D’ depends on the noise:
when detection takes place above the so-called “background-
limited intrinsic-performance” (BLIP) temperature (124 K
for this device), D} is limited by the Johnson noise or
thermal noise. The active region detectivity then reads as:
D} = R(ROAD/4kBT)1/2, where Ap is the photodetecting
area, kg is the Boltzmann’s constant, and 7 is the tem-
perature. By using this expression in (1), the light-induced
charge, gAn, can be expressed in terms of D%, R of the
active area and the capacitive coupling due to the HfO, layer
as

4CoxkpT D¥?
ApR

By using this last expression, (2), and the data from [27],
we can estimate the order of magnitude of gAn, which

qAn = Piy. 2
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Fig. 2. (a) Comparison between the transfer characteristics in the considering different values for the modulating fixed charge.
diffusive regime for the WS,- and MoS;,-based FET. (b) Comparison  The band structure of the 2DM channel is described in terms of
L J e 0y o ol earst cighbor Hamilonan for sraphene, and
v:ﬁjees for the channel len gths (100, 500, and 1000 nm), and Vpg is set 1) effectlve—mas.s—llke .Hamlltoman in .the case of the dlffere.nt
t00.2 V. TMDs. In the drift regime, the 2-D Poisson and 2-D continuity

equations, under the drift-diffusion approximation, are self-

consistently solved [25], [28]. In this case, to evaluate the
leads to readable current signals. Considering Ap = 50 um?, carrier density in the 2DM, a linear dispersion relationship
R = 0.86 A/W at the chosen wavelength (4.1 pum or close to the Dirac energy is assumed for graphene while a
73.12 THz) and D* = 7.2 x 10’ (cm«/E/W), both at room parabolic E —k curve around the conduction band minima and
temperature [27], we obtain, for a P, of the order of, say, valence band maxima is assumed for the TMDs. The effective
1 uW, a An of approximately 10'> m~2. In this work, from masses used for the simulations (expressed in units of the free
now on, we denote the photocurrent, defined as the readable electron mass, my, for electrons and holes, respectively) are
electronic response of the detector to the impinging light, 0.56 and 0.64 for MoS; and 0.33 and 0.43 for WS, [22].
as the current flowing in the 2-D channel of the read-out FET. For graphene, a Fermi velocity of 10° m/s is considered.

Induced fixed charge (cmfz)
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Fig. 4. Transfer characteristics for WS,-based FETs in the ballistic

regime for different channel lengths in (a) linear and (b) semilogarithmic
scale; Vps = 0.2 V.

Regarding the drift simulation, mobility values of 25, 35,
and 2000 cm2/(Vs) were used for MoS,, WS,, and graphene,
respectively [26], [27] (see Table I).

The purpose of this work is to simulate the detector response
under ideal device conditions; this means that the effects of
unintentional doping and/or impurities in the channel region on
the current response have not been taken into account. In both
regimes, we, furthermore, consider a steady state photon rate,
only positive photo-induced charge in the active region of the
device, and we do not consider thermal noise in the detector,
except that in the expression for the detectivity.

[1l. RESULTS

In order to put the proposed design in the context of state-
of-the-art QCDs, we have first considered device dimensions
in the mesoscopic scale. In Fig. 2(a), we report the drain-
to-source current obtained considering diffusive transport as
a function of the modulating photo-generated charge (bottom
axis) and the impinging power (top axis) for MoS, and WS,
in the semi-logarithmic scale for different channel lengths,
ranging from 100 nm up to a 1000 nm. The drain-to-source
voltage (Vps) is set to 0.2 V for all the simulations. Similar
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Fig. 5. Transfer characteristics in the ballistic regime for (a) graphene-
based FET for different channel lengths and (b) graphene and TMDs at
25 nm channel length; Vps = 0.2 V.

results have been obtained for two other TMDs, MoSe, and
WSe,, in the same transport regime (not reported in the
picture), due to the small differences in terms of mobility,
bandgap and effective mass values. First, we observe for both
TMDs an increasing current for increasing values of P;, and
the modulating fixed charge. In addition, we note, as expected,
a proportional decrease in the current with increasing channel
length, while the corresponding charge for which the channel
can be considered in the inversion region is approximately
the same for all channel lengths. As expected, WS, slightly
outperforms MoS; in terms of ON-current for the same
impinging power due to the large mobility considered in the
simulations.

In Fig. 2(b), we compare the drift current responses of WS,
with the analogous graphene ones, considering the same device
architecture and the same channel lengths. It can be observed
that, due to the higher mobility, graphene-based devices show
larger currents as compared to the WS, ones for any consid-
ered length. On the other side, the dark current (defined as
the current response at zero impinging power/induced charge)
is much lower for the TMDs than for graphene (a difference
of several orders of magnitude is observed), since a device
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Fig. 6. (a) Comparison between the responsivities in the diffusive

regime for the WS,- and MoS;-based FET. (b) Same as above for
graphene- and the WSj-based FET. For all the simulated devices,
we consider three different values for the channel lengths (100, 500,
and 1000 nm), and Vpg is setto 0.2 V.

with a graphene channel never switches off, differently to what
happens in TMDs.

Next, in order to investigate the ultimate potential perfor-
mance of these devices, we have considered shorter channel
lengths. To this aim, we have performed transport simulations
in the ballistic regime as detailed in the methods section.
In Fig. 3(a) and (b), the drain-to-source currents for MoS,,
considering four different channel lengths ranging from 10 nm
up to 25 nm, are shown.

As expected, in the TMDs, we see an increasing monotonic
current trend with P, with the modulating charge. Analo-
gously to the drift transport case, the dark current decreases
with increasing channel length since in the quantum ballistic
case, longer channels lead to reduced interband tunneling in
the OFF-state.

In Fig. 4(a) and (b), we show the transfer characteristics for
WS,: W-based devices feature slightly higher currents than the
Mo-based also in the ballistic case. The dark current behavior
for WS, is analogous to the MoS, case, with the values being
of the same order of magnitude.
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Fig. 7. Responsivity in semilogarithmic scale for different channel
lengths for (a) MoS, and (b) WS,; Vps = 0.2 V, ballistic transport
conditions.

In Fig. 5(a), we show the analogous pictures for graphene
devices. GFETs, while still showing a decreasing trend for the
dark current as a function of channel length, feature a much
higher current (of the order of 10° A/m) at zero impinging
power.

The shift of -V characteristics on the left with reduced
channel length is due to the increased electrostatic control
of the drain over the channel region, i.e., a short channel
effect analogous to the drain-induced barrier lowering (DIBL)
observed in ultrashort devices, as also reported in [43].

In Fig. 5(b), we compare the transfer characteristics for
the two considered TMDs (MoS,; and WS,) with the one of
graphene for a 25 nm channel length and Vpg = 0.2 V. The
graphene current is noticeably higher than the TMDs for all
the impinging powers considered. In particular, the current
intensity for zero photovoltage flowing through graphene is
more than four times higher than both the Tungsten- and the
Molybdenum-based devices. As can be seen from the pictures,
the current-power correlation is strongly nonlinear; calibration
of real-life devices featuring this behavior is nontrivial but
feasible, as demonstrated in [44].

In order to further investigate the performance of the studied
devices, we have calculated the responsivity per unit width,
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lengths of Graphene. (b) Comparison of the responsivity for Graphene,
MoS5, and WS, materials at 25 nm channel length; Vpg = 0.2 V, ballistic
transport conditions.

defined as R = In/Py, for MoS;, WS,, and graphene
as a function of the induced fixed charge/impinging power.
In Fig. 6, we report the responsivity values for the three
materials and three channel lengths considered in the drift-
diffusion conditions, while in Figs. 7 and 8, we do the same
for the ballistic case. As can be seen, in the drift-diffusion
case, the responsivity for graphene is approximately constant,
while for the TMDs, it increases sharply at lower P, and then
starts saturating at around 1 mW of impinging power; in the
ballistic case, graphene shows a general decreasing behavior
for increasing P;, (except for the longer channel lengths, where
instead a minimum is observed). In both transport regimes,
graphene responsivity ranges from 10° to 10® A/(Wm). For
the TMDs-based devices, we notice the highest values are
instead of the order of 10°~10* A/(Wm), and this is maintained
in both regimes. Considering a TMD-based device whose
width is of the order of 1 um width and a length of 10 nm,
its responsivity is of the order of the mA/W, which is in
line with the recent literature [19], [20]. It is interesting
to notice how responsivity values are preserved even at the
nanoscale.

IV. CONCLUSION

We have modeled a 2-D-based FET where the channel
material, instead of directly detecting the radiation, acts as
a read-out for a QCD, performing transport simulations while
spanning among the device space parameters, i.e., considering
two different TMDs (MoS; and WS,), different values for
the channel length and comparing their performance with
respect to graphene-based photodetectors. WS, seems to be
more suited than graphene for this specific application. Indeed,
although it shows lower ON-current and lower responsivity
than graphene-based devices it allows, due to the low dark
current, to clearly distinguish the optical input. On the other
side, in the case of graphene, even if superior responsivity
and ON-current are achieved compared to the TMDs-based
devices, the poor modulation of the current from the induced
charge and the high dark current does not allow to distinguish
the impinging power. Finally, we have observed that the
responsivity of the TMDs is of the order of the mA/W, even
for short devices, opening the path for having simpler, smaller,
and easily scalable detecting devices.
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