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Abstract

In recent years, graphene field-effect-transistors (GFETs) have demonstrated an outstanding potential for terahertz (THz)
photodetection due to their fast response and high-sensitivity. Such features are essential to enable emerging THz applications,
including 6G wireless communications, quantum information, bioimaging and security. However, the overall performance
of these photodetectors may be utterly compromised by the impact of internal resistances presented in the device, so-called
access or parasitic resistances. In this work, we provide a detailed study of the influence of internal device resistances in
the photoresponse of high-mobility dual-gate GFET detectors. Such dual-gate architectures allow us to fine tune (decrease)
the internal resistance of the device by an order of magnitude and consequently demonstrate an improved responsivity and
noise-equivalent-power values of the photodetector, respectively. Our results can be well understood by a series resistance
model, as shown by the excellent agreement found between the experimental data and theoretical calculations. These findings
are therefore relevant to understand and improve the overall performance of existing high-mobility graphene photodetectors.
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1 Introduction

Electromagnetic radiation at terahertz (THz) frequencies
(0.1-10 THz) exhibit key advantageous features includ-
ing a noninvasive nature (with energies of the order of few
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meVs) and penetration capability through opaque objects to
the visible light. Such characteristics makes THz waves an
amazing tool that can be used effectively in a wide variety
of applications, e.g., upcoming high-speed wireless com-
munication, medical bioimaging, information technologies,
security, spectroscopy or even spintronics [1-5]. A general
requirement for all of these technologies is the develop-
ment of efficient photodetectors with a high sensitivity,
low signal-to-noise ratio, and a fast response in the THz
spectral range [6]. In recent years, the emergence of two-
dimensional (2D) materials has boosted the development
of novel prototype detectors and sensors operating at THz
wavelengths due to their ability to exhibit striking, tunable
optoelectronic properties. To date, a wide variety of 2D sys-
tems have been studied and exploited at THz wavelengths,
including graphene [7, 8], transition metal dichalcogenides
(TMDs) [9], black phosphorus (BP) [10], topological semi-
metals [11] or even MXene [12]. The capacity of these pho-
todetectors to convert incident THz photons into electrical
signals was based on different physical mechanisms, includ-
ing photo-thermoelectric, bolometric, or even photogalvanic
effects [7, 8, 10]. However, plasma-wave assisted mecha-
nisms in graphene field-effect transistors (FETs) detectors
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(also known as plasmonic graphene FETs or plasmonic gra-
phene photodetectors) represent the most promising route to
fulfill all the required criteria to be efficiently used in real
applications [13].

Up to now, it has been extensively reported how the sen-
sitivity of plasmonic THz detectors depends strongly on sev-
eral factors including the integration of external components
such as i) efficient plasmonic antennas to produce optical-
field enhancement [14], ii) hyper-hemispherical lenses [15]
and mesoscale particles [16] to improve the coupling of the
THz beam and even focusing at subwavelength frequen-
cies, iii) the presence of asymmetry in the device structure
[17] and even iv) impedances presented in read-out circuits
[18-20]. Similarly, the internal material’s properties such
as the mobility of free carriers in the channel [21] play a
big role in the sensitivity of the device (reason why several
FETs made from different materials have been studied so far
[13, 22-25]). Nonetheless, the detail impact of additional
(and relevant) intrinsic device parameters on the photogen-
erated signal at THz frequencies is less well-known in these
systems.

In general, coupling of THz waves into plasmonic photo-
detectors based on FET architectures is effectively realized
between a local (i.e., not covering the whole channel) top-
gate and the source electrodes. The rectified DC current (or
voltage) arising between drain and source electrodes when
shining THz radiation to plasmonic photodetectors may
be also heavily affected by parasitic regions in the channel
(i-e., those regions in the channel not controlled by this local
top-gate and not contributing in coupling the incoming THz
radiation), and their impact on the overall photodetection
performance of the system is not fully revealed yet. Such
knowledge is important to completely understand and opti-
mize the performance of FET devices at THz frequencies
and this is the principal goal of the present study.

To do so, we have fabricated and analyzed the THz
photoresponse of FET devices made from high-quality
monolayer graphene, a very well-known semimetallic two-
dimensional material with high-carrier mobility (> 50,000
cm?/(V-s)) even when operating at room temperature. In
practice, such high-quality samples are achieved by encap-
sulating the monolayer between hexagonal boron nitride
(hBN) [26, 27]. The device FET architecture is similar to the
one used in several studies in literature reporting plasmonic
photodetection [25, 28-32], having a local top-gate (TG)
electrode (which does not cover the entire device channel,
see experimental details below). Moreover, the presence of
a global back-gate (BG) electrode in the system allows us to
independently dope channel regions not affected by the top-
gate, tune the access resistance of these areas and therefore
study their impact on the measured THz photoresponse.

In particular, by measuring the photocurrent collected
in the device at different top- and back-gate potentials, we
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observe regimes with a notably enhanced photoresponse
(more than one order of magnitude) when the areas of the
channel not affected by the top-gate are highly doped. We
further demonstrate how this behavior can be fully under-
stood by taking into account the regions with different dop-
ing levels existing in the photodetector in a series resistance
model, showing an excellent agreement between this model
and the experimental data.

2 Results and discussion

Figure 1a shows the optical image of the studied graphene-
FET (GFET) and a schematic lateral view of the channel
structure. The GFET device consists on a monolayer gra-
phene encapsulated between two thin hBN flakes stacked
using a polymer-based method for the assembly of van der
Waals heterostructures [24, 26]. The stack has been placed
on top of a standard SiO,/Si substrate, which serves as a
global bottom-gate electrode. Device fabrication, includ-
ing the definition of both channel and metal electrodes, has
been undertaken by using standard electron-beam lithogra-
phy, dry-etching and metal evaporation techniques [24, 26].
In addition, the GFET detector contains a bow-tie antenna
connected to the source and top-gate electrode as labeled
in Fig. 1a to efficiently coupling the THz radiation incident
on the detector. In terms of geometry, the GFET device
length is Ly, =6 um and average width of W, ~ 6 um with a
local top-gate covering only a part of the channel (L;5=4.8
um). As such, there are two channel regions between drain-
gate and source-gate electrodes not affected by the applied
top-gate potentials. Importantly, the global bottom-gate
electrode allows us to independently tune the doping level
of these channel regions not covered by the top-gate and,
therefore, to study their impact on the collected photocur-
rent in the detector. In other words, the access resistance of
this device (R,) is tunable in our device and is given by the
contact resistance graphene-metal at the source and drain
electrodes plus the resistance two regions not covered by
the top-gate electrode (and therefore only affected by the
back-gate).

Prior to study the photoresponse of our graphene photo-
detector, we have measured the electrical /— V characteris-
tics of the device in a variable temperature optical cryostat
included in the THz photocurrent setup (see Supplementary
Material Note 1 for more information). Figure 1b shows the
device resistance (R) of the device, when sweeping simul-
taneously the top-gate voltage (V;g) and back-gate voltage
(Vgg) at a temperature of 10 K. Meanwhile, Fig. 1c shows
the total drain-to-source resistance of the device as a function
of Vg for five selected back-gate potentials from Fig. 1b.
For simplicity and easier readability, the presented figures
in this manuscript have been displayed as a function of the
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Fig.1 a Optical image (top) and lateral schematic view (bottom) of the dual gate Graphene FET. The black dotted line in the optical image
indicates the edges of the graphene layer sandwiched between two h-BN flakes. b 2D map of the total channel resistance (R) as a function of the
DC bias voltages applied to the top gate (V) and to the bottom gate (V) electrodes. The black horizontal (solid) and diagonal (dashed) lines
correspond to the charge neutrality point (CNP) in non-top-gated and top-gated regions, respectively. ¢ Total resistance as a function of the local
top gate potential for five selected values of the back gate bias from panel b. d Access resistance, R,, as a function of the back gate bias. Tem-

perature was fixed at 10 K for panels b—d

normalized back-gate voltage, i.e., Vgg = Vi — Vg ones
where Vi . is the applied back-gate voltage and Vg cnp IS
the back-gate voltage at the charge neutrality point (CNP).
This means that in our device, the total device resistance
reaches the maximum when both gates are biased such that
the device is operating at the CNP potentials (i.e., Vgg =0V
and Vg = 0V), occurring at the crossing point of the con-
tinuous and dashed lines shown in Fig. 1b. When fixing the
back-gate voltage at its CNP, the (electron or hole) carrier
concentration increases in the channel region below the top-
gated electrode when sweeping Vg resulting in the typical

bell-shape resistance curve (see Fig. 1c, green curve) charac-
teristic of single-gate graphene devices [21, 30, 33]. A similar
result occurs when Vg is biased at fixed potentials away from
Vge.onp (€ither positive or negative) and sweeping Vg (see
Fig. 1c). However, one can see two clear main differences:
First, the overall measured channel resistance curves are ver-
tically shifted for |Vg| > 0 V as a result of the modulation
of the carrier concentration in the non-top-gate regions and,
second, a shift of the Vg cnp Occurs as the region of the chan-
nel influenced by the top-gate electrode is also affected by the
bottom gate electrode and therefore a new top-gate voltage
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must be applied to reach the new charge neutrality condition
in this region [34].

As such, the total channel resistance, R, in the GFET
can be understood as the sum of two different contributions
[21], R = Ry + R,. The first term (Ryg) corresponds to the
channel resistance below the top gated region (subjected to
both local top- and bottom-gate potentials). The second con-
tribution (R,) stems from channel areas non influenced by
the top-gate potential. As previously introduced, this second
contribution, usually known as parasitic resistance or access
resistance [21, 35], is given by R, = R, + R, 1 and takes into
account the sum of contact resistances (R,) and the channel
resistance of the non-top-gated areas (R,rg). Both parasitic
contributions limit the performance of any photodetector
[21]. A good estimation of R, can be extracted from Figs. 1b
and c at large doping values (high V5, see Fig. 1d), i.e.,
when the total channel resistance R is mostly independent of
Vg and has a constant value (i.e., R = R, for large top gate
potentials, see Supplementary Material Note 2 for further
details about how to extract R,). Moreover, from the former
transport data, we can also estimate the mobility of the chan-
nel at 10 K with average mobilities exceeding 70.000 cm?/
(V:s) (see Supplementary Material Note 2).

Next, we have analyzed the performance of the device
when was exposed to radiation at a frequency of 0.3 THz.
Figure 2a shows the evolution of the measured photocur-
rent, Ipc, with respect to Vg and Vi, and Fig. 2b high-
lights Ipc (Vi) for five selected back-gate potentials. For
each fixed value of Vg, Ipc (Vi ) exhibits an antisymmetric
shape with respect to the applied top gate potential with
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a different sign depending on the type of carrier of the
device channel as well as maximum (/pc ,,) and mini-
mum (Ipc i,) values in the vicinity of the charge neutrality
point Vg cnp for hole and electron carriers, respectively.
Moreover, the actual zero-crossing occurs right at the
Vrc.cnp- and the photoresponse tends to zero at large |Vqg|
values. This qualitative behavior stems from the ambipolar
charge transport presented in this material and is consistent
with the Dyakonov-Shur (DS) detection mechanism (also
referred to as resistive self-mixing mechanism). In this low-
end THz frequency range, plasma waves injected from the
source side may propagate along the channel of the FET
at relatively high speed (plasma-wave propagation veloc-
ity in graphene ranges between 3 x 10% and 7 x 10°ms™!
[36]). However, despite the large propagation speed,
plasma oscillations are strongly overdamped and therefore
the system responds in a quasi-static manner operating in
the so-called broadband (non-resonant) regime in agree-
ment with previous studies of THz photodetectors made
of graphene GFETs [24, 30, 31]. The broadband operation
of our photodetector is confirmed by noting that the value
of the extracted relaxation time, z, of our graphene photo-
detector with an average mobility of 70.000 cm?/(V-s) at a
carrier density of n ~ 10! m™? is approximately 0.3 ps. At
0.3 THz, this corresponds to a device quality factor below
unity, O =0.57 (Q =2xfr, with f being the incoming THz
frequency), typical of a THz photodetector working in the
broadband regime [13, 23, 37], in a clear contrast with pho-
todetectors operating at higher frequencies and exhibiting
resonant detection (Q > 1) at THz fields [29, 32].
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Fig. 2 a Photocurrent (/p-) mapping as function of top gate bias (V1) and back gate bias (V) for an incident radiation of 0.3 THz at 10 K. The
black horizontal (solid) and diagonal (dashed) lines correspond to the CNP of the non-top-gated and top-gated regions, respectively. b Ipc as a
function of top gate voltage V for five selected values of a back gate bias from panel a
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Interestingly, by examining Fig. 2 in more quantitative
terms, we found that the measured photocurrent Ipc (Vig)
has a strong dependence with the applied back-gate bias.
As the back-gate potential is positioned away from the
CNP (Vig =0V, solid horizontal line in Fig. 2a), we
observed a substantial increment in the value of both pho-
tocurrent maxima, Ipc x> and minima, /e pyi,» and subse-
quently the absolute difference value of |Ipc max — Ipc min|
in the vicinity of the CNP of the top gate potential (diago-
nal dashed line in Fig. 2a). In particular, we measure a
maximum enhancement of |Ipc yox — Ipc.min| at Vag > 20 V
which is 20 times larger than the value at Vg5 = 0 V. This
fact indicates that the doping level of areas not covered
by the top-gate potential notably influences the photode-
tection and therefore the overall performance of the gra-
phene FET device, with larger photoresponses occurring
for higher doping levels.

As shown below, the observed enhancement of the THz
photocurrent can be interpreted and well modeled by the
formerly introduced series resistance model R, = R, + Rg-
From a theoretical perspective, the predicted DS photocur-
rent, [,..4, expected in plasmonic photodetectors when an
oscillating THz field is coupled between gate and source
electrodes and the device exhibit a broadband response, is
given by [13, 28, 30]:

/ __nga(VG)
ped T4 dy,

ey

where U, is the amplitude of the THz-induced ac voltage
between the gate and the source electrodes, o is the experi-
mental DC total conductance of the device (¢ = L,/W,,/R)
and Vg the corresponding potential at the gate electrode
where the THz radiation is coupled onto the device (Vg
in our device). Importantly, although commonly neglected,
Eq. (1) does depend on the access resistance of the actual
devices, playing an important role in the overall device per-
formance. In more detail, since R = Ryg + R,, the total chan-
nel conductance of the device, o, can be expressed as:

5= Ly o016
Wy 1+ R,01g ’

@

where oy represents the channel conductance at the dual-
gate region (opg = RL, i.e., below the top-gate electrode).
TG

To interpret precisely the observed experimental behavior
of the photocurrent device (i.e., the fact that the maxima and
minima values of Ipe(Vyg) decrease when Vg tends to
Vig.cnp in Fig. 2), the access resistance contribution must be
introduced in the predicted photocurrent. Then, replacing
Eq. (2) into Eq. (1), the predicted photocurrent when meas-
uring as a function of the local top gate can be rewritten as:

2
Ua Lch dGTG 1

4 Wy, dVig (1 +RaaTG)2.

3

pred = —

From Eq. (3), the expected photocurrent depends on both
the conductance of the graphene channel below the top-
gated region as well as on the access resistance. Moreover,
it can be seen that the maximum current photoresponse as
a function of the local top gate potential occurs when R, is
reduced (i.e., contact and non-top-gate region resistances are
minimized). Such reduced R, occurs for large values of Vg,
in clear qualitative agreement with our experimental data
(Fig. 2). Conversely, R, reaches its maximum value when the
back-gate bias is set at the CNP (Vg5 = 0 V in this research
article), yielding to minimum photocurrent values at that
gate-voltages (also in agreement with experiments in Fig. 2).

We further demonstrate the validity of Eq. (3) in quantita-
tive terms by comparing the observed photocurrent depend-
ence as a function of the applied back- and top-gate voltages
(Fig. 2) with the predicted one using Eq. (3) (see Supplemen-
tary Material Note 3). Furthermore, we presented the differ-
ence between the maxima and minima of the photocurrent,
Alpe = |Ipc max — Ipc.min| fOr the different applied Vg in both
cases, the experimental photocurrent and the predicted photo-
current, using Eq. (3) (see Fig. 3a) and analyzed its depend-
ence with the modulation of the access resistance. The dif-
ference of maxima and minima of the measured photocurrent
(blue dots in Fig. 3a) is in excellent agreement (qualitatively
and quantitatively) with the data obtained when using Eq. (3)
and the DC measured values in Fig. 1 (blue line in Fig. 3a).
To perform this comparison, for each value of Vg, Alpc has
been normalized with respect to the value obtained at the
CNP (i.e., Vg = 0V) and therefore Fig. 3 represents the
photocurrent enhancement ratio with respect to this operation
point. Importantly, the maximum enhancement ratio exhib-
ited in the system is as high as 20 when the access resistance
is decreased by nearly one order of magnitude.

All these findings are summarized in Fig. 3b and c,
showing the enhancement of the measured photocurrent,
Alpe, as a function of R, when doping the channel with
both electron (positive values of Vs) and hole (negative
values of V) carriers. The larger photoresponse (i.e., the
larger |Ipc max — Ipc.min|) is Obtained for the lower values of
R, and the experimental trend is in clear agreement with the
expected photoresponse using Eq. (3) (solid lines in Fig. 3b
and c). In fact, we showed that the rectified photocurrent in
plasmonic photodetectors at THz frequencies depends on
the access resistance as ~ a/(1 + bRa)z, where @ and b are
parameters that are independent of R,. The above presented
results are essential findings for the optimal performance
and guidance in the design of any state-of-the-art plasmonic
THz photodetectors.
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Fig.3 a Normalized Alpc = Ipc ax — Ipc.min Values (left axis) and access resistance (right axis) as a function of the back-gate voltage extracted
from the measured photocurrent data (blue dots) and expected photocurrent using Eq. (3) (blue line). The normalization is carried out with
respect to Alpc at the back-gate Vpg cnp- Normalized Alpe values as a function of the access resistance for positive b and negative ¢ back-gate
potentials. Solid line represents the theoretical dependence with respect to R, using Eq. (3) and dots the experimental values extracted from the
measured photocurrent data. Temperature was fixed at 10 K and frequency was 0.3 THz in all panels

Prior to conclude, two figures of merits define the sen-
sitivity of a photodetector, i) the current responsivity
(R; = Ipc/ P4, where P is the incoming power at the detec-
tor) and ii) the noise-equivalent-power (NEP = /4kzTo /R,
for a non-drain-to-source-biased detector where kg is the
Boltzmann constant, and 7T is the temperature). Then high-
responsivity and low NEP values are desirable in any THz
photodetector. In terms of the responsivity, it is clear that
the higher measured values of Ip, the better current respon-
sivity. Thus, as we show above, an optimal performance
device (i.e., the modulation of the access resistance through
the back-gate bias) can increase by 20 times the rectified
THz photocurrent, resulting in a direct enhancement of the
responsivity by the same factor. Similarly, the modulation
of the access resistance toward lower values yields to lower
values of NEP (see Supplementary Material Note 4).

From application perspective, although the aforemen-
tioned analysis is shown at a cryogenic temperature (10 K),
a similar behavior occurs at application-relevant, room tem-
perature conditions where the above introduced relevant fig-
ure of merits (Responsivity and NEP) can be also enhanced
by modulating and minimizing the access resistance (see
Supplementary Material Note 5). While we have shown that
access resistance can be easily modulated by using a dual-
gate configuration, if the substrate characteristics hinder the
implementation of an additional global-back-gate [38], the
access resistance contribution may be minimized by reduc-
ing the gap between drain-gate and source-gate electrodes
or even setting in these regions a p-type or n-type doping in
graphene achieved through chemical doping [39] which will
be beneficial in terms of the THz photodetector performance.

Finally, is important to remark that the performance
of THz detectors depends not only on internal resistances
but also on the characteristics of the photodetector’s active
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materials. For this reason, our study has been focused on
single-layer graphene, which has been extensively stud-
ied in recent years due to its superior carrier mobility, low
resistance, gapless spectrum, and ultrafast carrier dynam-
ics. These outstanding optoelectronic properties result in
the fastest response times with high responsivity at THz
frequencies [40]. However, graphene is just one of many
possible 2D crystals, and our findings can be extended to
improve and study the performance of sensors made from
other 2D materials.

For instance, among the different 2D materials, BP can
support relatively high carrier mobility at room temperature
(around 10%cm?/(V-s)) making it suitable for the develop-
ment of high-frequency plasmonic THz detectors [10, 41].
However, in contrast to graphene, BP degrades rapidly in
air, affecting its structure and properties, and ultimately con-
strain the reproducibility of any study. Therefore, significant
effort is still required to exploit its potential use in high-
frequency applications.

Alternative layered 2D materials such as TMDs have
also been studied in THz science due to their high modu-
lation efficiency [9, 41] compared to graphene. However,
their relatively poor mobility remains a major constraint
for high-frequency plasmonic photodetectors. Additionally,
their wide intrinsic band gaps (in the order of a few eVs)
render them unsuitable for THz applications, which is why
most studies are focused on near infrared (NIR) and visible
frequencies [40].

Furthermore, topological semimetals have not been com-
monly considered for photodetection due to their tendency to
suffer from high dark current. However, they are intriguing
materials, with carrier mobility values that, in some cases,
could overcome those of graphene [41]. These novel materi-
als present a wide range of physical phenomena that could



Frontiers of Optoelectronics (2024) 17:19

Page70f11 19

pave the way for their applications in optoelectronics and
novel photodetectors at THz wavelengths [11].

3 Conclusions

In summary, we have observed experimentally that the THz
photoresponse in graphene FET photodetectors is notably
affected by the access resistance, including metal-graphene
resistances and channel areas not affected by local gate elec-
trodes. In particular, the measured rectified THz photore-
sponse increases one order of magnitude in the photodetec-
tor when minimizing R,, which highlights the importance of
reducing any internal resistance in the device. All these find-
ings are well captured in qualitative and quantitative terms
can be captured by a series resistance model of the device.
In this context, our findings, together with the optimization
of i) the plasmonic antenna and external optical elements to
efficiently concentrate the electromagnetic energy into the
graphene channel [14], ii) low contact resistances and iii)
ultra-clean van der Waals samples with high-mobility [27],
would set new strategies for the development of state-of-the-
art THz detectors operating at room-temperature with high
optical responsivity, low values of NEP and fast response.
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