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Abstract: In this work, we investigate the possibility of employing graphene field effect tran-
sistors, specifically designed for microwave applications, as infrared detectors for telecom
applications. Our devices have been fabricated on a sapphire substrate employing CVD-
grown transferred graphene. The roles of both the gate dielectric and the DC bias conditions
have been evaluated in order to maximize the infrared generated signal through an ex-
perimental investigation of the signal-to-noise ratio dependence on the transistor operating
point.

Index Terms: Graphene, graphene field effect transistors, infrared detectors, microwave
transistors.

1. Introduction

Due to its unique electronic, optical, thermal and mechanical properties, graphene has attracted
a huge attention from both the academic and the industrial communities. Thanks to its peculiar
features — such as extremely high charge carrier mobility, broadband light absorption, very fast
carrier dynamics, theoretical sheet resistance of 30 Q/J, high fracture resistance and chemical
stability — graphene has already been extensively applied in flexible electronics and energy con-
version devices, such as touch screens, Field-Effect Transistors (FETSs), capacitors, batteries, solar
cells and Light-Emitting Diodes (LEDs) [1], [2]. Graphene multifunctionality has also been further
demonstrated in the last years, with graphene-based composites employed for light-controlled con-
ductive switching fabrication [3] and in-vivo bioimaging [4]. In graphene-based devices, photovoltaic
[5]-[8], photothermoelectric [9]-[11] and bolometric [8], [12] effects have been proved to be the main
mechanisms involved in light detection, giving the opportunity of employing graphene as a possible
substitute to more conventional photodetectors materials [1], [13], [14]. Different approaches have
been already proposed for the fabrication of such devices using monolayer graphene alongside
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Fig. 1. (a) GFETSs fabrication steps and (b) comparison among Raman spectra of transferred graphene
on top of the different dielectrics. (c) Micrograph of a fabricated device.

metals or semiconductors [15]-[18]. In particular, silicon has been widely employed as substrate
and back gate material, while dielectric layers have been traditionally fabricated using SiO [9]-[12].

In this work, we investigate the possibility of employing Graphene Field Effect Transistors
(GFETSs), specifically designed for microwave applications, to sense infrared radiation. As expected,
since our transistors have been conceived to optimize microwave performance, a lower responsivity,
if compared to conventional graphene-based IR detectors, has been found [19]. Nevertheless, this
approach gives us the opportunity to exploit graphene multifunctionality. In particular, the proposed
device is able to sense the incoming 1.55 um wavelength radiation and amplify the generated elec-
trical signal: this makes our GFETSs suitable for telecom applications. In this work, we also study
the influence of the gate dielectric on IR photoresponse, evaluating the signal-to-noise ratio as a
function of transistors bias point. Aluminum oxide (Al,O3), titanium oxide (TiO,) and hafnium oxide
(HfO2) have been chosen because they show quite different electric and thermal properties and
can be easily deposited through Atomic Layer Deposition (ALD) systems.

2. Phototransistors Fabrication

The transistors have been realized on a sapphire substrate [20] employing a dual bottom-gate
geometry [see Fig. 1(a)]. First, the dual-finger back-gate was patterned on the substrate by e-
beam lithography followed by the evaporation of a thin Ti/Au bilayer (~5/40 nm) and lift-off in
acetone [21]. In order to study the role of the gate oxides, ~10 nm thick Al,O3, TiO, and HfO,
films have been directly grown via ALD on different areas of the same chip and used as gate
dielectrics. Subsequently, a CVD-grown monolayer graphene film was directly transferred onto the
chip. Afterwards, graphene has been patterned in a meander geometry by Reactive lon Etching
(RIE) to minimize contact resistance [22]. After transfer, Raman spectroscopy has been employed to
assess the high quality and single-layer nature of the transferred graphene on top of the three oxides,
as shown by the distinctive G (1580 cm~") and 2D (2680 cm~") peaks reported in Fig. 1(b). Then,
source/drain electrodes have been realised onto the graphene sheet using e-beam lithography
followed by a Ti/Au (~5/100 nm) deposition and lift-off in acetone. Finally, ~300 nm-thick Au
contact pads have been directly deposited by PVD. A micrograph of a fabricated device is shown
in Fig. 1(c).

3. Measurements Set-Up

Photoelectrical measurements have been performed at room temperature using a 1.55 um er-
bium fiber laser (IPG Photonics ELT-1-CL-SF-LP) with the output beam chopped at 667 Hz and
coupled into a single mode optical fiber through a microscope objective (Edmund DIN 20). The
GFETs electrical output voltage has been measured using a lock-in amplifier (Stanford Research
Systems SR830) synchronized to the chopper frequency. Dedicated software has been developed
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Fig. 2. (a) Schematic of the experimental setup for optical measurements, where M1-M2 are mirrors,
DUT is the Device Under Test and SMU is the Source-Meter Unit employed for GFET gate bias. Drain
bias, instead, has been applied through a battery-resistance (Vpp-Rpp) combination. (b) Intensity plot
of the simulated beam after exiting the fiber. (c) Sketch of the GFET under laser illumination.

to automate the DC/optical measurements bench. A sketch of the experimental set-up is depicted
in Fig. 2(a).

An auxiliary visible laser (405 nm laser diode) has been employed for alignment purpose and kept
off during the subsequent IR characterization, while a DC Source-Meter Unit (SMU) has been used
for the device gate bias. The drain bias, instead, has been applied through a battery-resistance
(Vpp—Rbp) combination. This arrangement allowed to reduce the low-frequency AC noise level
with respect to the one typically associated to a digital SMU and to develop the desired optically-
induced AC signal to drive the lock-in amplifier. Two additional voltmeters have also been employed
to measure the voltage drop both upstream and downstream of the Rpp resistance. Starting from
the single mode optical fiber specifications, we analytically evaluated the spot size (w) of the IR
beam at its output facet, obtaining a value of w = 5.3 um [see Fig. 2(b)] [23]. Then, the laser spot
area on the sample (0.065 mm?) has been calculated by simulating the free space propagation of
the beam exiting the fiber for a distance of ~1.5 mm (i.e., the distance between the fiber end and
the sample) and irradiating the 40-.m? graphene active area [see Fig. 2(c)].

4. Results and Discussion

Our analysis has been performed to find out the maximum GFETs IR responsivity, varying both
the DC operating point and the gate dielectric. For our analysis, typical bias voltages for graphene-
based high frequency transistors have been chosen [20]. In particular, the drain-source voltage
has been varied between 0.06 V and 1 V, while the gate-source voltage in the range from —1.5
V to 1.5 V. In what follows, we refer to signal as the maximum drain-source photocurrent (i.e., Ipn)
generated under laser irradiation, and to noise as the mean value of the lock-in current with no
laser excitation (I,,). The drain-source photocurrent has been calculated as the ratio between the
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Fig. 3. (a) Ipn, In and (b) normalized Iyn/In as function of Vpg for devices employing Al,O3 as gate
dielectric, at Vgs = 0.7 V. The laser power on the sample was set to 7 mW.
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Fig. 4. (a) Static drain current, (b) static transconductance and (c) photocurrent vs. gate source voltage
(Vgs) under different IR power irradiation. Inset: Peak responsivity versus IR laser power at Vpg = 0.4 V.

voltage acquired by the lock-in amplifier and the Rpp resistance shown in Fig. 2(a). In the case of
Al>O3 based devices, the dependence of I, In and Ipn/I, on the drain-source voltage is depicted in
Fig. 3.

From Fig. 3(a), we notice an initial increase of the photocurrent (blue curve) with the Vpg value,
followed by a saturation starting at Vps ~ 0.5V. We assume this behavior to be related to the
non-linear gain characteristics associated with the active (transistor) nature of our devices, unlike it
happens with more conventional passive photodetectors. Noise (red curve), instead, rises with Vpsg,
with an approximately linear trend on the entire explored bias range, leading to a maximum In/l,
ratio at Vps = 0.4V [see Fig. 3(b)]. The subsequent analysis of GFETs photoelectrical response
as a function of the laser power impinging on the devices, in the range [0-7.6] mW, has been
performed at such voltage. More precisely, static drain-source current [Ip, see Fig. 4(a)], static
transconductance [gn = 8/p/9Vaslvps=const, S€€ Fig. 4(b)] and photocurrent [I,n, see Fig. 4(c)]
have been measured simultaneously.

The obtained results demonstrate that photocurrent [see Fig. 4(c)] increases with the laser power,
reaching its peak value (lpn = 0.49nA) close to the Dirac point, in particular at the gate bias in
which the Ip—Vgs curve has its maximum slope, i.e., the magnitude of the static transconductance
is maximum (g,, = —0.15mS) [see Fig. 4(b)]. As it can be noticed [see Fig. 4(a)], static drain
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currents shift according to the laser power impinging on the sample, as found in photogating-
dominated detectors [24]. The peak photodetector responsivity (R) has also been calculated as
the ratio between the peak generated photocurrent (/5 p0ak) and the optical power impinging the
graphene active area [40-um?, see Fig. 2(c)]. Taking into account the Gaussian distribution of the
beam intensity, R becomes:

_ Iph,peak _ Iph,peak (1)
- i - X212
Optical Power — ,p <ffm-vs e‘2w2ydxdy)

2
W Area

where w is the beam waist (1/e? radius, 145 um in our case) and P is the value of the optical
power on the sample. For Vps = 0.4V, the responsivity reaches its maximum value (~53 ©A/W)
at the maximum optical power tested (7.6 mW). In fact, as depicted in the inset of Fig. 4(c), the
responsivity shows an upward trend.

As expected, measured maximum responsivity is lower if compared to conventional graphene-
based IR detectors due to the microwave-oriented design of our devices [19] which is not optimized
for radiation detection. In fact, it has to be pointed out that the ~2.3% single layer graphene
absorption already reported in the literature, although impressive for a one—atom thick material,
is not sufficient for competitive photodetection applications. Moreover, the zero bandgap nature,
essential for broadband detection, leads to a short lifetime of excitons, which is unfavorable for
the exciton separation itself. These characteristics cause the responsivity values of pure single
layer graphene to be limited to a few mA/W [19]. In our case, even worse values are awaited due
to the reduced exposed graphene area and large metal electrodes needed to properly inject and
extract the RF signal. However, higher responsivity values can be expected by employing ad hoc
optical structures that help the photons confinement or by the functionalization of the graphene
layer. Nevertheless, these solutions can come at the expense of the operation speed, so a trade-off
needs to be found with RF response. However, further improvement on the overall performance (RF
and optical) of the proposed devices can be reasonably obtained by adopting single-crystal CVD
graphene and optimized transfer. As to the mechanisms of photogeneration involved in our GFETS,
it can be explained as follows. The optical signal is first down-converted to an electrical signal and,
then, amplified exploiting the transistor effect of our devices. It is also evident that the substrate is
not able to provide charge carriers, given the higher energy bandgap of sapphire (7.3 eV) compared
to the incident laser energy (0.8 eV). The same characterization has also been performed on TiO,
and HfO, based devices, finding lower photocurrents and Ipn/I, ratios than those measured for
Al,O3 samples. Fig. 5 compares the photoresponse of GFETs employing the three different gate
dielectrics, together with the corresponding static curves. Drain-source voltage values have been
chosen to maximize the Ipn/l, ratio. Optical measurements show that transistors employing Al,Os
exhibit the highest photocurrent value when Vgs = 0.7V, followed by those devices that make use
of TiO.. No photoresponse, instead, has been detected in samples with HfO,, independently on
the DC operating point chosen. As it can be noticed, a wrong choice of the transistor operating
point can strongly compromise the photodetector performance and only proper DC bias conditions
ensure a sharp variation of the output photocurrent as a function of the input optical signal.

As it can be observed comparing static drain currents with (red curves) and without (blue curves)
laser power shining on the samples [see Fig. 5(a), (b), (c)], Dirac points shift with increasing
illumination only for Al,O3 and TiO, based samples. On the other hand, no considerable shifts are
found for those samples employing HfO, as gate dielectric. In other words, we notice a correlation
between photocurrent and photo-induced shifts of static drain currents, which we believe to be
in favor of photogating effect. The spatial distribution of surface or interfaces trap states, in fact,
has been reported to cause the above-mentioned horizontal shifts. Under laser irradiation, trap
states can trap photo-generated carriers whose accumulation induces a gate electric field leading
to a modulation of the channel conductance [24]. The analysis of both the static drain currents
and the photoresponses of our devices allows us to conclude that different interface/trap states
configurations are created after transferring graphene on top of the three dielectrics and that the
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Fig. 5. Static drain current (Ip) and photocurrent (I,,) vs. gate-source voltage (Vgg) for GFETs employing
(a,d) Al,Og3 (at Vps = 0.4 V), (b, e) TiO2 (at Vps = 0.1 V) and (c, f) HfO, (at Vps = 0.2 V) as gate oxide,
with (red curves) and without (blue curves) laser power impinging on the samples at 7.6 mW.

use of Al,O3 as gate oxide gives rise to a more effective modulation of the channel conductance
under laser irradiation and, consequently, to a higher photocurrent.

5. Conclusion

In this paper, graphene-based microwave transistors have been used for IR detection. Although
a lower responsivity is expected than conventional graphene photodetector, the proposed device
is able both to sense the incoming 1.55 um radiation and amplify the photogenerated electrical
signal making it suitable for telecom application. An in-depth analysis of the influence of both the
DC transistors operating point and the gate oxide on the IR photoresponse has been performed
to optimize detector responsivity without penalizing transistor microwave performance. The best
results have been obtained at Vps = 0.4 V and a maximum photoresponsivity of ~53 ©A/W at room
temperature has been found for devices employing Al,O3.
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