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Terahertz detection by epitaxial-graphene field-effect-transistors on silicon
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We report on room temperature detection of terahertz radiation by means of antenna-coupled field
effect transistors (FETs) fabricated using epitaxial graphene grown on silicon carbide. The
achieved photoresponsivity (~0.25 V/W) and noise equivalent power (~80 nW/y/Hz) result from
the combined effect of two independent detection mechanisms: over-damped plasma wave rectifi-
cation and thermoelectric effects, the latter ascribed to the presence of carrier density junctions
along the FET channel. The calculated plasmonic and thermoelectric response reproduces qualita-
tively well the measured photovoltages; the experimentally observed sign-switch demonstrates the
stronger contribution of plasmonic detection compared to the thermoelectric one. These results
unveil the potential of plasmonic detectors exploiting epitaxial graphene on silicon carbide for fast
large area imaging of macroscopic samples. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4932091]

Among the variety of active and passive photonic devi-
ces'? for the generation3_5 and manipulationf’_9 of terahertz
(THz) radiation, graphene has proven to be an ideal material
for low-cost room-temperature (RT) photodetection sys-
tems.""'” Generally, photodetection is based on the conver-
sion of incoming photons into an electrical signal. In the
THz frequency range, this conversion can be achieved in
room-temperature graphene via three main mechanisms:
bolometric (associated to graphene channel conductivity var-
iation due to photon absorption),”’]2 thermoelectric (TE)
(related to a photovoltage generated by a temperature gradi-
ent within the graphene channel),'® and plasmonic (due to
rectification of the THz-induced ac current in the channel of
a graphene field effect transistor (GFET)).leg

The large interest in reliable fast RT photodetection is
motivated by the growing applications of THz light in areas
like industrial process monitoring, biomedical diagnostics,
and security controls. For imaging applications, particular
attention is currently devoted to the development of sensi-
tive, compact, portable, very fast (>GHz) imagers. RT de-
tector arrays have been demonstrated with silicon CMOS'
(hundred s response time), pyroelectric,”® or microbolomet-
ric?! (response time in the millisecond range) detector arrays.
These detectors exhibit responsivities of the order of a few
kV/W and noise-equivalent-powers (NEP) < nW/v/Hz. In
this context, the atomic-scale thickness and the large length
scalability of the channel, combined with the extremely high
carrier mobility of graphene sheets, make GFETs ideal
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candidates for superior electronic performances®>> and the

development of focal plane sensors with high responsivity
and ultrafast response time.

In order to assemble closely spaced GFET-detector ele-
ments, large area graphene is needed. Recently, THz detec-
tion by chemical vapor deposition (CVD) graphene-FETs
has been successfully reported.'” However, graphene films
CVD-grown on an insulating substrate (like the one mostly
used for transistors fabrication) are currently limited to dis-
continuous nanometer-sized islands.** While CVD growth
on copper foils is rapidly emerging as a powerful technique
to obtain millimeter-sized single crystal graphene,” a high-
fidelity transfer process is needed to maintain good crystal-
line integrity, long-distance continuity, and absence of
cracks. The direct growth of graphene on the device sub-
strate is, therefore, highly desirable. Epitaxial graphene (EG)
represents a promising alternative: thanks to the graphitiza-
tion of silicon carbide (SiC) by silicon (Si) sublimation, high
quality graphene films can be directly grown on insulating
SiC substrates in the form of large-diameter wafers.

In this letter, we report on RT THz detection with an
antenna-coupled FETs exploiting epitaxial graphene grown
on the Si-face of a SiC substrate (EGFET). The recorded
photo-induced voltage was generated by the combination of
plasma wave rectification and photothermoelectric effect
across the FET channel.

The FET was obtained from bilayer graphene grown on
a semi-insulating, nominally on-axis-oriented, 4 H-
SiC(0001) substrate using a resistively heated cold wall reac-
tor (BM, Aixtron).?® Growth was performed at a temperature
of 1390°C and a pressure of 780 mbar for 20 min.
Assessment of the distribution of the number of layers was
conducted via spatially resolved Raman spectroscopy using
a Renishaw InVia system equipped with a 532nm laser.”

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4932091
http://dx.doi.org/10.1063/1.4932091
http://dx.doi.org/10.1063/1.4932091
mailto:federicabianco82@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4932091&domain=pdf&date_stamp=2015-09-29

131104-2 Bianco et al.

The graphene sheet was also characterized by atomic force
microscopy (AFM). AFM micrographs showed the typical
step-terrace structure of the graphitized SiC surface (Fig.
1(a)) and the presence of graphene with different thicknesses
within the terrace. The correlation of the AFM image with
the two-dimensional spatial distribution of the width of the
2D Raman peak (Fig. 1(b)) revealed the bilayer character of
the graphene®’ on the terraces together with the presence of
trilayer inclusions, typically located at the terrace edges, as
in Ref. 28.

The devices consisted of a log-periodic circular-toothed
antenna (see inset of Fig. 2(a)), whose lobes were connected
to the source and gate of the EGFET, while the drain was a
metal line. The 2.5 um long and 2 um wide channel was
defined by etching the large area graphene through a poly-
methyl methacrylate mask via oxygen/argon reactive-ion
etching. Antenna and metal contacts were patterned by elec-
tron beam lithography, followed by thermal evaporation of
5nm/100nm chromium/gold. A 35 nm-thick hafnium oxide
layer was deposited by atomic layer deposition as gate dielec-
tric for a top-gate configuration; this corresponds to a gate-to-
channel capacitance per unit area of 3.5 x 10’ F/cm®. The
length of the gate (L,) was 300 nm.

The detector was electrically characterized measuring
the source/drain current as a function of gate voltage (V)
while keeping source/drain voltage (Vyq) at 1mV. The
source/drain resistance (Ryy) varied from 14 to 17.5kQ
(black curve in Fig. 1(c)) with a maximum at a gate voltage
Venp 0.1V (charge neutrality point (CNP)). The observed
p-doping can be ascribed to extrinsic contaminations (e.g.,
exposure to air and residual fabrication impurities), contrary
to the intrinsic electron-doping reported in as-growth epitax-
ial graphene on SiC due to the charged dangling bonds of the
buffer layer.”” Moreover, no evident signatures of band gap
opening, typical of bilayer graphene,”® was observed in the
R4 curve. Tentatively, we ascribed this feature to the large
fluctuating disorder potential31’32 and/or to the superposition
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FIG. 1. Tapping-mode AFM phase signal (a) and Raman map of the 2D
peak width (b) of graphene grown on SiC. The 2D peak width shows a
bilayer character (black areas in Fig. 1(b)) on the terraces (light brown areas
in Fig. 1(a)) and trilayer inclusions (dark brown areas in Fig. 1(a) and red
areas in Fig. 1(b)) in the proximity of the SiC step. (c) Black dotted curve is
the source/drain resistance measured as a function of the gate voltage with
V,a=1mV. Blue empty-dotted curve is the plasmonic photovoltage for
overdamped plasma waves-assisted detection. The dashed vertical and hori-
zontal lines indicate the CNP and AU =0V, respectively.
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FIG. 2. (a) Photovoltage as a function of the incident radiation frequency
measured at V, =1.2V, Vg =0mV and for polarization at 0° and 90° with
respect to the antenna axis. The data are not corrected by the spectral de-
pendence of the source output power. The inset shows the optical image of
the device. (b) Photovoltage measured as a function of the gate voltage at
263 GHz (magenta line), 295 GHz (blue line), 325 GHz (green line), and
353 GHz (red line) with Vg¢g=0mV and polarization at 0°. The AU shift at
the CNP voltage from the O value is indicated for each photoresponse curve
by arrow-dashed lines. The dashed vertical and horizontal lines indicate the
CNP and AU =0V, respectively.

of the band structures of the bilayer with the residual
amounts of trilayer graphene,” which likely masked the
presence of the band gap. The mobility and residual carrier
density values were extracted by fitting the transconductance
characteristic,16 resulting in  p=120 cm?/Vs  and
no=1.7x10"%cm™? in agreement with the typical values
reported for epitaxial bilayer graphene.*® Generally, the mo-
bility in epitaxial graphene grown on Si-terminated SiC sub-
strates is limited by the presence of the interfacial layer,*
which causes Coulomb scattering as well as optical and low-
energy phonon scattering,”* and by short-range scattering
due to structural defects, step edges and thickness inhomoge-
neities.*® On the other hand, in bilayer graphene, the mobil-
ity shows a very weak temperature dependence; thus,
electronic transport can be considered dominated by
Coulomb and short range scattering mechanisms.**’

With this basic characterization, we can estimate the
expected response for the THz-induced rectification mecha-
nism. Plasma waves are excited in the FET channel,m’18 but,
in the low frequency (2nvt <1, v being the radiation fre-
quency and t the carrier momentum relaxation time) and
long gate regime (gate length much longer than the plasma
decay length), only overdamped waves are excited, meaning
that they decay before reaching the drain -electrode.
According to the hydrodynamic approach proposed by
Dyakonov and Shur (DS),14 the induced ac current can exist
only up to a distance l,; from the source. This distance is

quantified as 1, =s+/7/nv, where s is the plasma wave ve-
locity (s~ 106m/slg), T~ ,um*/e is the scattering time,
m" = 0.028m, is the effective mass of bilayer graphene,*® m,
is the free electron mass, e is the electron charge, and u is
the carrier mobility. Considering the mobility extracted from
the FET resistance, T becomes ~2 fs, so that 2nvt ~ 0.003
and the decay length 1~ 115nm <L,. This means that
plasma wave-assisted detection in the broadband over-
damped regime is expected in our detector. The detection
mechanism is activated by the simultaneous modulation of
the carrier density and drift velocity at the incoming
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radiation frequency v. Hence, the detector photoresponse is a
dc signal proportional to the incident power.

The photoresponsivity was characterized by illuminating
the detector with a broadband THz source (WR2.8AMC,
Virginia Diodes Inc.) covering a spectral range from
230 GHz to 375 GHz. The frequency dependent output power
ranged from 0.5 mW to 1 mW (calibrated after the focusing
lens). The source was modulated at 858 Hz with a fixed hori-
zontal polarization. The variation of the polarization direc-
tion was achieved by rotating the sample. A polished
Tsurupica lens was employed to focus the radiation and max-
imize the illumination of the detecting region. The photo-
voltage signal was then recorded by means of a lock-in
amplifier (Signal Recovery mo. 7265 DSP) with an input im-
pedance of 10 MQ and variable internal gain.

Figure 2(a) shows the photovoltage (AU) measured as a
function of the incident radiation frequency for beam polar-
ization parallel (0°) and orthogonal (90°) to the antenna axis,
while keeping V, =12V and Vg =0mV. As expected from
the dipole antenna operation, a polarization-sensitive signal
was observed: the maximum photovoltage was recorded
when the polarization was parallel to the antenna axis. The
frequency dependent AU exhibited a series of pronounced
peaks, in accordance with the antenna geometry. Instead, net
photovoltage suppression occurred when the radiation was
cross-polarized. In fact, only a clear but weak feature was
recognizable at 263 GHz.

Fixing the THz wave polarization at 0°, the photo-
induced voltage was measured at the peak frequencies of
Fig. 2(a) (i.e., 263 GHz, 295 GHz, 325 GHz, and 353 GHz)
by sweeping the gate voltage from negative to positive val-
ues (Fig. 2(b)). All curves (AU = AU,,,,) show nearly con-
stant negative values at negative gate voltage, while an
inverted V-shape reaching small positive values at the peak
is observed for positive gate voltage. In the overdamped
plasma wave regime, the solution of both Eulero equation
(for the drift velocity) and continuity equation (for the carrier
density)'* predicts that the plasmonic photovoltage is func-
tionally dependent on the gate voltage according to the rela-
tion AUy =C a’lda/ dV,. Here, ¢ is the source/drain
conductance and C is the constant that takes into account the
efficiency of the antenna coupling and the FET impedance.
The blue curve in Fig. 1(c) shows AU, calculated as a func-
tion of the gate voltage by using the measured FET conduct-
ance and assuming C~ 10~* V? as estimated in similar
GFET detectors.'® By comparing the trend of AUy, with
AUpl, a general similarity between the curves was found,
suggesting a detection mechanism based on the DS model.
Nevertheless, the model did not comprehensively describe
the detector photoresponse. In fact, contrarily to what pre-
dicted in AU, a clear change of the photovoltages sign
when crossing the CNP voltage was not observed.
Additionally, the photovoltage at CNP did not vanish as in
AUy, but showed a negative offset of few uV (Fig. 2(b)),
depending on the incoming frequency, as pointed out in
Fig. 3. This is not related to the frequency dependence of the
source output. Interestingly, a three-time smaller offset was
found by rotating the light polarization of 90° at 263 GHz.
The origin of this offset can be ascribed to the TE effect. In
fact, a thermoelectric voltage (AUrg) can be generated by

Appl. Phys. Lett. 107, 131104 (2015)

0.0— - . . . — 2.1
-0.5¢ 11.8
> -10} . 115
:-1.5‘ ’\ [+ ’// \\ [+ '12 —~
Z S it AV P )
é '2.0 B ,/'/' '\’/ \.\. ./'/ \’ T 09 z
=251 @ 10.6
D - OI 1
<1 3.0t gLk

S 0.0
260 280 300 320 340 360
Frequency (GHz)

FIG. 3. AU at CNP (black dots) and the corresponding estimated tempera-
ture difference of the junction (red diamonds) as a function of the radiation
frequency. The photovoltages AU at CNP are not corrected by the spectral
dependence of the source output power.

the presence of carrier density junctions created at the inter-
face of ungated and gated regions.'>'”***! In our detector,
p-n/p-p junctions were formed across the FET channel
depending on the applied gate bias. Owing to the antenna,
the THz radiation is asymmetrically funneled onto the FET
channel, inducing a local heating at the junction edge on the
source side. In epitaxial graphene an additional TE signal
may arise also at the edges of graphene with different thick-
ness, but this contribution is usually dominant only at low
temperature (T <RT).*? The resulting non-equilibrium hot
carriers distribution generates a temperature gradient (AT)
within the channel and thus a thermoelectric voltage
AUrg = (S; — S»)AT, where S , are the thermopowers of the
two regions with different carrier density. In order to esti-
mate AUrg in our detector, we used Mott’s equation, which
correlates the thermopower S with the measured electrical
conductance ¢ (6 = 1/Ryy, where Ry includes both the
contacts and sheet resistance (Fig. 1(c)))

_ PGT1de

. 1
3e odEr 0

Here, kg is the Boltzmann constant, T is the sample tempera-
ture, e is the electron charge, and Er =kgTF is the graphene
Fermi energy linked to the Fermi temperature Tg.
Independently of the dominant scattering mechanism, Eq.
(1) is valid when T < O.ZTF44 or, more in general, when kgT
< Ef. Generally, it well reproduces the graphene thermo-
power for RT measured at V, sufficiently far from VCNP,32
whereas it is valid near the CNP only if the carrier density is
such that kgT < Ep, like in low mobility graphene as a result
of large residual charge fluctuations.*> In our experiment
T/Tg~ 0.3 at CNP, thus a deviation from Mott’s formula of
less than —30% is predicted both for unscreened charged
impurities and short range scattering.** A larger deviation
(~—50%) is expected in the screening conditions.***°
Hence, without entering into the details of the dominant
scattering mechanism, Eq. (1) was used to roughly estimate
the thermopower for gated (S,=S(V,)) and ungated (S,
=S(V,=0)) regions and the corresponding AS =S, — S,.
At CNP, AS ~ —2 uV/K. Consequently, a AT between the
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FIG. 4. Calculated plasmonic (blue lines), thermoelectric (red lines), and
measured (black dots and lines) photo-induced voltage as a function of the
gate voltage at 263 GHz (a) and 295 GHz (b) with Vg=0mV and parallel
polarization. The dashed vertical and horizontal lines indicate the CNP and
AU =0V, respectively.

junctions that ranges between about 0.7 K and 1.5 K, depend-
ing on the radiation frequency (Fig. 3), could be accountable
for the non-zero photovoltage measured at CNP. Likely, the
frequency dependence of AT is determined by the sensitivity
of the antenna-radiation coupling on the radiation frequency.
On the contrary, AT < 0.5 K was evaluated when rotating the
incident radiation at 90°, further corroborating the relation
with the local heating induced by the antenna. Within this
scenario, we extracted the thermoelectric voltage AUrg as a
function of gate bias AUTg(V,) = (S — Su)AT. As shown in
Figs. 4(a) and 4(b), the calculated thermoelectric response
mainly contributes at positive gate voltages and has a curve
similar to the plasmonic one but with a opposite sign. Thus,
by considering the additional contribution of AUrg, the over-
all behavior of the measured signal AUy, could be qualita-
tively well reproduced. In fact, both the flat and V-shaped
behaviors at V,<0 and V,>0, respectively, can be
explained by the superimposed functional dependence of
AUrg and AU, on the gate voltage. Moreover, the particular
dependence of AU, at positive gate voltages may be used
to discriminate the contribution of each mechanism to the
total THz detection. In fact, although a more quantitative
analysis would require a precise estimation of the C factor in
AU, and of the thermopower in AUrg, the small sign switch
of AUy, provides an indication that the plasmonic mecha-
nism was strongly weakened by the thermoelectric effect,
although still playing an important role in our detector.

The detector figures of merit were calculated following
the procedure in Ref. 16. Therefore, only a lower limit for
the responsivity (R) was extracted. The maximum responsiv-
ity was achieved at 263 GHz and 325 GHz corresponding to
~0.25V/W. Instead, R ~ 0.15V/W was estimated at
295 GHz and 353 GHz. It is worth noting that the maximum
responsivity was achieved for the frequencies where the
highest temperature gradient was estimated, confirming a
more efficient coupling of the THz radiation with the FET
channel. Finally, due to the zero-bias configuration, the ther-
mal Johnson-Nyquist noise was assumed as the dominant
contribution'>'” to calculate the NEP. The minimum NEP
value was quantified as 80 nW/v/Hz and 160 nW/v/Hz at
263 GHz/325 GHz and 295 GHz/353 GHz, respectively.

Appl. Phys. Lett. 107, 131104 (2015)

In conclusion, we demonstrated room temperature THz
detection with epitaxial graphene grown on silicon carbide
as the channel of an antenna-coupled FET. The photores-
ponse analysis revealed the presence of two competitive in-
dependent detection mechanisms: the plasmonic detection
due to the electron transport nonlinearity and the thermoelec-
tric effect due to the presence of carrier density junctions
and induced temperature gradient across the EGFET chan-
nel. Specifically, the analysis of the experimental data sug-
gested that the plasma wave detection might be the dominant
mechanism, even though strongly counterbalanced by the
thermoelectric response. This detrimental competition
resulted in an NEP~80 nW/v/Hz and a responsivity of
about 0.25V/W. This is one to two orders of magnitude
lower than in plasmonic THz detectors fabricated by exfoli-
ated graphene'® or CVD graphene transferred on Si/SiO,
substrates,'” respectively. Improvement of the plasmonic de-
tector performance can be achieved with the maximization
of the channel transconductance by minimizing the size of
the ungated regions,'” and thus the associated series resist-
ance, and by using quasi-free standing graphene obtained by
hydrogen intercalation.’® The latter would allow the gra-
phene to be decoupled from the SiC substrate and the electri-
cal properties to be improved,” thus enhancing the
plasmonic contribution to the photoresponse.*’” Although de-
vice improvements are required for a competitive photores-
ponse, these results demonstrate that epitaxial graphene
grown on SiC is a promising candidate for compact, scalable,
and fast focal plane detectors for imaging applications.
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