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Increased Responsivity of Suspended Graphene Photodetectors
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ABSTRACT: The responsivity of graphene photodetectors
depends critically on the elevated temperature of the electronic
subsystem upon photoexcitation. We investigate the role of the
substrate in providing cooling pathways for photoexcited
carriers under ambient conditions by partially suspending few-
layer graphene over a trench. Through photocurrent
microscopy, we observe p—n junctions near the supported/
suspended interfaces that produce photothermoelectric
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currents. Most importantly, we find the photocurrent in suspended p—n junctions to be an order of magnitude larger than in
supported structures. This enhancement is attributed to the elimination of a dominant electronic cooling channel via the surface
phonons of the polar substrate. Our work documents this mechanism of energy exchange between graphene and its environment,
and it points to the importance of dielectric engineering for future improved graphene photodetectors.
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Graphene photosensors based on bolometric,' ™ thermo-
electric,*”” or photovoltaic®®™"" effects have recently
been demonstrated. The advantages of graphene in these
applications include a bandwidth as high as 500 GHz”'>"* and
photosensitivity to long-wavelength radiation in the THz or
mid-IR. A key characteristic of supereflicient optoelectronic
devices is the utilization of the excess energy of photoexcited
carriers before it is lost to the phonon bath, for example
through carrier multiplication'* or generation of hot
electrons."”® Graphene’s strong bonding implies large optical
phonon energies. Its high Fermi velocity and linear dispersion
implies limited scattering phase space for acoustic pho-
nons.'*>° These properties underlie the very weak electron—
phonon coupling in graphene when compared to other material
systems. As a result, upon carrier excitation with light or other
means, the electronic temperature in graphene can be driven far
from equilibrium with potential for efficient optoelectronic
devices. However, in comparison with other materials,
graphene presents a unique situation, since its dominant
electronic cooling mechanism can be extrinsic, rather than the
typical electron interaction with internal phonon modes. For
example, electrical contacts attached to graphene may serve as
an efficient heat bath for the hot electrons. Impurities and other
defects can serve to relax the momentum conservation
constraint in electron scattering with acoustic phonons, leading
to larger scattering phase space.”"*” Graphene being a two-
dimensional membrane also interacts intimately with its
underlying substrate. For example, substrate surface polar
phonons (SPPs) which are present in common substrates such
as SiO, and h-BN may provide additional electron energy decay
channels.”*~?° In fact, these SPPs generally have lower energies
than the graphene internal optical phonons, and they couple
strongly with the electronic degrees of freedom in gra-
phene.”*~%¢
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Here, we present photocurrent measurements on partially
suspended few-layer graphene, where we can test the role of the
substrate in cooling the photoexcited electrons. The photo-
current maximum occurs close to the suspended-supported
graphene interface, that is, the position of the p—n junction. We
find close to an order of magnitude increase in photocurrent
compared to usual substrate-supported graphene p—n junctions
under room temperature conditions. This increase cannot
simply be explained by a reduced phononic heat conduction
into the gate stack. Instead, the charge carriers attain an order
of magnitude higher electron temperature due to the absence of
electron-SPP scattering. The response to gate bias shows that
the photocurrent is due to a thermoelectric effect,*”” as
opposed to the photovoltaic effect which dominates in
graphene on a uniform SiO, dielectric.'®"" These results
clearly show that the role of substrate phonons cannot be
neglected in estimating the thermoelectric photocurrent in
supported graphene.

Our graphene photodetector, consisting of three layers of
graphene partially suspended over a trench and contacted by
metal contacts, is shown in Figure la. Few-layer graphene was
mechanically exfoliated from graphite on silicon substrates with
300nm SiO, and prefabricated trenches 300 nm deep and 1.3
pum wide. The layer number was determined by the reduction
of the silicon Raman signal due to the graphene overlayer.
Metal contacts were subsequently defined by e-beam
lithography, metal deposition, and lift-off. As-prepared, the
graphene exhibited p-type behavior. Very gentle annealing with
currents”” on the order of 30 uA (corresponding to an electrical
power on the order of 1 W) and simultaneous raster-scanning
of light of 100 yW power and A = 476.5 nm wavelength lead to
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Figure 1. Partially suspended graphene p—n—p junction. (a) Reflected
laser light image of the device, showing the contacts, the SiO, support,
and the trench. A three-layer graphene flake is exfoliated on top of the
structure as indicated by dashed lines. (b) Spatially resolved
responsivity of the graphene photodetector, measured with wavelength
A = 514.5 nm and backgate voltage V; = 10 V. A peak responsivity on
the order of 107> A/W is measured near the suspended-supported
interface. (c) Schematic of the device, showing two 1 um long
supported graphene segments and the 1.5 pm long suspended part.
The trench depth is 300 nm. The supported part is heavily p-doped by
the substrate, while the suspended part is only lightly doped after
annealing and can be switched n-type or p-type by a gate voltage. The
p—n junction is located about 100 nm inside the suspended part due
to electrostatics.

an ambipolar gate-voltage characteristic due to selective
removal of dopants in the suspended part. We found that it
was important to apply both the current and the light
simultaneously to achieve efficient removal of dopants in the
suspended part. The supported part stayed unaffected at these
low power levels. Application of a gate voltage leads to
asymmetrical electrostatic doping in the suspended and
supported parts due to the different dielectric constants of
SiO, and air, thus creating two back-to-back p—n junctions at
the suspended/supported interfaces. For the photoconductivity
experiments, we illuminate the sample with focused laser light
of 514.5 or 476.5 nm wavelength and about 500—800 nm spot
size. The laser spot is raster-scanned across the sample while
the photocurrent is recorded, thus generating spatially resolved

images of the photocurrent together with images of the back-
reflected light to locate the electrodes and trench (Figure 1).

We first consider the two possible photocurrent generation
mechanisms, photovoltaic (PV) and thermoelectric (TE). In
previous works, the PV effect has been found to dominate in
graphene p—n junctions supported on SiO,,'”'! while the TE
effect dominates in graphene p—n junctions with top-gate
dielectrics of h-BN.® In our partially suspended p—n junctions,
the supported part is p-doped, and even though the gate-
channel coupling is strong due to the dielectric constant £ = 3.9
of SiO,, we do not reach the Dirac point in supported graphene
even at the highest applied gate voltage of V; = 10 V due to the
substrate doping. In contrast, the suspended part is close to
being intrinsic due to the removal of dopants through current
annealing and the absence of substrate doping, thus allowing us
to switch between bipolar p—n—p and unipolar p*—p—p*
conditions as shown in Figure 2b. To unambiguously
differentiate between the two mechanisms, we follow refs 6
and 7 and use the direction of the photocurrent in the cases of
bipolar p—n junctions and unipolar p*p junctions as the
diagnostic (first index supported part, second index suspended
part). In the case of a dominant PV effect, these combinations
should lead to photocurrents in the same direction, while in the
case of the TE mechanism the photocurrent should reverse sign
in the unipolar junction. Figure 2 shows that the photocurrent
clearly switches sign between these conditions, and the signs
are consistent with the TE effect. A sign change for the PV
effect would require to switch the electric field direction and go
from pn, p*p, nn~ on the one hand to np, pp*, n™n on the
other. The stronger coupling to the backgate on the supported
part together with the intrinsic p-doping of the supported part,
does not allow biasing the device in either np or pp* conditions.
The electric field could only reverse when the region in the
supported part becomes more n-type than in the suspended
part (n"n), but since the supported part stays p-type at V; = 10
V, this is not possible. Even if we could push the gate voltage
higher without damaging the suspended graphene, the switch in
PV photocurrent would have the wrong sign. We have thus
established the dominance of the thermoelectric effect in
partially suspended samples.

The responsivity of our suspended graphene photodetector
under room temperature conditions, ~1 X 1072 A/W, is about
an order of magnitude larger than that of fully supported
devices based also on the thermoelectric effect (Table 1).*%'3
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Figure 2. Photoresponse of the partially suspended graphene device. (a) Responsivity as a function of position for various gate voltages. Peak
responsivity occurs at the highest positive gate voltage. The laser wavelength was 4 = 476.5 nm and the incident laser power P = 100 uW. (b)
Schematic of the back-to-back junctions as a function of gate voltage. At V; = 10 V an ambipolar p—n—p junction exists, while at V5 = =10 V a

unipolar p*—p—p* junction is present.
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Table 1. Comparison of the Sensitivity of Our Suspended
Graphene Photodetector with Substrate-Supported
Graphene Photodetectors Taken from the Literature®

responsivity

type temp. power i current per layer

this work: 300 K 100 pW 476 nm 800 nA 2.7¢7 A/W
suspended
trilayer

ref 4: SLG-BLG 12 K 40 uyW 635 nm 40 nA 6.7¢™* A/W
junction

ref 4: SLG-BLG 300 K 40 uyw 635 nm 3nA Se™> A/W
junction

ref 5: p—n 300 K 40 uW 600 nm 10 nA 2.5¢7 A/W
junction

ref S: bilayer p—n 300 K 30 uw 532 nm 45 nA 7.5¢7* A/W
junction

ref 6: p—n 40 K N 850 nm 40 nA 8e ™t A/W
junction

ref 6: bilayer p—n 40 K 200 4W 850 nm 30 nA 7.5¢7° A/W
junction

ref 13: p—n 20 K 70 uyW 800 nm 200 pA 3¢S A/W
junction

“The photocurrent generation mechanisms are based on the
thermoelectric effect throughout. The responsivity values are
normalized to the incident laser power and graphene layer number.
For SLG-BLG junctions we normalized with the average 1.5 layers.

The enhanced photothermoelectric current indicates a higher
carrier electronic temperature. A possible explanation is the
partial elimination of a dominant electronic cooling channel via
the SPP due to the polar SiO, substrate.> >>*® Indeed, the
SiO, SPPs which have lower energies (60 and 150 meV) than
the intrinsic graphene optical phonons (160 and 200 meV) are
expected to be involved in the dominant power loss mechanism
under ambient temperature and moderate doping conditions.*®
Calculations of the SPP electronic cooling yield an “out-of-
plane” thermal conductance (i.e., from the electron subsystem
to the phonon subsystem) of y, = 1—10 MW/m*K, while that
due to intrinsic phonons is an order of magnitude smaller.”®
Hence, the overall reduction in the out-of-plane thermal
conductance in our partially suspended graphene devices would
result in a higher electronic temperature. In what follows, we
petform the following analysis: (i) First, making use of the
knowledge of the out-of-plane thermal conductance in our
partially suspended graphene device, we estimate its electronic
temperature by solving the heat transport equation. (ii) Second,
we extract the device electronic temperature “experimentally”,
since the measured photothermoelectric current serves as a
“thermometer” of the device’s electronic temperature. These
two approaches for extracting the electronic temperature are
then compared and discussed.

Upon light illumination, the electronic temperature of
graphene (T,) achieves a steady-state elevated temperature
with respect to the ambient (T, = 300 K). The spatial profile of
T, depends on many factors, such as the device geometry, laser
power profile, and electronic coupling to the phonon baths and
the metallic contacts. It can be modeled by the following
differential heat equation,

2
—hk,
d

I

>+ 1((% - T) = P(x)
x (1)
h =~ 1 nm is the thickness of trilayer graphene. k. is the in-plane
electronic thermal conductivity, which we estimate through the
Wiedemann—Franz relation from our device’s electrical

conductivity to be &1 W/m-K. Electrons in graphene can
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couple to both the internal and substrate polar phonons, and
the electronic heat dissipation efliciency is described by an out-
of-plane thermal conductance given by .. In this work, a value
of y. % 5 MW/m*K and 7, ~ 0.5 MW/m?*K on the sugsported
and suspended regions respectively is employed.”™ The
supported region is a more efficient “cooling pad” since the
electrons can cousple to both the internal and substrate surface
polar phonons.* P(x) is the spatial profile of the light

illumination on graphene, which we assume to be Gaussian,

aky [ (x — xo)z]
exp| —
OLspot\/E 20-02 )
where «a is the absorption coefficient for trilayer graphene,
taken to be = 7%, and P; & 100 yW is the laser power. The
laser spot size, taken to be the half-width of the Gaussian
profile, is given by L, = 2(2 In 2)"26, ~ 0.5 ym and x,
denotes the position of the peak laser intensity.

We solved eq 1 numerically to obtain the spatial profile of
the electronic temperature as shown in Figure 3b,c, for partially
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Figure 3. Modeling of the temperature profile. (a) Schematic of the
modeled partially suspended device. (b) Intensity plot of the
temperature profile for a partially suspended graphene device, ie,
T.(%,x,), where x is the transport direction and x is the laser focusing
position. (c) Similar to b, except for a fully supported graphene device.

suspended and fully supported graphene devices respectively.
In the former, the length of the trench is L &~ 1.5 ym and the
supported regions are & 1 um, as illustrated in Figure 3a. A
maximum elevated temperature of 6T = T, — T, =~ 40 K was
obtained at the supported-suspended interface (i.e, x = 0).
Further away from the supported region (ie., x > 100 nm), a
maximum elevated temperature of T &~ 50 K was obtained. On

~
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the other hand, 6T is only & 5 K for fully supported graphene
devices. Our results are relatively insensitive to the value of &,
used in this work since y, > hk,/L? which implies that the out-
of-plane heat flow dominates over the in-plane counterpart. We
note that in our analysis, we have ignored the phonon part of
the heat conduction, where the lattice temperature is implicitly
taken to be at T). Contrary to the electronic heat conduction,
the phonon’s counterpart satisfies y,, < hKPh/LZ. Due to the
much more efficient phonon thermal conductivity, x,;, ~ 3000
W/m-K,* the lattice temperature is only 2.5 Kelvin larger than
T,. This is confirmed by solving an analogous heat equation
(ie, eq 1) for the phonon part assuming an out-of-plane
thermal conductance y,;, of 1 MW, /m*K and 0 MW/m>K for
the supported®® and suspended part of graphene.

The photothermoelectric current serves as a “thermometer”
of the device’s electronic temperature and is given by,

Lspot
w

w

ITE ~ fo-eéTjunc(St - Ss) (3)
where o, is the electrical conductivity, S is the Seebeck
coefficient, and 6T, is the electronic temperature at the
electrostatic junction. The transport coefficient o, is measured
experimentally and can be well fitted to the following formula
(note that transport is limited by the lesser doped suspended
region),

o-min

a (Eg + &)

e AZ(I

4)

where Ey is the Fermi energy of the suspended region, a is a
dimensionless number 0.21, A is the electron—hole puddle
energy, and o, is the minimum conductivity. Both A and o,
can be fitted to the device’s electrical conductivity in
experiments, while Ep, is described by,

nh*

—n

E
F 2m

©)

where n is the carrier density and is given by n = CgV/e + ny
where Cy is the gate capacitance and ny is the residual fixed
charge density. m is the electron’s effective mass, which in
trilayer graphene is &~ 0.05m,.>" Figure 4a shows the device’s
electrical conductivity fitted to eq 4. The Seebeck coefficient S
can then be obtained directly from the Mott formula®* in
conjunction with eq 4. S is plotted in Figure 4b for both the
supported (S,) and the suspended (S,) part of graphene. The
photothermoelectric current, or responsivity, calculated from eq
3 is plotted in Figure 4c, and fitting to the regime of largest
responsivity (which is also the regime dominated by the
thermoelectric effect) suggests an electronic temperature of
0Ty between 35 K and 50 K. We note that the extracted
electronic temperature is an order of magnitude larger than
what would be expected in supported graphene devices under
similar experimental conditions.” An overall “negative shift” in
the responsivity between the model and experiments in Figure
4c can be accounted for by a finite photovoltaic contribution,
caused by the local electric field at the suspended-supported
interface.

The extracted temperature is in good agreement with the
estimated electronic temperature from solving the heat
equation, suggesting that the elimination of a dominant cooling
channel via the SPPs can lead to an elevated electronic
temperature consistent with the measured photothermoelectric
current. Since our device is operating at room temperature, we
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Figure 4. Thermoelectric photocurrent. (a) Electrical characteristic of
the partially suspended graphene. The current minimum at 7 V is due
to the suspended section. (b) Modeled Seebeck coefficients of the
suspended and supported sections. (c) Modeling of the photothermo-
electric component of the photocurrent (blue) and comparison with
the experiment (red), see main text for details.

expect the electronic cooling to be mainly mediated by the
optical phonons, both the internal and extrinsic substrate
phonons as accounted for in our above studies. Electronic
cooling by acoustic phonon is a significantly less efficient
process comparatively. However, impurities could enhance its
electronic cooling efliciency via a process known as “super-
collision”. Recent experiments*"** suggest the cooling power
associated with this process to be A((T, + 6T)* — T§) with A of
~ 1 W-m K™ on supported graphene. Assuming this process
to be the main cooling mechanism, our absorbed laser power of
2.8 X 10" W-m™ would then produce an elevated temperature
of 6T =~ 80 K for supported graphene, which is much higher
than that extracted from the photothermoelectric current
(recall that we obtained 6T ~ S K for supported graphene,
Figure 3c). Furthermore, suspending the graphene typically
improves the carrier mobility, leading to a smaller rate
coefficient A and an even higher estimate for the temperature.
Hence, our experiments and analysis strongly suggest that the
SPP mechanism is the dominant contribution, which accounts
for the photocurrent observed in supported graphene p—n
junctions on SiO,.

In summary, we present in this paper the study of the
photocurrent of a suspended graphene device with significantly
improved responsivity. The experiment highlights the impor-
tance of the phonons of the polar substrate in enhancing the
electronic cooling and limiting performance of nonsuspended
graphene photodetectors. This study also reinforces the notion
that the properties of two-dimensional graphene are strongly

dx.doi.org/10.1021/nl4001037 | Nano Lett. 2013, 13, 1644—1648
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influenced by extrinsic factors, pointing to the importance of
dielectric engineering for improved graphene photodetector
performance.
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