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ABSTRACT: Infrared photodetection of silicon is prevented by
the bandgap energy at wavelengths longer than approximately 1100
nm (~1.12 eV) at room temperature, while silicon is the most used
in modern electronics. Of particular interest is the performance of
silicon for photodetectors in the infrared region beyond the silicon
bandgap. Here, we demonstrate graphene field-effect transistor
photodetectors on silicon with high photoconductive gain and
photodetection capability extending to the infrared region. These
devices have a photoresponsivity of >10° A/W for excitation above
the silicon bandgap energy and yield a value of 35 A/W for infrared
detection at a wavelength of 1530 nm. The high photosensitivity of
the devices originates from the photogating effect in the
nanostructures and a long Urbach tail extending into the infrared
region. A model to explain the mechanism of the photoconductive
gain is proposed, which shows that the gain results from modulation of the surface charge region under illumination. The gain
strongly depends on the excitation power, due to carrier capture processes occurring over the barriers associated with the surface
charge region, in agreement with the experimental data. This model properly explains the photoresponse behavior of graphene field-
effect transistors on silicon.
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B INTRODUCTION used to evaluate the photoconductive gain in low-dimensional
structures of photodetectors.’

Graphene in the field-effect transistor structure (graphene/
S$i0,/p-Si) for photodetection inducing a strong photogating
effect provides an ultrahigh photoconductive gain for the
device. Specifically, doped silicon wafers (p- or n-type
material) at the back-gate of the device are utilized as efficient
absorbers, instead of only supporting parts of the devices."”~"°
The difference in the work functions of graphene, doped-Si,
and SiO, induces a potential well at the SiO,/p-Si interface to
trap photogenerated carriers (negative or positive charges),
thus generating an extra voltage to regulate the carrier
concentration in the graphene channel of the device through
the coupling capacitor. A graphene layer with a high carrier
mobility can sense changes in the surface charge region at the
SiO,/p-Si interface, including the width of the surface charge

Photodetectors fabricated from low-dimensional substances,
including two-dimensional (2D) materials, nanowires, and
quantum dots, have demonstrated high potential for
applications based on observations of extremely high photo-
responsivity.' ° In these low-dimensional structures, the
photogating effect strongly contributes to the conversion of
light into electrical signals.4_9 For example, in a field-effect
transistor structure, the photogating effect modulates the
conductance of the device channel through a photoinduced
gate voltage.”'”"" In this situation, photogenerated carriers
(electrons and holes) in the active area of the device are
separated owing to the interfacial potential induced by
interfaces in the low-dimensional structures.’™”'> If one type
of photogenerated carrier is captured at the interfacial
potential, it produces an extra gate voltage that regulates the
conductance of the active channel. Since the lifetime of carriers
in trapped states is prolonged, and the transit time of induced
carriers is short, a high photoresponsivity in these low-
dimensional structures can be obtained. Typically, the
photoconductive gain, G = Typped/ Trransit (Ttrapped is the carrier
lifetime in trapped states, and 7y, is the transit time of the
opposite charge carrier in the channel), which is commonly
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Figure 1. Schematic illustration of GFET photodetectors based on photogating effect on p-type Si substrates. (a) Schematic structure of a GFET
photodetector, including Al,O;/graphene/SiO,/p-Si structure, source and drain contacts. (b) Resistance—voltage transfer curve of a GFET device
(L = 10 and W = 20 pm) under dark conditions and Vg = 0.2 V at room temperature for determining the mobility of carriers in the graphene
channel. (c) Schematic diagram illustrating parameters used in the modeling to understand the performance of the devices, including experimental
dimensions, the graphene/insulator/semiconductor for the photogating effect and the surface charge region in the p-Si back-gate. (d—f) Energy
band diagrams of heterostructures of graphene/SiO,/p-Si indicating the band bending, thickness of the surface charge region with and without
illumination, and the shift of the graphene Fermi level at different back-gate voltage conditions, forming depletion and accumulation layers. Open

red dots are holes, and blue dots are electrons.

region and surface charge density, generating an additional
photogating voltage. These factors result in a high photo-
conductive gain in the graphene field-effect transistors
(GFETs).">7 !¢

To elucidate the photogating effect of GFETs on the
photodetection performance, we fabricated, characterized, and
proposed a model for the photoconductive mechanism of
GFET photodetectors on p-type Si substrates (Si:B). GFET
photodetectors on p-doped Si substrates present a strong
photoresponse to the band-to-band excitation of silicon, with a
photoresponsivity higher than 10° A/W and obtain a high
performance under infrared (IR) illumination (~35 A/W
under 1530 nm excitation). The sub-bandgap photoresponse is
related to the absorption tail, characterized by an Urbach
energy of 29.9 meV for a doping concentration of 3 X 10"

cm™3

. We propose a photoconductive gain model that
considers the effect of modulation of the surface charge region
and surface charge density under illumination. This illustrates
that the photogating effect significantly contributes to the
photoconductive gain of the GFETs. The proposed model
provides quantitative agreement with the experimental results,
including the power and temperature dependences of the

photoconductive gain.
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B DEVICE FABRICATION AND CHARACTERIZATION

GFETs were fabricated on p-type boron-doped silicon (Si:B)
wafers (1—10 Q cm) with a doping concentration of ~3 X 10"
cm™ which is well below the critical concentration of the Mott
transition forming metallic state.'” Initially, a 290 nm silicon
oxide layer was thermally grown on these silicon wafers at
1,100 °C. Ohmic contacts (S nm Cr and 80 nm Au), including
the back-gate, drain, and source, were formed using electron-
beam (e-beam) evaporation, photolithography, and metal
liftoff steps. Next, a single layer of chemical vapor deposition
graphene was transferred onto the SiO,/p-Si substrate.'*'®
Photolithography as well as oxygen-plasma dry etching were
applied to establish the graphene channel, including the
distance between the source and drain contacts, L, of 10 um,
and width, W, of 20 um. To protect the surface of graphene, a
3 nm nucleation layer of Ta,O; was deposited by e-beam
evaporation method on top of the graphene channel, afterward,
a 25 nm Ta, Oy film was deposited by atomic layer deposition
(ALD) method on the devices (Figure 1). Finally, the oxygen-
plasma dry etching was used to reopen electrical contacts,
including back-gate, drain and source terminals.

The photoresponse characteristics of GFET devices with
and without light radiation were characterized using source-
meter units at room temperature.14 A source-meter unit
(Keithley 2450) was applied to fix the voltage between the
drain and source contacts, Vg, of 0.2 V as well as to detect the
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Figure 2. Photoresponse characterization of a GFET photodetector at room temperature, underVpg = 0.2 V and A = 532 nm. (a) Current—voltage
transfer curves of the GFET photodetector with and without illumination, showing a shifting of the CNP toward the positive value of the back-gate
voltage. (b) Photocurrent in response to the back-gate voltage under different excitation powers. Inset shows the photocurrent under an excitation
power of 0.661 pW. (c) Photoresponsivity of the GFET photodetector in response to the excitation power, showing an approximately constant
value at low excitation intensity and lower values at high power. Inset shows the photocurrent in response to the excitation power.

drain current, I, while the second source-meter unit was
employed to sweep the bias voltage on the back-gate, Vi,
between —25 to 25 V. A lock-in amplifier was used to collect
the photocurrent under on/off and low illumination
conditions. For the optical characterization, a number of lasers
with wavelengths of 532 and 1530 nm, and a broad-band
visible to near IR light emitter from an Edmund tungsten lamp
were employed to characterize the photoresponse of the
GFETs. Narrow bandpass spectral filters with a fwhm of 10 nm
were used to select the desired wavelengths. Continuous-wave
laser beams were turned off and on using an acousto-optic
modulator or mechanical choppers. Details of the device
fabrication processes as well as electrical/optical character-
izations of the GFET photodetectors are provided in the
Supporting Information.

The mobility of carriers in the graphene channel is a critical
parameter for the optical performance of GFET photo-
detectors.'”'>'??® To achieve high carrier mobility in
graphene, a high-x dielectric film (Ta,0;) with a dielectric
constant (& ~ 25—50), was deposited on the graphene channel
by the ALD method.'”*'~** The screening effect of the Ta,Oj
layer can minimize the degradation of carrier mobility in
graphene,”>**>?® leading to an improvement in the optical
performance of these photodetectors.””*”** The ALD Ta,Os
capping layer does not absorb photons with energy from the
ultraviolet (UV) to the IR region; thus, no additional optical
signal originates from this 1ayer.29’3’0 The carrier mobility, y,
can be obtained from the transfer curve (or drain current vs.
back-gate voltage characteristic) of the GFET by fitting the
resistance of the graphene channel, R, under dark conditions to
the expression,31_‘

R=R_+ R, =R;+ L/w =
4//‘\/"02 + (%(‘@G - VDirac))
1)
where g is the elementary charge, Ry, is the resistance of the
€€y

graphene channel, R_ is the total contact resistance, C; = —* ~

11.3 nF/cm’ is the capacitance of the gate per unit area, & is
the vacuum permittivity, € ~ 3.7 is the dielectric constant of
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Si0,,** d 290 nm is the SiO, thickness, n, is the
concentration of carriers generated by charged impurities at

the graphene/SiO, interface, and n, = %(VBG — Vpiao) is the

carrier concentration created by a bias applied on the back-gate
away from the Dirac point voltage, V., or the charge neutral
point (CNP) voltage. The best fit (red line, Figure 1b) to the
transfer curve revealed a carrier mobility of ~5,080 + 250 cm”
V~'s7! in the graphene channel.

The effect of converting light into electric current of the
GFET is shown in Figure 2. Specifically, transfer curves were
obtained with and without illumination at 532 nm under Vipg =
0.2 V. The intensity of the light varied from femto- to
nanowatts (Figure 2a). With increasing illumination power, a
shift in the transfer curves, corresponding to the moving of the
CNP voltage, is observed toward positive values of the back-
gate voltage, revealing the p-doped characteristic property of
the graphene channel. The photocurrent is estimated as I, =
Light — lgaro Where Iy, and Iy, are the electric currents under
dark and illumination conditions, respectively. The photo-
current in response to the back-gate voltage is shown in Figure
2b. The maximum photocurrent is obtained at Vzg ~ =9 V
under different excitation intensities, as a result of the
maximum efficiency of the bending of energy bands at the
SiO,/p-Si interface for the photogating effect. The photo-
current at Vyg = —9 V under different excitation intensities is
presented in Figure 2c, inset. The detector is highly sensitive to
light. Under a weak excitation power from 20 fW to 10 pW, the
photocurrent grows linearly and increases slowly under high
illumination intensity. A photocurrent of ~0.775 pA is
obtained at an excitation intensity ~0.661 pW.

For imaging and remote sensing applications, a wide range
of photodetection is an important property of photodetectors.
To estimate the detectivity of the devices, their photo-
responsivity is determined as, R, = I;,/P, where P is the power
of the light source. Figure 2c shows photoresponsivity as a
function of the excitation power. Under low illumination
power, the photocurrent increases linearly with power,
indicating a constant photoresponsivity. A high photo-
responsivity of ~1.2 X 10° A/W is obtained across almost 3
orders of magnitude of excitation intensity on the femto- to
picowatt level at 4 = 532 nm, allowing for weak detection of
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optical signals. In this situation, free holes and electrons
produced from the photoabsorption process are well separated;
thus, a higher excitation intensity induces a higher photo-
current. However, when the excitation illumination exceeds a
certain value, a large number of electron—hole pairs are
created. Several recombination channels of holes and electrons
occur, including radiative, nonradiative, and Auger recombi-
nation processes;lz’M’35 thus, these holes and electrons do not
support the photocurrent in the graphene channel. Moreover,
the number of photons exceeded the absorption limit in the
active region of the SiO,/p-Si interface (~10 nm), thereby
reducing the photoresponsivity. At a high illumination
intensity, the rate of increase of the photocurrent in response
to the increasing excitation power slows down, and the
photoresponsivity decreases.

GFET photodetectors on p-doped Si substrates convert
optical signals into electric currents over a large spectral range
with high sensitivity in the UV to near IR region. The
photoresponsivity of the devices was characterized at room
temperature, normalized by optical excitation, and plotted on a
logarithmic scale (Figure 3). The photodetectors obtain a high
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Figure 3. Wavelength dependence of the GFET photodetector.
Photoresponsivity of the GFET on p-Si substrate increases
significantly as photon energy is higher than the silicon bandgap
under Vg = 0.2 V at room temperature.

photoresponsivity under the overbandgap excitation of silicon
(>10° A/W) and achieve a high performance under IR
illumination, Vpg = 0.2 V, and Vg = —9 V. The onset of
photocurrent at 0.75 eV (~1650 nm) was identified for the
photodetection of these devices.

The devices detect photons in the near IR region with
photon energy well below the bandgap energy of silicon
(~1.12 eV at room temperature). Specifically, a high
photoresponsivity of ~35 (A/W) under 1530 nm (~0.81
€V) excitation is obtained (Figure 3). The photoresponse of
GFETs in the near IR region originates from the high
photoconductive gain and below-bandgap absorption tail (or
Urbach tail) of silicon. The absorption tail is defined as the
density of states that extend from the energy bands into the
bandgap of the material as an exponential absorption edge.
The tail changes from two to 4 orders of magnitude and
appears in disordered materials, including strains, defects, and
doping elements in crystalline materials. Additionally, silicon is
an indirect bandgap semiconductor, which typically has a long
absorption tail into the long-wavelength region, enhancing the
photoresponse of the devices in the near IR region. Most
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significantly, the high doping concentration of boron in silicon
further increases the absorption of silicon into the IR
region.”™” The below-bandgap photocurrent related to the
sub-bandgap absorption, which exponentially depends on the
photon energy and follows the empirical Urbach equation,”**’

is expressed as
E - Eg]
E, )

where I, is the photocurrent induced from photons with
energy equal to the bandgap energy, E,, of silicon and E,
represents the Urbach energy associated with the density of
states in the silicon bandgap. We obtain the best fit of the
spectral response for E; = 1.12 eV and E, = 29.9 + 3.5 meV
(Figure 3). The Urbach energy from the spectral response is in
good agreement with absorption spectra of do?ed silicon
materials with an energy value of ~35 meV.””**~*! Note that
the IR photoresponse of these devices obtains the highest
signal under a moderate doping concentration of the order of
~10" cm™. At high doping concentrations, the photo-
responsivity was significantly reduced.'* In this situation,
nonradiative recombination processes, including Auger re-
combination, defects, and trap-assisted pathways for electron—
hole pairs, become dominant in highly doped silicon materials,
strongly reducing the photoresponsivity. In addition, highly
doped materials produce a large number of strains and defects
at the SiO,/p-Si interface, resulting in a deficiency of the
photogating effect for photodetection.

Iph(E) = IO EXP(

B MODELING OF THE PHOTOGATING EFFECT IN
GFETS

The operation of GFET photodetectors on a p-doped Si
substrate under band-to-band illumination, together with
Urbach tail photon excitation is based on the interfacial
photogating effect (Figure 1).>>”'>'*** Specifically, the work
function of graphene and the p-Si substrate are about 5.07 and
4.56 €V, respectively.43_46 The mismatch of energy in the work
function leads to downward band bending for the p-Si
substrate at the SiO,/p-Si interface. The downward bending
of the energy bands forms a surface potential in the p-Si region
that captures electrons near the interface.'* Under excitation,
electrons (blue dots) are excited to the conduction band and
trapped at the SiO,/p-Si interface, whereas opposite charges
(holes, open circles) are repelled toward the metal contact of
the back-gate. The trapping of photogenerated electrons in the
potential well generates an extra negative voltage at the SiO,/
p-Si interface, inducing an increase in the hole current in the
graphene channel. Thus, the transfer curve of the GFET
photodetectors shows a shift to the positive back-gate voltage
under illumination.

The potential of the photogating effect strongly depends on
the charge density and energy bands of the p-Si semiconductor
at the interface under illumination (solid lines) and dark (dash
lines) conditions (Figure 1). The capacitive coupling effect of
graphene as a conductive layer through the dielectric layer
(SiO,) produces a high density of interfacial states for carriers
in the p-Si semiconductor. From the viewpoint of semi-
conductor for p-Si substrates, the configuration is analogous to
metal—insulator-semiconductor (MIS) or metal-oxide-semi-
conductor field-effect transistor (MOSFET) structures. No
current flows from the graphene channel to the p-Si back-gate,
resulting in the flattening of Fermi levels. When the GFET

https://doi.org/10.1021/acsaelm.4c02268
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structure is biased, due to the low concentration of carriers in
the p-doped silicon, the surface charge region is built up at the
silicon interface. In this region, the charge carrier concen-
tration is depleted compared to that in the bulk, forming an
electric field. Thus, the energy band edges of the p-Si were
continuously bent.

Energy band bending strongly depends on the voltage
applied to the back-gate of GFETSs, generating a photocurrent
in the graphene channel. When a negative voltage is applied to
the p-Si back-gate and the bias between the drain and source of
the graphene channel is kept at a low level of 0.2 V compared
to the back-gate voltage, the silicon energy bands bend
downward at the SiO,/p-Si interface. Hole carriers are
depleted, forming a depletion layer (Figure 1d). Under band-
to-band excitation, electron—hole pairs are generated in the p-
Si substrate and separated by the electric field. Holes are
moved away from the interface, and electrons are trapped at
the p-Si interface, broadening the depletion region, thus
increasing the width of the space charge region Q/hght). To
neutralize the electrostatic charges, an increase in the drain
current has been observed in the graphene channel. At the Vg
= 0V, the energy bands are slightly bent down at the silicon
interface due to the mismatch of the Fermi energy between
graphene and silicon (Figure le). Under illumination, a similar
process has been observed. When a positive voltage is applied
to the back-gate, the energy bands near the silicon interface
bend upward, causing the accumulation of holes (majority
carriers) near the silicon surface or forming an accumulation
layer (Figure 1f). Under illumination, electrons generated from
the absorption process are attracted to the positive electrode.
Holes accumulate near the SiO,/p-Si interface and are
captured at surface states originating from dangling bonds on
the native oxide interface,"""*”** lowering the surface potential
and decreasing the drain current, Ip. Thus, the graphene
channel associated with the drain current can sense potential
changes in the surface charge region during sweeping of the
back-gate voltage. The effective electric field originating from
the trapped carriers induces a strong photogating effect,
appearing as a horizontal shift of the I-V transfer curve of the
GFETs under illumination. The circulation of the charge
carriers under the drain-source bias, Vpg, in the graphene
channel within the lifetime of the trapped charges in the SiO,/
p-Si interface contributes to a higher photoconductive gain of
the devices.

The number of charges in the surface charge region (surface
charge density, Qgc) at the SiO,/p-Si interface is equal to the
number of charges in the graphene channel (Qg,), balancing
the charges in the area. The time evolution of the width of the
surface charge region can be investigated, as in the case of a
MOSFET on a p-type semiconductor, with hole majority
carriers in the material. By solving the one-dimensional
Poisson equation, the profile of potential, V, under dark
conditions can be identified in the direction perpendicular to
the interface (y-axis, Figure 1c), 0* V/dy* = —qN/(eg,), where
q is the electron charge and N is the generalized doping
distribution with a negative sign for donors.*’™>' The
depletion width, y4,q, of the surface charge region in the
dark condition is estimated from the doping concentration and
the surface band-bending potential, AV, = V}; + Vegpe, which
is related to,”*>°%%2

ok = N2EAV30/ (aN) = 260/ (qN,) )
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where Vy; is the height of the surface potential, V ¢ is the
effective back-gate bias at the interface, ¢g is the barrier height,
and N, is the acceptor doping concentration of the p-Si
substrate. For simplicity, we assume that the band-bending
potential is equal to the potential barrier, ¢p5. The surface
charge density, Q% as a result of trapped or accumulated
electrons, is given by,

Qi = [2geNg, (4)

The graphene channel can sense the surface potential of the
SiO,/p-Si interface, including the depletion width and surface
charge density (Figure 1). Under a bias voltage between the
drain and source, Vpg, the drain current under dark conditions,
I in the graphene channel of the GFET is related to the
cross-section, S, of the surface charge region, including the
width (or depth) of the surface charge region, yy,, and the
width of the graphene channel, W, (Figure 1b), given by
Ohm’s law in the form

CI”/‘VDSQ’dark w) _ quVpgnS
L L

dark — (5)
where y and 7 are the carrier mobility and free-electron density
in graphene, respectively, L is the length of the graphene
channel. The Fermi level of graphene can be continuously
modulated by applying an electric potential to the back-gate.

Under illumination, electron—hole pairs are generated in the
p-Si back-gate and separated by the electric field in the surface
charge region. Electrons are trapped at the SiO,/p-Si interface
when a negative voltage is applied to the back-gate, thus
varying both the width of the surface charge region (yjg) and
surface charge density (Q,.). The absorption of light generates
an extra voltage or photogating voltage, V;, at the interface.
The width of the surface charge region increases from 4,4 to
Yiighv Which can be expressed as

Dight = \/25(¢B + Von)/(gN,)

(6)

and the surface charge density, Q"™ under excitation is given

by

Q" = \[2qeN,(¢, + Vi) )

The trapping of photogenerated carriers in the potential well
generates an extra negative voltage at the SiO,/p-Si interface,
inducing more holes in the graphene channel through the
coupling capacitor of the insulating SiO, layer. A new
equilibrium state of the interface is constructed. Under
illumination, an additional photocurrent is generated, given by

_ qpVpg
ALy = 7 (SAn + nAS) ()

where An is the variation in the carrier density in the graphene
channel, and AS is the change in the cross-section of the
surface charge region at the interface in the semiconductor
under illumination (Figure 1). The variation in the
concentration of photogenerated carriers in the graphene
channel, which is proportional to the photon absorption of
graphene, SAn, is very low. Thus, the additional photocurrent
strongly depends on the variation in the cross-section, AS =
W(yﬁght — Yqux), Of the surface charge region, estimated from
the device configuration
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_ gHVps

Aly, W Gl ™ Yian) 9)

The surface potential at the interface strongly depends on
illumination power and temperature. Under band-to-band
excitation and low-power illumination, photogenerated elec-
tron—hole pairs are separated by the potential of the surface
charge region within their diffusion length. Under high-power
illumination, the photogenerated electron—hole pairs are closer
than the diffusion length. Thus, an efficiency factor, 7, is
considered in the quantum efficiency. An approximation of the
illumination power can be estimated in the form of P = 7P,
exp(—az), where a is the effective absorption coefficient of the
semiconductor material (assuming that the reflection is
neglected) and P, is the incident power. We ignore the
tunneling effects of carriers in the first approximation. By
evaluating the variation of the width of the surface charge
region, the photogating voltage of the GFET in response to the
excitation intensity can be determined. In the steady state, the
thermionic current released from the interface, I j.,oq = A*¥T*
exp(—qpp/ (ksT)) A* T* exp(—¢y/Vy), balances the
thermionic current of carriers trapped at the interface, Ipped(t)
= A*T? exp(—qqy/ (ks T)) exp(qVon/ (fksT)) = A*T?
exp(—¢y/Vr) exp(VPh/ (fVr)), where ky is the Boltzmann
constant, T is the tem?erature in Kevin (K), A* is the effective
Richardson constant,” Vi = kyT/g, and f is the ideality
factor.*”** Thus, the dynamic equation of accumulated charges
can be defined as

dQ . (t)

dt — “trapped T

I

release

4= A>|<’1"2e_¢B/VT(eVP‘“/fVT -1)
(10)

At equilibrium under illumination, the photovoltage will
appear when Iippeq — Leeaed = qP/(hv); thus, the well-
known Schottky diode photovoltage equation for the structure

is in the form

qP
oy

VvV, = Inf1 + el/)B/VT)
=SV ( hvA™T

(11)
The gain of the photoconductive current of the GFET

photodetector can be estimated as,

AIph/q hv nLW(ylight - ydark)

G = =
MBe /() nRe

T, (12)
where hv is the photon energy, v is the frequency of the
photon, & is Planck’s constant, 7, = L/s = L?/(uVpg) is the
transit time of carriers in the graphene channel, and s is the
carrier velocity. Thus, we obtained the following expression for
the photoconductivity gain,

G = hv nLWydark
nhe™* T
P —az
X (1 AL In(l + %e%/%)] -1
&y VAT (13)

A similar format for the photoconductive gain can be obtained
under the accumulation conditions (Figure 1f). In this
situation, the width of the surface charge region reduces
from ygqi to Yiighy and the photoconductive gain is given as
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G = hv nLWydark
r]POe—az T,
X (1 —

(l - fV—T In(l + qnPye” e¢B/VT)]
)
Py hA™T (14)

The above model can provide an estimation of the desired
photoconductive gain in the graphene channel for different
optical excitation powers, temperatures and device structure
parameters. The simulations of the photoconductive gain as a
function of the excitation power are provided in Figure 4 for

a)
10" 4 — 100K
E ——200K
= E 250 K
§ 10°4 ——298K
z 1 ——350K
£ 1 400 K
@ 1079 o exp.atRT
S E
€N 1
§ w0
o 1
o 1
10°4
10" 10" 10° 10° 10°
b) Power (W)
10°4
3
g 3
3 10°4
= 3
= 1
[72]
S 10°4
Q.
7] 3
o
2 ] —1pW
2 10°4 P
T ] 1 nW
— 1 W
1 u
10° . . . .
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Temperature (K)

Figure 4. Computational simulations of the photoconductive gain
based on the photogating effect. Photoconductivity strongly depends
on the (a) excitation power and (b) temperature of the device. The
simulations were performed under Vg = 0.2 V, L = 10, and W = 10

pm.

different temperatures. In this simulation, the following
parameters were used: length and width of the graphene
channel of 10 and 20 pm, respectively, doping of 3 X 10"
cm 3, effective Richardson constant of 150 A cm™ K729
transit time of carriers in the graphene channel of 0.47 ns
corresponding to the mobility of carriers of ~5,080 cm* V™'s™!
in the graphene channel, excitation wavelength of 532 nm with
an absorption coefficient of silicon of 7.85 X 10° cm™,
efficiency factor of 0.5, and barrier height ¢y = 1.35 V. Thus,
under the dark conditions, ygn ~ 750 nm and under the
illumination conditions, yyg, varies from 400 to 1000 nm,
depending on the incident power, drain-source bias, back-gate
voltage, absorption coeflicient at the excitation wavelength and

device temperature. Note that the bending of the energy bands
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is induced by the total surface charge, which is a combination
of the total charges at the surface and the effective voltage
applied to the back-gate. These values provided the best fit for
the experimental data.

The photoconductive gain strongly depends on the
excitation power and temperature with a logarithmic function,
despite the square-root dependence of ¢y in eqs 11 and 13. At
room temperature, T = 298 K, the flat photoconductive gain
part occurs at extremely low excitation powers in the femto- to
pico-watts due to the low V) values that evolved during
illumination in the surface charge region. Under these
conditions, the number of carriers swept per second by the
surface charge region is low compared with the fluxes of
thermionic electrons over the barrier, which is equivalent to
the linear behavior of the photocurrent with excitation power
(eqs 11 and 13). At a high excitation power the photo-
conductive gain decreases with a power law relation of the
excitation powers, G o« P%,** corresponding to a straight line
in the log—log plot (Figure 4a). The slope of the curves
strongly depends on the temperature. At low temperatures, for
example, at T = 100 K, the photoconductive gain in the log—
log plot exhibits a linear dependence with f# = —0.992, which is
close to —1. The absolute value of f decreases at high
temperatures, and the values of # are —0.969, —0.944, —0.911,
—0.841, and —0.637 at device temperatures of 200, 250, 298,
350, and 400 K, respectively. This behavior has been reported
for low-dimensional photodetectors and photovoltage field-
effect transistors.’ >”*>* To understand the temperature
dependence of the photoconductive gain of the graphene
channel, we plotted the photoresponsivity as a function of the
temperature for a fixed excitation power (Figure 4b).
Depending on the excitation power, the photoconductive
gain reduces slowly with increasing temperature up to 300 K
and significantly drops off at higher temperatures. Additional
calculations for the photoconductive gain are provided in the
Supporting Information, including the parameters of the device
structure and electric voltages applied to the device.

For practical applications of the photodetectors, the noise
equivalent power (NEP) which is a metric to evaluate the
sensitivity of a photodetector has been characterized. The NEP
is the signal power that produces a signal-to-noise ratio of unity
within the standard bandwidth of 1 Hz (i.e., the root-mean-
square noise level of the dark-current divided by the

responsivity of the detector) given by*»*"**

\/Sl(shot) + S;(thermal) + S;(1/f)
Rph

NEP =

(18)

where S;(shot), S;(thermal), and S;(1/f) are the shot noise,
thermal and power spectral density of the 1/f noise,
respectively, for 1 Hz bandwidth. The power spectral density
of the 1/f noise of the photodetector has been characterized
using a single-channel 100 kHz FFT spectrum analyzer
(SR770).">'®%? The power spectral density values of S;(shot),
Si(thermal), and $;(1/f) noise for 1 Hz bandwidth are 3.31 X
1075, 2.40 X 1072, and 1.36 X 1077 A*/Hz at Vg = 0.2 V.
We have obtained the NEP values from 2.7 X 107" (at A =
1530 nm) to 3.2 X 107 W Hz"/? (at 1 ~ 500 nm) in the
detection range from the visible to the NIR region, under Vpg
= 0.2 V. From the NEP values, we have estimated the specific
detectivity, D* (Figure ).
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Figure S. Noise equivalent power and specific detectivity of the
graphene field-effect transistor photodetector as a function of photon
energy and wavelength. The noise measurements were characterized
under Vg = 0.2 V.

where A is the area of the graphene channel. The specific
detectivity, D*, is in the range from 1.0 X 10% to 8.7 x 10
Jones (cm Hz'?/ W) in the visible to the NIR region. The
significantly small NEP values indicate that the photodetectors
are suitable for weak light detection.

B CONCLUSIONS

We have demonstrated an approach and proposed a
comprehensive model to obtain high-performance broadband
GFET photodetectors on silicon based on the photogating
effect. The device demonstrates a high photoresponsivity
(>10° A/W) in the near IR to UV region, with photon energy
higher than the silicon bandgap. Photocurrent spectroscopy
reveals a high photoresponse below the silicon bandgap down
to 1650 nm, originating from the high photoconductive gain
based on the photogating effect and the Urbach tail
accompanied by a characteristic energy of 29.9 meV. The
photoresponsivity of the GFET photodetector is reduced at
high excitation power. A comprehensive model derived from
the variation in the surface charge region is presented to
explain the large photoconductive gain of the devices, which
shows that the mechanism in controlling the gain is the
modulation of the conductivity of the graphene channel. The
model predicts a high photoconductive gain at a low
illumination power and a decrease in the gain in the high
excitation regime, which is in good agreement with the
experimental data. A complete study of the photoconductive
gain dependencies on the power, temperature, device structure,
and operating conditions has also been performed to
understand the performance of the devices.
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1. Device fabrication

Graphene field-effect transistor (GFET) photodetectors have been fabricated on p-type boron-doped
silicon (Si:B) wafers with a doping concentration of 3.0 x 10%. To begin, we removed the native oxide
layer from the surface of the silicon wafers which serve as the substrate or back-gate of the devices. After
submersion in a buffered oxide etch (BOE) bath (HF based etchant), each wafer was cleaned thoroughly
with deionized water in a spin-rinse-dry (SRD) machine before the fabrication of an oxide layer. An
oxidation furnace was used to grow the oxide layer on the surface of the substrate. This was done by
heating the samples to 1100 °C, and flowing oxygen at a flow rate of 0.8 sccm through the chamber to
allow the silicon to react and form silicon dioxide. The total thickness of the oxide layer is 290 nm, with
the middle part (~190 nm) being fabricated using wet oxidation, and the first and final layers (~50 nm)
being grown with dry oxidation. The oxidation allowed for a high-quality interface with both the substrate
and metal contacts which were deposited later on the oxide. After this step, the oxide layer was etched to
be able to deposit a back-gate contact directly on the p-Si substrate.

To create back-gate contacts, a buffered oxide etch bath was used to etch the oxide insulating layer.
First, a positive photoresist (S1813) was spun onto the wafer at a speed of 2000 rpm for 45 seconds. After
a 1-minute soft bake at 100 °C, the wafer was exposed to UV light under a photomask to shape the back-

gate contact and developed in an MF-319 developer for 1 minute. After the photoresist was deposited and
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shaped, we submerged the wafers in a (BOE) bath for 4 minutes, until the samples were etched onto the
p-Si material. Subsequently, the back-gate contact was deposited using physical vapor deposition (PVD-
250). Here, we deposited 5 nm of chromium to ensure a strong bond to silicon and then 80 nm of gold for
the metal contacts. A lift-off step was used to remove excess gold to complete the substrate fabrication.

source drain

p-Si back-gate i » p-Si back-gate . p-Si back-gate

Ta205 Ta205 ‘

source

source

p-Si back-gate p-Si back-gate p-Si back-gate

Figure S1. A schematic diagram showing fabrication steps of GFET photodetectors.

Next, metal contacts that served as the source and drain terminals for the photodetector were
fabricated. The spin-coating method was applied by spinning a negative photoresist (AZ2020) on the
surface of the wafer at a speed of 2000 rpm for 45 seconds, followed by a soft bake step at 110 °C for 80
seconds. Following the deposition of the photoresist, the wafer was exposed to UV light under a
photomask, undergone a hard-bake step at 110 °C for 1 minute, and then developed with MIF-300 for 1
minute. Once the photoresist was patterned appropriately, PVD-250 was used again to deposit metal
source and drain contacts with 5 nm chrome and 80 nm gold. After the gold-lifting-off step, the metal
contacts for the source and drain of the device were completed.

A graphene layer was deposited between the source and drain contacts to serve as an electrical
channel for charge carriers to flow. Graphene was procured from Graphenea and grown by chemical
vapor deposition (CVD) on a copper substrate. A poly(methyl methacrylate) (PMMA) layer was spin
coated onto the surface of graphene at 1700 rpm for 45 seconds. After curing the polymer, the copper was
etched using 0.3 M ammonium persulfate to leave the graphene free and held by the PMMA. Copper
etching was conducted by starting with an ammonium persulfate solution at 40 °C which was slowly
brought to room temperature for 2 hours. After the copper was completely removed, the graphene was
cleaned in a water bath and then transferred directly onto the surface of the device, centered on the source
and drain metal contacts. The devices were left in air to dry for 5 — 6 hours, and then placed in a vacuum
overnight to completely remove any moisture. Finally, PMMA was removed using an acetone bath, and

the graphene channel was shaped again using S1813 positive photoresist and photolithography, after
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which the errant graphene was removed using pure oxygen etching at 30 W for 4 minutes. Finally, a
protective dielectric layer was deposited on the surface of the graphene channel and the devices were fully
functional.’® A schematic diagram showing the fabrication steps of the Gr-FET photodetector is

illustrated in Figure S1.

2. Raman spectrum

Intensity (a.u.)

1500 2500 3000
Raman shift (cm™)

Figure S2. The Raman spectrum of a single-layer graphene after transferring on a SiO./Si wafer.

The quality of the single-layer graphene on a SiO./Si substrate was confirmed by Raman
spectroscopy. Measurements were performed using a micro-Raman spectrometer (WITec UHTS 300)
under laser illumination with a wavelength of 663.1 nm. Two main Raman peaks are observed at
~ 2690 cm™ (2D band) and ~ 1585 cm™ (G band), as shown in Figure S2. The 2D band has an FWHM of
32 cm’, containing only a single component. The ratio of the signal intensities of the 2D band to the G
band, l.0/lg, is 6.5, confirming the high quality of the single-layer graphene.” Furthermore, defects from
graphene due to the transfer process of graphene were not observed in the Raman spectrum at ~ 1350 cm™*

(D band).® High-quality of the single-layer graphene is obtained after the transfer process.

3. Optical and electrical setups

The characteristics of these Gr-FET photodetectors with and without illumination can be
characterized by employing electronic systems to measure the current between the source and drain under
various conditions. Keithley 2450 units were used to apply a voltage between the source and drain
contacts, as well as to control the back gate bias voltage. In addition, the power source that sets the

source-drain voltage also collects the drain current, characterizing the photocurrent of the device. The
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back gate voltage was varied from -25 V to 25 V to obtain the I-V measurements. A lock-in amplifier was

used to collect the photocurrent under low illumination conditions.
0.00029 mA - 0.06259 mA -
J + m .-L 4 + m .=L 4 -.=
-
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Figure S3. Electrical setup has been used to collect photocurrent. The setup includes source-

meter units (Keithley 2450), a lock-in amplifier, and an oscilloscope.

Several light sources were used to illuminate the devices under the testing conditions, including laser
sources with wavelengths of 532 and 1530 nm. In addition, a tungsten lamp was used in conjunction with
bandpass filters for wavelengths between the visible and near-IR regions. These light sources are
modulated to a specific frequency, either by using a frequency chopper wheel or a mechanical shutter
placed in the path of the beam. To control the power of the light source, a half-wave plate and polarizing
beam-splitter, along with neutral density filters, were used. A beam expander was employed to control the
beam size, and the devices were placed in a black-anodized chamber to prevent ambient light from

contributing to the measurement.
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Figure S4. Optical set-up has been used to characterize photo-response of GFET photodetectors.

Devices were put in a black anodized aluminum chamber to prevent random light from ambient.
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4. Some current — voltage transfer curves
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Figure S5. Current — voltage transfer curves of the GFET photodetector with and without

illumination at some illumination wavelengths, including a) 400 nm, b) 600 nm, ¢) 1000 nm, d)

1100 nm, €) 1200, and f) 1300 nm.

S5




5. Extra simulation results
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Figure S6. Computational simulations for the photoresponsivity of the GFET to predict optical
performance with different structure parameters, including a) the length, L, b) the width, W, of the

graphene channel, c) doping concentration, Ng, of the p-Si, and d) the voltage, Vps, applied on the
device.
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