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ABSTRACT: The practical realization of optoelectronic devices operating in
the mid-infrared region is stimulated by both fundamental interests and
applications ranging from spectroscopy, sensing, imaging, and security to
communications. Despite significant achievements in semiconductors,
essential barriers including the cryogenic operation and complicated growth
processes prevent the applications of mid-infrared detectors. Graphene is
widely used in modern electronics, but its low absorption limits photo-
detection. It is therefore of interest to extend the performance of graphene
photodetectors into the mid-infrared region. Here, we first demonstrate pure
graphene photodetectors operating in a broadband range from the deep
ultraviolet to the mid-infrared region by utilizing photoionization of shallow impurities and over band gap excitation in highly doped
Si:B and Si:P substrates. We have observed a photoresponsivity of ~5 A/W under the mid-infrared illumination at room
temperature. This approach paves the way for a concept of dual-photogating effect induced by both highly doped Si substrates and
nanomaterials/nanostructures on top of graphene field-effect transistors.
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B INTRODUCTION

these photodetectors based on graphene-metal or graphene p—

The capabilities of mid-infrared photodetection are highly
desirable for many applications such as spectroscopy, chemical
and biomolecular sensing, infrared imaging, night vision,
security, and industry."”” Silicon (Si) photodetectors based
on complementary metal-oxide-semiconductor (CMOS) tech-
nology are of low cost and have maturity, high performance,
and high level of integration with electronics from the deep
ultraviolet (UV) to near-infrared (IR) region. Photodetection
beyond the near-IR region typically is based on either thermal
photodetection (i.e., pyroelectric, bolometer, thermocouple,
and thermopile detectors), narrow band gap semiconductors
(i.e., InSb, InGaAs, and HgCdTe detectors), or photo-
ionization of shallow impurities (i.e., block-impurity bands
using Si:Ga, Si:B, and GaAs:Te detectors).”™ Thermal
photodetectors have low sensitivity, have a long response
time, and often require human intervention. The other
photodetectors require cryogenic operation and complicated
fabrication processes that are only accessible for small-volume
and high-value markets and cannot compensate for the
demands of markets such as Si detectors.

Recently, numerous efforts have been devoted to realizing
mid-IR photodetectors by utilizing unique properties of
graphene and nanostructures/nanomaterials. The former has
a zero-band gap, enabling ultra-broadband photodetection
from the deep UV to terahertz region and high carrier mobility,
allowing for high operating speed. However, the intrinsic weak
photon absorption in graphene limits the photoresponsivity of
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n junctions on the scale of mA/W."” The latter enhances the
absorption via nanostructures (i.e., metallic plasmonics and
microcavities)'°~"* and nanomaterials (i.e., colloidal quantum
dots (CQDs))."*"* Hybrid graphene-CQD photodetectors
have been obtained with high responsivity, in which CQDs are
used as absorbers. However, the relatively large band gap of
CQDs restricts the operation of the photodetectors beyond the
near-IR region.'”'> Recently, by exploiting intraband tran-
sitions of heavily doped PbS CQDs, these devices can detect
photons in the mid-IR region with a low responsivity (~0.15
mA/W),'® or by employing narrow band gap HgTe CQDs
with graphene, the photodetectors have a spectral sensitivity
beyond 3 um."” However, these photodetectors operate at low
temperatures (80 K).'®'” All of them place an impediment in
the path toward the advancement of mid-IR photodetectors at
room temperature.

It is thus worth considering other approaches that can be
utilized in realizing photodetection in the mid-IR regime. We
have demonstrated a prospective approach for high photo-
responsivity from pure graphene in the mid-IR region at room
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Figure 1. Performance of Gr-FET photodetectors based on the photogating effect for both n-type and p-type Si substrates. (a) Energy band
diagrams of heterostructures of Gr/SiO,/Si:B (left-top) and Gr/SiO,/Si:P (right-top), and the shift of the Fermi level of graphene is induced by
the accumulation of photogenerated carriers at the Si/SiO, interface under illumination. Schematic diagrams of the Gr-FET photodetectors on Si:B
(left-bottom) and Si:P (right-bottom) substrates (gray) include ALD Ta,Os, graphene (purple), source and drain electrodes (yellow), and SiO,/Si
layers. Blue dots are electrons, and orange dots are holes. (b) Schematics of energy levels and optical transitions from ground states to excited states
of shallow impurities in Si:B and Si:P are illustrated. (c) Absorption spectrum for Si:B at 10 K indicates optical transitions in the Si:B material. The
inset shows a photoconductivity response spectrum of highly doped Si:B at 10 K. (d) Resistance—voltage characteristics of a Gr-FET photodetector
on the Si:B substrate (n = 4.6 X 10" cm™) with an ALD Ta,Oj capping layer under Vppg = 0.1 V have been used to estimate the high carrier

mobility of graphene.

temperature. Here, p- and n-type doped Si wafers are utilized
as an eflicient absorber in the mid-IR region via shallow
impurity bands from boron (B) and phosphorus (P)-doped Si,
respectively, instead of only supporting a segment of
photodetectors. The mismatch of the work function between
Si and SiO, with graphene creates a potential well to capture
photogenerated carriers (electrons or holes) at the Si/SiO,
interface, inducing an additional voltage to modulate the
carrier concentration of the graphene channel through the
capacitive coupling. The carriers in the graphene channel
possess very high mobility. These factors lead to a high gain of
photocurrent in the graphene field-effect transistor (Gr-FET)
photodetectors.

The key to obtain high performance of planar optoelectronic
chips which are compatible with silicon technology is the
quality of interfaces between difference materials. The success
of the planar-silicon-device technology is derived from the
chemically and mechanically stable SiO,, near-ideal Si/SiO,
interface, and well-controlled doping process in Si, which
provide a very low trap concentration at the Si/SiO,
interface.'®™>' For Gr-FET, other traps associated with the
graphene channel cause the degradation of the carrier mobility
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22,23
"> To overcome

due to the long-range Coulomb scattering.
the issues, a Ta,0O; thin film has been grown atop the graphene
channel. Thanks to the screening effect of the layer with a high-
k dielectric constant (k = 25—50) that can suppress the long-
range scattering, resulting in increasing carrier mobility
observed in several reports.”*”> Thus, the high-x dielectric
layer introduced as a capping layer of the graphene channel
provides an important factor to the performance of our
photodetectors and protects our devices from atmospheric
contaminants. In addition, the development in the growth of
commercial wafer-scale graphene enables transferring graphene
on large Si wafers, thus suitable for monolithic integration with
silicon-integrated circuits based on CMOS technology.”””
The configuration provides a promising way for photo-
detectors based on other two-dimensional (2D) materials
(i.e., MoS,, MoTe,, WS,, and black phosphorus) in the mid-IR
region and a new concept of the dual-photogating effect
induced by both the doped Si substrate and absorber layer”>>’
on top of the 2D material channel. The contribution of
substrates such as Si to the performance of the photodetectors
based on 2D materials should be contemplated.
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To elucidate the effect of doping concentration in Si
substrates on the performance of the graphene photodetectors,
we have systematically investigated the photoresponse of the
Gr-FET photodetectors on both p- and n-type Si substrates
(Si:B and Si:P, respectively) with different doping concen-
trations under light illumination from the deep UV to mid-IR
region. The Gr-FET photodetectors on lightly doped Si
substrates achieve the highest performance under the deep UV,
visible, and near-IR illumination. In contrast, the Gr-FET
photodetectors on the highly doped Si substrates demonstrate
the best performance under a mid-IR illumination of 10.6 ym
with a photoresponsivity of 5 A/W and a fast rise time of <4.2
ms. Primarily, we have focused on the photoresponse of Gr-
FETs at the mid-IR region.

Fabrication and Characterization. We have fabricated
Gr-FETs on both p-type boron-doped silicon (Si:B) and n-
type phosphorus-doped silicon (Si:P) substrates with three
different doping concentrations of 3 X 101, 4.8 X 10'%, and 4.6
X 10" cm™ that are below the Mott critical concentration
toward the metallic state.’” First, an 80 nm dry thermal SiO,
layer was grown on these Si wafers at 1100 °C. Drain, source,
and back-gate contacts (S nm Cr and 100 nm Au) were created
using photolithography, electron-beam (e-beam) evaporation,
and metal lift-off processes. After that, a monolayer graphene
layer was transferred to the Si/SiO, substrates. Photo-
lithography and oxygen-plasma etching were employed to
define the graphene channel with a drain-to-source distance, L,
of 6 um, and a width, W, of 15 ym. A 2 nm Ta, O nucleation
layer was grown on top of the graphene channel by the e-beam
evaporation method. Finally, a 30 nm Ta,O; film was grown
on the devices by the atomic layer deposition (ALD) method.

The photoresponse characteristics of the Gr-FET detectors
with and without light illumination at room temperature were
characterized by source-meter units. A Keithley 2450 was used
to set a drain-source bias, Vg, of 100 mV and to collect the
drain current, I, while the other Keithley 2450 was employed
to control the back-gate bias, Vg, from —30 to 30 V. Several
light sources with wavelengths of 532 nm, 1.5 ym, 4.55 pm, 8.5
pum, and 10.6 ym and an Edmund tungsten lamp providing a
visible to near-IR source were used to characterize the
photoresponse of the devices. The continuous laser beams
were switched ON/OFF by the mechanical chopper and
acousto-optic modulator (AOM). The details of the fabrication
process and characterization of the Gr-FET photodetector are
presented in the Supporting Information.

B RESULTS AND DISCUSSION

The performance of Gr-FET photodetectors based on the
photogating effect for both p- and n-type Si substrates under
over band gap excitation and photoionization with illumination
of UV to near-IR and mid-IR, respectively, is illustrated in
Figure 1la. The energy of conduction and valence bands of Si
localizes in the range from —5.13 to —4.01 eV.>! The work
function of p-type (Si:B), n-type (Si:P) and graphene is about
5.07, 4.14 and 4.56 eV, respectively.31_34 Therefore, a
difference in the work function between SiO, and doped Si
materials in the structure with graphene results in the bending
of the energy bands, namely, downward for p-type (Si:B) or
upward for n-type (Si:P) materials at the Si/SiO, interface. For
the Si:B substrate, the downward band bending creates a
potential well for electrons at the interface. Depending on the
photon energy, electrons in the valence band are excited to the
conduction band by the over band gap excitation (E, > 1.1

eV) or the photoionization of acceptor centers under mid-IR
illumination, leaving holes behind in the valence band. Due to
the interfacial potential, electrons (blue dots) are accumulated
at the Si/SiO, interface, while holes (orange dots) are repelled
to the bulk Si and then ended at the back gate. The
confinement of the photogenerated electrons in the potential
well provides an additional negative bias at the Si/SiO,
interface that induces extra holes in the graphene channel by
the capacitive coupling effect through the dielectric SiO, layer.
The Fermi level of graphene is, thus, shifted downward from
Ego to Eg; (Figure la). Due to the high mobility of carriers in
graphene, holes in the graphene channel are recirculated as
long as the electrons are trapped at the interface under a bias
voltage between the drain and source, V. As a result, a gain of
the photocurrent in such Gr-FET photodetectors is obtained.
Similarly, for the n-type substrate, holes are trapped at the Si/
SiO, interface due to the interfacial potential. The capacitive
coupling effect via the SiO, layer will shift the Fermi level of
graphene upward from Eg, to Eg;, which implies an increase in
electron density in the graphene channel. When an electron in
the graphene channel reaches the drain, another electron is
induced from the source due to charge conservation. This gives
rise to a photoconductive gain or a high photocurrent and
photoresponsivity of the Gr-FET photodetectors on the n-type
Si substrate.

The devices detect photons in a large range of wavelength
from the deep UV to mid-IR region and strongly depend on a
number of parameters of fabrication. The photoresponse of
Gr-FET photodetectors on the Si:B substrate (3 X 10" cm™)
with and without a high-x dielectric Ta,O5 capping layer has
been explored under visible illumination. The screening effect
of the high-x dielectric Ta,O; layer can minimize the
degradation of carrier mobility in graphene,”**>** contributing
to the high performance of these photodetectors, which will be
discussed in the following paragraphs. In the visible region,
The Gr-FET photodetectors on the Si:B substrate with the
Ta,05 layer show a high photoresponsivity of ~1.2 X 10° A/
W, around two times higher than that without a Ta,Oj layer of
~5.4 X 10° A/W (Figure S6). When the doping concentration
of Si wafers increases from 3.0 X 10" to 4.6 X 10" cm™, the
photoresponsivity decreases in the visible region. Here, we
focus on the photodetection in the mid-IR region, and results
for the photodetection in the visible region are provided in the
Supporting Information.

Under mid-IR illumination, shallow impurities in Si:B and
Si:P substrates are photon-ionized and a photocurrent has
been observed. Fourier-transform infrared (FTIR) spectra
were obtained using a Bruker Vertex 80v spectrometer with a
resolution of 0.15 cm™' from Si:B and Si:P samples at 10 K.
Narrow absorption lines including Ly, L,, L;, and L, of boron
impurities (Si:B sample) have been observed in a low doping
concentration material of 1.3 X 10'* cm™, corresponding to
electric dipole transitions from the ground state, 1I, to
excited states 15, 2I', 1['g, and 1I'; (Figure 1b). For Si:P
samples, a number of narrow absorption lines, including I, I,
I;, 1, I, I, and I, related to Lyman transitions from the ground
state, 1s(A,), to excited states np, and np,. (ie, n =2, 3, 4...),
have been observed in the range of 20—52 um (Figure S3).
The shallow acceptor or donor centers have been photoionized
under the mid-IR radiation, generating free holes or electrons,
respectively. The photoconductive response of a highly doped
Si:B sample (4.8 X 10'® cm™) was collected using the FTIR
spectrometer from 4.5 to 26 um (inset, Figure 1c). The
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Figure 2. Photoresponse characterization of Gr-FET photodetectors at room temperature and under Vpg = 0.1 V. (a) Photocurrent depends
strongly on the back-gate voltage from a Gr-FET on a highly doped Si:B substrate (1 = 4.6 X 10" cm™) with an ALD Ta,O; capping layer under
10.6 pym illumination. The inset shows a current—voltage (I—V) characteristic of this Gr-FET. (b) & (c) Si substrates with high doping
concentration provide higher efficiency for the photon—carrier conversion, indicating from the photocurrent as a function of 10.6-um illumination

power of Gr-FETs on Si:B and Si:P substrates with an ALD Ta,O;5 capping layer, respectively, under Vpg =

—27 V. (d) Behavior of

photoresponsivity of Gr-FET's on Si:B and Si:P substrates with and without an ALD Ta,O; capping layer is different under 10.6 ym (left axis) and

532 nm (right axis) illumination.

photoconductivity response spectra have been observed in
doped semiconductors, namely, Si:P,>® Si:Sb,>” Si:As,*® and
Si:B,” with the photoconductivity response range up to 40 ym
and the photoresponse range for Ge:Sb,” Ge:B,*’ and
GaAs:Te’ up to 300 ym. When the concentration of impurity
increases, the photoconductivity response extends to the
longer wavelength because of the broadening of the impurity
band.**”*"** In this work, we have fabricated devices on
highly doped Si:B and Si:P substrates that the photoconductive
response of shallow impurity bands starts from 4.5 pm,
increases to the highest value at ~ 13.5 um, and extends up to
26 um (inset, Figure 1c). Such photogenerated carriers from
the impurity bands under mid-IR radiation will be accumulated
at the Si/SiO, interface, leading to a gain of photocurrent in
the graphene channel of Gr-FETs.

The carrier mobility of graphene is an important factor for
the performance of Gr-FET photodetectors based on the
photogating effect.*’~** The carrier mobility of graphene in
Gr-FET's without a dielectric capping layer is reported typically
from 1600 to 4500 cm® V™' s7!, which is much lower when
compared with those in a free-standing graphene sheet.**~*>*/
The degradation of carrier mobility related to the long-range
Coulomb scattering can be governed by a screening effect of a
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high-k dielectric layer grown on the graphene channel of the
Gr-FETs. A number of experimental reports on the screening
effect of high-k dielectric materials with a dielectric constant, ¢,
of ~20—4S5 have shown the preservation of the carrier mobility
in Gr-FETs.”**>*° In addition, the dielectric capping layer
protects our devices from atmospheric contaminants so that
the devices operate stably for more than 1 year in our normal
condition.

To obtain high mobility of carriers in graphene, we have
grown a high-x dielectric Ta,O5 film (¢ ~ 25—50) on the
graphene channel by the ALD method.””*>**~>* The ALD
Ta,O5 capping layer does not provide any photogenerated
carriers for the graphene channel under light illumination,
confirmed by the absorption spectra from the deep UV to mid-
IR region. No absorption peak from the deep UV to near-IR
region has been observed, and only an absorption band in the
deep UV (<300 nm) typically corresponds to deep electron
traps from oxygen vacancies in Ta,Os films.”">” In the near to
mid-IR region (up to 20 um), several absorption peaks are
assigned to lattice vibrational modes.””** Thus, the ALD
Ta,O; film does not induce a photocurrent in the Gr-FETs
from the deep UV to mid-IR region. The carrier mobility, 4,
can be extracted from resistance—voltage characteristic curves
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Figure 3. Wavelength dependence of Gr-FET photodetectors at room temperature. (a) Photoresponsivity of Gr-FETs on the Si:B substrate
increases as wavelength gets longer from 4.5 to 10.6 ym under Vg = 0.1 V. (b) Noise-equivalent-power (NEP) and specific detectivity (D*) of
the Gr-FETs on the Si:B substrate (n = 4.6 X 10" cm™) have been estimated. The inset shows the noise-power spectral density of the 1/f noise.

of the Gr-FETs with an ALD Ta,O; capping film by fitting to
the expression.” >’

L/W

2
eﬂ\/ng + (%(V}SG - VDirac))
(1)

where R is the total resistance, R_ is the total contact resistance,
Ry, is the graphene channel resistance, e is the elementary
EEy
d
unit area, d = 80 nm is the SiO, thickness, &, is the vacuum
permittivity, & = ~3.9 is the dielectric constant of SiO,,*® n, is
the carrier concentration induced by charged impurities at the

R=R.+Ry =R+

~ 432 nF/ cm? is the gate capacitance per

charge, C; =

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

carrier concentration generated by the back-gate voltage away
from the Dirac point voltage, Vp;.,.. The red curve shows the
best fit to the resistance—voltage characteristic curve with a
carrier mobility of ~10,538 cm® V™! s7! (Figure 1d).

We have characterized the photoresponse of the Gr-FET
photodetectors on both p-type Si:B and n-type Si:P substrates
with different doping concentrations under mid-IR illumina-
tion from a 10.6 um CO, laser and Vg = 0.1 V. A current—
voltage (I-V) characteristic curve from a Gr-FET on a Si:B
substrate with a high doping concentration (4.6 X 10" cm™)
is plotted in the inset of Figure 2a. The photocurrent as a
function of back-gate voltage under an illumination power of
2.7 uW is shown in Figure 2a. The signals collected from Gr-
FETs on Si:B substrates with different doping concentrations
are plotted as a function of illumination power from 0.5 to 3.0
UW at 10.6 ym and under Vzg = —27 V (Figure 2b). The
photocurrent grows linearly with increasing light intensity.
Similarly, we also have observed a linear behavior of
photocurrent for Gr-FETs on Si:P substrates (Figure 2c).
The linear dependence of the photocurrent with light intensity
shows evidence that the thermal effect induced by oxide layers
do not contribute significantly to the electrical current of the
devices.

The higher the doping concentration is in Si substrates, the
higher the photocurrent and photoresponsivity have been
obtained for both p- and n-type materials under mid-IR
illumination. In this case, mid-IR photons have enough energy
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to photoionize holes from boron acceptor centers to the
valence band of a Si:B substrate or electrons from phosphorus
donor centers to the conduction band of a Si:P substrate. The
distance between impurities reduces in highly doped silicon
wafers, so wave functions of holes or electrons are overlapped.
The discrete levels of acceptor and donor impurities widen and
become impurity bands, which will increase the transition
probability of holes or electrons under the mid-IR radiation.
Therefore, higher doping concentration in Si substrates will
have higher efficiency for the photon—carrier conversion than
lower ones, resulting in a higher gain of photocurrent in the
Gr-FET photodetectors (Figure 2b,c).

The gain of the photocurrent strongly depends on the carrier
mobility of graphene and doped silicon materials. With
increasing doping concentration in Si:B substrates from 3 X
10" and 4.8 X 10" to 4.6 X 10" cm™, the photoresponsivity
increases from ~0.09 to ~0.22 and ~0.91 A/W and ~0.07,
~0.17, and ~0.70 A/W for the Gr-FETs with and without an
ALD Ta,O capping layer, respectively (Figure 2d). The
results show that the high-x dielectric layer covering the
graphene channel has assisted an important role in preserving
the high carrier mobility of graphene via the screening effect.
Furthermore, the Gr-FETs with and without the Ta,Og cap
layer on the n-type Si:P substrates provide higher photocurrent
(Figures 2b,c and S8) and photoresponsivity (Figures 2d and
S10) than those on the p-type Si:B substrates with the same
doping concentrations. The carrier mobility in Si:P is higher
than that of Si:B, about a factor of 2 under highly doping
concentration.’”*’ Thus, photogenerated carriers in Si:P are
separated faster than that in Si:B, and the additional voltage at
the interface will be built up with higher efficiency in the Si:P
substrate under the same illumination condition. This explains
the difference in the photoresponsivity in two types of Si
substrates by ~ 23% under 10.6 pm mid-IR illumination
(Figure 2d). Specifically, the Gr-FETs with the Ta,Os cap layer
on the Si:P substrates demonstrate the photoresponsivity from
0.12 to 1.12 A/W, which corresponds to the doping
concentration from 3 X 10" to 4.6 X 10" cm™.

In contrast, the higher doping concentration in either the p-
or n-type doped Si substrate leads to a lower photocurrent and
photoresponsivity under the over band gap excitation (4 = 532
nm, Figure 2d). Specifically, the photoresponsivity reduces
rapidly from 1.2 X 10° to 9.5 X 10* and 1.1 X 10> A/W with
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Figure 4. Response time of Gr-FET photodetectors at room temperature on the Si:B substrate at room temperature under Vg = 0.1 V. (a) Under
532 nm irradiation and Vig = 3.5 V and (b) under 10.6 um illumination and Vg = —27 V.

increasing doping concentration in Si:B substrates from 3 X
10" cm™ to 4.8 X 10" and 4.6 X 10", respectively. The
reduction of the photoresponsivity is originated from the
lifetime of photogenerated carriers. The carrier lifetime in Si
substrates is strongly governed by recombination processes,
including band-to-band and trap-assisted recombination.’’ %
For the band-to-band recombination, energy released through
the recombination process of an electron from the conduction
band with a hole in the valence conduction band radiates a
photon (radiative recombination), transfers to another free
carrier (Auger recombination), or is absorbed by the lattice.
The radiative recombination has a low probability in indirect
band gap materials such as Si. The Auger recombination
process becomes a dominant process for doped Si materials
with its rate proportional to the square of the doping
concentration.””*® The trap-assisted recombination is related
to a number of defects (i.e,, dangling bonds) at the Si/SiO,
interface with its rate proportional to the doping impurity
concentration.’”®® Therefore, fast recombination of electrons
and holes associated with the high doping level in Si will lead
to fewer photogenerated carriers reaching the Si/SiO,
interface. This explains the fact that photocurrent and
photoresponsivity are reduced in devices with highly doped
Si substrates under the over band gap excitation.
Furthermore, we have investigated the dependence of the
Gr-FETs’ photoresponsivity on the wavelength from the deep
UV to mid-IR region. The photoresponsivity in the deep UV
to near-IR region reaches a maximum of ~3 X 10° A/W at 700
nm, as discussed in the Supporting Information (Figure
S6d).” Here, we focus on the photoresponsivity in the mid-IR
region. The photocurrent of Gr-FETs on highly doped Si:B
substrates was collected under different illumination powers of
mid-IR light sources with wavelengths of 4.55, 8.5, and 10.6
um (Figure 3a, S9, and 2b). The photoresponsivity increases as
wavelength gets longer from 4.55 to 10.6 ym under Vg = 0.1
V. The results follow the photoconductivity spectrum of the
Si:B substrate in our measurements (Figure 1b) and other
observations,”® in which the photoconductivity increases
from 4.55 to 10.6 um. In highly doped Si substrates, discrete
donor and acceptor impurity levels broaden and become
impurity bands; thus, the photoionization cross-section is
proportional to the doping concentration. As a result, the
photoresponsivity increases with increasing doping concen-
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tration. Specifically, Gr-FETs on the lightly doped Si:B
substrate (3.0 X 10" cm™) only show a photoresponsivity
of ~0.11 A/W under 10.6 pum excitation, and no photo-
response under 4.55 and 8.5 ym excitation (Figure 3a) has
been observed. However, Gr-FETs on highly doped Si
substrates (4.8 X 10'® and 4.6 X 10" cm™) can detect mid-
IR photons for all the three light sources with high
photoresponsivity. For example, under 10.6 um illumination,
the photoresponsivity is ~1 and ~5 A/W for Vg = 0.1 and 0.5
V, respectively (Figure 3a).

To evaluate the performance of the Gr-FET photodetectors,
the noise equivalent power (NEP) and specific detectivity
(D*) for the Gr-FETs on highly doped Si:B substrates can be
estimated by

NEP = \/ Si(1/f) + Si(shot) + S;(thermal) /Ron

D¥=JA/ NEP, where A is the area of the graphene channel,
Si(1/f), Si(shot), and S(thermal) are the power spectral
density of the 1/f noise, shot noise, and thermal noise of about
S4 x 107", 125 x 107%, and 6.55 X 107** A’/Hg,
respectively, at Vps = 0.1 V for 1 Hz bandwidth.****% The
power spectral density of the 1/f noise is presented in Figure
3b, inset. The NEP values of the photodetector are between
5.7 % 107% (at A = 4.55 ym) and 3.3 X 107° W Hz /% (at 4 =
10.6 um). The specific detectivity, D*, ranges from 2.1 X 10*
to 3.6 X 10° Jones (cm Hz'/?/W), as presented in Figure 3b.
Details of the NEP and D* under Vg = 0.1 and 0.5 V are
discussed in the Supporting Information.

To gain insights into the operating speed of the photo-
detectors, we have characterized the response time under both
visible and mid-IR illumination for the Gr-FETs on Si:B
substrates. Under the over band gap excitation (E,, > 1.1 €V),
electrons are immediately excited to the conduction band,
leaving behind free holes in the valence band. These carriers
have high momentum and are quickly captured at the potential
well at the Si/SiO, interface. A fast response time is expected
for this excitation. Under the mid-IR irradiation, free carriers in
silicon are generated by the photoionization process of shallow
centers. These carriers will drift to the potential well. The
process is slower compared with the over band gap excitation;
thus, a slow response time is expected for the mid-IR
excitation.

and
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To explore the response time of our devices under the over
band gap excitation, all measurements were performed at room
temperature under Vpg = 0.1 V and Vg = 3.5 V for visible
irradiation. The response time is slow under a low illumination
power (in the femto-watt level), and it becomes faster at higher
illumination intensity (in the pico-watt regime). Specifically,
the rise time and fall time (between 10 and 90% of the peak
photocurrent) reduce from 410 to 8.2 ys and from 4.5 to 0.76
ms, respectively, when the illumination power of the 532 nm
light source increases from 27.5 fW to 0.22 nW (Figure 4a,
top). Under low-intensity illumination, photogenerated holes
fill the potential well at the Si/SiO, interface®®® when they
reach the surface. Holes fill slowly the potential well and
contribute to an additional voltage of the photogating effect of
the graphene channel. More electron—hole pairs are created
with increasing light intensity, and electronic states in the well
are diminished. Under high-illumination intensity, the
potential well is quickly filled by holes, and extra photo-
generated electron—hole pairs will be recombined immedi-
ately; thus, the saturation of photocurrent has been observed
after a particular time. It means that under high intensity
illumination, the rise time will reach the diffusion time of the
carriers to the potential well at the Si/SiO, interface. Thus, the
photodetectors demonstrate a fast operation speed with a rise
time of 380 ns and a fall time of 220 ps under a high-power
illumination of 10 nW (Figure 4a, bottom).

Looking in detail at the dynamics of the photodetectors, the
rise time consists of two components at the nano-watt
illumination, including a fast rise time, 7,3 ~ 20 ns, and a
slow one, 7,5 ~ 360 ns (Figure 4a, bottom). The fast rise time
corresponds to the carrier transit time in the graphene channel,
while the slow component represents the average diffusion
time of photogenerated carriers to the potential well at the Si/
SiO, interface. The rise time of our Gr-FETs in the visible
region is several orders of magnitude faster than those reported
in previous observations.'*'¥°°~® The experiment results also
show that the fall time includes two components. The fast fall-
time constant, 7,5, ~ 500 ns, is similar to the slow rise time,
which can be originated from the average diffusion time of
photogenerated carriers out of the potential well at the Si/SiO,
interface after the light is turned off. The slow fall-time
constant, Tz ~ 42 s, is resulted from carrier traps (ie.,
dangling bonds) in SiO, near the Si/SiO, interface. Fitting the
response time is described in the Supporting Information.

The response time of the Gr-FETs on highly doped
substrates under mid-IR illumination has been investigated,
exploring the photoionization process of shallow impurities.
The red curves present the best fit of the photoresponse time
under different illumination intensities of the 10.6 um
illumination and Vyg = —27 V (Figure 4b). The rise time
and fall time are ~170 and ~420 ms, respectively, under low
illumination power. The shortening of the rise time and fall
time has been observed under high illumination intensity (2.78
UW), where the rise time has two components of 7, ~ 4.2 ms
and 7,5 ~ 180 ms, and the fall time also has two components
of 7,p ~ 90 ms and 7,; ~ 400 ms. The difference in the
operating speed under the visible and mid-IR illumination can
come from their excitation mechanisms. The excitation cross-
section of the above-band gap illumination (4 = 532 nm) is
several orders of magnitude higher than that of the below-band
gap excitation (A = 10.6 ym). Thus, fewer electrons and holes
are generated under the mid-IR illumination when compared
with those under the visible irradiation with the same photon

flux. Electronic states in the potential well at the Si/SiO,
interface need a longer time to be filled under the mid-IR
illumination due to fewer photogenerated carriers. Therefore,
low efficiency in filling electrical states at the potential well
under the below-band gap excitation has caused the slow
response speed in the mid-IR region.

To integrate these photodetectors into a 2D array for digital
cameras, the active area should be small within a pixel size of a
few microns. The active area of each photodetector needs to be
characterized. Photogenerated carriers contributed to the
photogating effect have been generated in the Si substrate. It
is important to know how far away from the graphene channel
these carriers can contribute to the photogating effect. We
fabricated Gr-FETs isolated by an enclosed canal with a width
of 5 ym and a depth of 15 ym. SEM images of these structures
are shown in Figure 5 and S13. The distance, r, from the edge
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Figure 5. The spatial dependence of photoresponsivity of Gr-FET
photodetectors. (a) Schematic and SEM image show a Gr-FET
isolated by a canal, in which r is the distance from the graphene
channel to the canal. (b) Photoresponsivity of the Gr-FETs on the
Si:B substrate with an ALD Ta,Oj capping layer does not depend on
the distance between the graphene channel and canal under 10.6 ym
and 532 nm illumination.

of the graphene channel to the canal is varied from 2 to 50,
100, and 200 ym. We illuminated the Gr-FET photodetectors
with a homogeneous beam instead of a focusing beam. Thus,
only photogenerated carriers inside the canal can spatially
diftuse to the area below the graphene channel, contributing to
the photogating effect. However, the photoresponsivity of the
Gr-FETs does not change when we vary the distance between
the graphene channel and canal under both 532 nm and 10.6
um illumination (Figure Sb). These results point out that no
lateral carrier diffusion has been observed in these structures.
Carriers far from the graphene channel do not contribute to
the photoresponse, in contrast to previous reports.”>”’ Under
the 532 nm illumination, the penetration depth of the light in
Si is less than 2 /,tm;71 thus, photogenerated electrons and
holes should be close to the Si/SiO, interface, about <2 pm.
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An estimation of diffusion length of carriers in a lightly doped
p-Si without an applied electrical displacement field is about
several hundred microns;"’ these photogenerated carriers can
diffuse in the lateral direction to the Si/SiO, interface. Using
the canal configuration, we have proved that the lateral
diffusion of photogenerated carriers is not contributed to the
photoresponse of these detectors. Furthermore, the back-gate
bias applied globally on the Si substrate and the built-in
electrical field at the Si/SiO, interface result in an electric
displacement field perpendicular to the interface. These
electric fields drive carriers in the vertical direction. The
electric displacement field caused by the drain-source voltage
(~0.1 V) in the lateral direction is much weaker than that of
the back-gate voltage varied from —30 to +30 V. Thus, the
lateral diffusion of carriers is not an important factor for the
photoresponse. Under the 10.6 ym illumination, photons can
penetrate deeper in the Si substrate and generate carriers in
bulk Si. The carriers cannot diftuse laterally toward the Si/SiO,
interface area below the graphene channel. Most photo-
generated carriers far from the graphene channel are
recombined before reaching the potential well. Therefore,
only photogenerated carriers below the graphene channel
mainly contribute to the photogating effect under the visible
and mid-IR illumination.

B CONCLUSIONS

In summary, we have demonstrated the approach to obtain the
high performance of broadband photodetectors sensitive to
UV, visible, to mid-IR light based on the ultrafast carrier
mobility of graphene and photoionization of shallow impurities
in the highly doped Si:B and Si:P substrates. The recent
developments in silicon technology, wafer-scale graphene, and
growing high-x semiconductor materials have provided a low
trap concentration in nanostructures; thus, remarkable achieve-
ments for mid-IR photodetection have been obtained in hybrid
silicon devices. We have observed graphene photodetectors on
silicon with a photoresponsivity of ~5 A/W under the mid-IR
illumination and ~3 X 10° A/W in the visible to near IR region
at room temperature. This approach can form a roadway for a
concept of dual-photogating effect induced by both the highly
doped Si substrate and absorber including nanostructures and
nanomaterials on top of graphene field effect structures.
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1. Device fabrication

We have fabricated graphene field-effect transistor (Gr-FET) photodetectors on both p-type boron-
doped silicon (Si:B) and n-type phosphorus-doped silicon (Si:P) wafers with different doping
concentrations of 3.0 x 10%°, 4.8 x 10 and 4.6 x 10%° cm. First, an 80-nm dry thermal oxide layer was
grown on these Si wafers at 1100 °C. Drain, source, and back-gate contacts (5 nm Cr and 100 nm Au)
were fabricated by photolithography, electron-beam (e-beam) evaporation, and metal lift-off processes.
The Si/SiO, wafers with metal contacts were cleaned by argon plasma in 4 minutes to minimize
photoresist residue after the lift-off process. Graphene on copper (Cu) foil was grown by chemical vapor
deposition (CVD) method from Graphenea Inc. Poly(methyl methacrylate) (PMMA, MicroChem 495
PMMA A4 - (4% in Anisole) - 495,000 molecular weight) solution was spin-coated on the graphene/Cu
foil at 1700 rpm for 45 seconds and dried in vacuum in 2 hours. A 0.3 M ammonium persulfate
((NH.4)2S20s8, Sigma—Aldrich, > 98%) aqueous solution was employed to etch the Cu foil at 30°C in 1.5
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hours. The graphene sheet was rinsed in deionized water two times in 5 minutes each time to remove
residual Cu etchant. After that, the graphene sheet was transferred to the well-prepared Si/SiO- substrate
with metal contacts. The sample was put in a vacuum chamber overnight to promote good adhesion.
Hereafter, the sample was heated by a hot plate at 135 °C in 20 minutes to enable the flattening of the
graphene film and produce stronger adhesion. After that, PMMA was cleaned by putting them in acetone
in 1 hour at 50 °C, followed by IPA in 30 minutes at room temperature. The photolithography and argon-
plasma etching were conducted to define the graphene channel with the distance, L, between drain and
source of 6 um, and the width, W, of 15 um. Next, a 2-nm Ta;Os seed layer was grown by an e-beam
evaporation system (PRO line PVD 250, Kurt J. Lesker) with a rate of 0.1 A/s. A 50-nm Ta.Os film was
then grown in an atomic layer deposition (ALD) system (Savannah S100 ALD, Cambridge Nanotech
Inc.) at 300 °C. Precursors of pentakis(dimethylamino)tantalum (V) and water were sequentially exposed
with nitrogen gas. The deposition rate is ~0.53 A/cycle. Finally, the photolithography and dry-etching
using SFs gas were employed to re-define metal contacts.»® A schematic diagram showing fabrication
steps of the Gr-FET photodetector is illustrated in Figure S1.

Si back-gate Si back-gate

Figure S1. A schematic diagram showing fabrication steps of G-FET photodetectors.

2. Raman spectrum

The quality of a single-layer graphene on a Si/SiO; substrate was confirmed by Raman spectroscopy.
The measurements were carried out by using a WITec UHTS 300 micro-Raman spectrometer under an
excitation of a 663.1 nm laser. Two peaks at ~ 1585 cm™ (G band) and ~ 2690 cm™* (2D band) have been
observed (Figure S2). The 2D band has only a single component with the FWHM of 33 cm™. The
intensity ratio of the 2D band to the G band, l.o/lg, is 6.78, confirming a high quality of the single-layer
graphene.” In addition, the D band at ~ 1350 cm™ representing graphene defects from the transferring
process of graphene was not observed.® A high-quality of the single-layer graphene has been obtained
after the transferring process.
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Figure S2. The Raman spectrum of a CVD single-layer graphene after transferring on a Si/SiO;

wafer.

3. Absorption spectrum in mid-IR of Si:P materials

The absorption of shallow acceptors and donors in silicon has been observed by a Fourier-transform
infrared (FTIR) spectrometer with a resolution of 0.15 cm™. Absorption spectra of a Si:P sample with a
doping concentration of 3.0 x 10® cm™® at 10 K and 80 K are provided in Figure S3. A series of
absorption lines corresponding to Lyman transitions from the ground state, 1s(A1), to excited p states, npo,

np: (i.e., n =2, 3, 4...), has observed in the range of 20 — 52 um.

Absorbance (a.u.)

1s (A)) =>np,, np, 1s (T,), 1s (E)=>2p,

30 40 50
Wavelength (um)

Figure S3. Fourier-transform infrared (FTIR) spectra of Si:P at 10 K and 80 K.
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4. Optical and electrical set-ups

The photoresponse characteristics of Gr-FET detectors with and without light illumination at room
temperature have been characterized by two electronical systems (Figure S4). A Keithley 2450 was used
to set the drain-source bias, Vps, and collect the drain current, Ip, while the other Keithley 2450 was
employed to control the back-gate bias, Vs, from -30 V to 30 V. A lock-in amplifier has been employed

to collect photocurrent under a low illumination power of femto-watt.

HI

HI

a)
@ o o o e o
Sense Force Sense Force Sense Force Sense Force
HI HI LO LO LO LO
Power supply Power supply
b)

Chopper @==ressssssyppypp,,, | S8
Lock-in amplifier

Current amplifier

Power supply Power supply

Figure S4. Two electrical setups have been used to collect photocurrent. The setups include

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

sS4




Several laser sources with wavelengths of 532 nm, 4.55 pm, 8.5 pum, and 10.6 pm and an Edmund
Tungsten lamp visible to near-IR source have been used to characterize the photoresponse of the devices
(Figure S5). Using narrow band-pass filters, we have extracted light with a narrow bandwidth from the
lamp. The continuous laser beams were chopped by an optical chopper or acousto-optic modulator
(AOM). The rise time of pulses is 20 ns. A half-wave plate and polarizing beam-splitter, and several
Thorlabs neutral density filters were used to control illumination power. A beam expander including two
lenses with f; = 25 mm and f, = 500 mm was used to increasing the diameter of a laser beam. Devices
were put in a black anodized aluminum chamber to prevent random light from ambient. A diaphragm
with a 5 mm diameter on the cap of a black anodized aluminum box was employed to select a

homogeneous part of the expanded beam.

Gr-FET

AOM ' Em 'E ~ EI E
B e

________________

Beam expander

Dark chamber

Figure S5. Optical set-up has been used to characterize photoresponse of Gr-FET photodetectors.

Devices were put in a black anodized aluminum chamber to prevent random light from ambient.

5. Photoresponse of graphene photodetectors in the visible region

To elucidate the effect of doping concentration in Si substrate on the performance of graphene
photodetectors, we have systematically investigated the photoresponse of the Gr-FET photodetectors on
both p- and n-type silicon wafers with different doping concentrations under the visible and mid-IR
illumination. All measurements have been performed at room temperature.

The photoresponse of Gr-FET photodetectors on a p-type Si substrate with a light doping
concentration (n = 3 x 10'® cm?) in the visible region has been characterized under different driven
voltages. The back-gate bias, Vsg, is varied from -30 V to 30 V, while the drain-to-source bias, Vps, is
fixed at 0.1 V. The current-voltage (I — V) characteristic curves under dark and light illumination of the
532 nm laser were measured at room temperature (Figure 6a). The | — V characteristic curves shift toward
the positive of the back-gate bias. In other words, the charge neutrality point (CNP) voltage, Voir, Of the |
— V characteristic curves moves toward the positive of the back-gate voltage when the illumination power
is varied from 0.11 nW to 1.09 nW. The drain current, Ip, increases with Ves < Vbirac and decreases for
Vee > Voirac (Figure 6b).
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Figure S6. Photoresponse of an Gr-FET on a lightly-doped p-type Si substrate (n = 3x10% c¢cm)
has been characterized under A = 532 nm and Vps = 0.1 V. (a) Current — Voltage (I — V)
characteristics of the Gr-FET without an ALD Ta,Os capping layer have been measured under
different illumination powers. (b) Photocurrent curves of the Gr-FET as a function of back-gate
voltage have been collected under different illumination powers. The inset shows photocurrent
under an illumination power of 6.7 fW. (c) The photoresponsivity of the Gr-FETs with and
without an ALD Ta,Os capping layer. The inset shows power dependence of photocurrent at Vg
= 3.5 V. (d) Photoresponsivity of the Gr-FET with an ALD Ta,Os capping layer from 400 to
1200 nm under Vps = 0.1 V.

We have performed the power dependence of photocurrent and calculated the photoresponsivity. The
photocurrent is calculated by Ioh = liiumination — ldark, Where liyminaion and leark are the current values under
illumination and dark conditions, respectively. The photocurrent under different excitation power is

presented as a function of the back-gate voltage and reaches a maximum value at Vgg = 3.5 V (Figure

S6



S6b). The photocurrent at Veg = 3.5 V under different excitation powers of the 532 nm laser is presented
in the inset of Figure S6¢. The photocurrent increases linearly under a weak illumination power from 7
fW to 1.5 pW and rises slowly under high radiation power. The detectors are extremely sensitive to light.
A net photocurrent value of ~8.5 nA has been observed under an illumination power ~ 6.7 fW (Figure
S6b, inset).

To explore the performance of the detectors the photoresponsivity, Ryn, of the devices has been
determined, Rph = Ipn/P, where P is power on the device and Iy, is photocurrent. The photoresponsivity as
a function of illumination power is plotted in the inset of Figure S6c¢. The linear power dependence of
photocurrent was detected under low illumination power, showing a constant of the photoresponsivity.
The detectors show a high photoresponsivity of ~1.2 x 10 A/W under A = 532 nm for almost three orders
of magnitude of illumination power from fW to pW scale, allowing for weak light detection. It is because
electrons and holes generated from the photoabsorption process are well separated under low illumination
power region; thus, a higher number of photons will produce a higher electrical current. However, under a
high illumination power, a higher number of electron-hole pairs is generated. Some holes recombine with
electrons, and thus, these holes do not contribute to the photocurrent. Thus, the growth of the photocurrent
with increasing illumination power has been slow down, and the photoresponsivity is reduced at high
illumination power. Figure 6Sd presents the photoresponsivity as a function of wavelengths from 400 nm
to 1200 nm with the highest photoresponsivity of ~ 3.0 x 10° A/W at 700 nm under Vps = 0.1 V.

6. Response time of Gr-FET photodetectors on Si:B substrate in the visible region

The rise time consists of two components, including a fast, T4z, and a slow, T,r, component that are
obtained by an exponential function, Iy, =1I,—Aexp(—t/r, ) — Bexp(—t/ry). The fast rise
time, g ~ 20 ns, accounts for 70% of the rise time, which corresponds to the carrier transit time in the
graphene channel. The carrier mobility, 4, was estimated at ~ 10538 cm?/(V.s). The carrier transit time
between the source and drain can be calculated by, Tig = (L/Varire) = L2u~ V54 . It is ~ 0.34 ns instead
of 20 ns. The difference is due to the rise time of the 532 nm laser pulse of 20 ns, much slower than the
carrier transit time. The slow rise time, 7, ~ 360 ns, represents the average diffusion time of
photogenerated carriers to the potential well at the Si/SiO; interface. The fall time of the photodetector
can be analyzed with an exponential decay function, I, = C exp(—£/z,.) + D exp(—t/r,). The fast
fall time constant, ¢, ~ 500 ns. This value is similar with the slow rise time, 7,5, Which can be
originated from the average diffusion time of photogenerated carriers out of the potential well at the
Si/SiO; interface after the light pulse is turned off. The slow fall time constant, T, ~ 42 ps, is contributed

by charged centers with a long lifetime in SiO. near the Si/SiO; interface.
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7. Response time of Gr-FET photodetectors on Si:B substrate in the mid-IR region
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Figure S7. Response time of Gr-FETs on a Si:B substrate (n = 4.8 x 10 ¢cm?) with an ALD

Ta,0s capping layer under the mid-IR illumination from a 10.6 um laser with Vps = 0.1 V at
room temperature.

8. Photocurrent of Gr-FET photodetectors on Si:B and Si:P substrates in the mid-IR region

3.0
Gr-FETs without Ta,O, layer u
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Figure S8. Photocurrent of Gr-FETs on highly-doped Si:B and Si:P substrates without an ALD
Ta,Os capping layer under the 10.6-pum illumination with Vps = 0.1 V at room temperature.
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Figure S9. Photocurrent of Gr-FETs on highly-doped Si:B substrates with an ALD TaOs

capping layer under the mid-IR illumination with the wavelength of (a) 4.55 um and (b) 8.5 um
and Vps = 0.1 V at room temperature.
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9. Photoresponsivity of Gr-FET photodetectors on Si:P substrate with and without an ALD Ta;0s
capping layer in the mid-IR region
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Figure S10. Photoresponsivity of Gr-FETs on a Si:P substrate (n = 4.6 x 10%° cm=) with and
without an ALD Ta,Os capping layer at 10.6 pm.

10. Noise characterization

To characterize the 1/f noise, a Keithley 2450 source-meter unit was used to vary the back-gate
voltage, Vee, While the other was employed to set a drain-source voltage. A FEMTO DLPCA-200 low-
noise current amplifier was used to amplify the drain current. A 100 kHz FFT spectrum analyzer

(Stanford Research 770 — SR770) was utilized to characterize the noise behavior of Gr-FET
photodetectors without illumination.

Spectrum analyzer

SR 770
Power supply Gr-FET

Current amplifier - .
—J.-ﬁ: S0 o1 p | WS
G

l——————l i s ne e I
. [KEITHLE Y -

Figure S11. A schematic for 1/f noise measurements.
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The noise equivalent power (NEP) and the specific detectivity (D*) are important parameters of a
photodetector, which can be calculated by investigating the power spectral density of 1/f noise, shot noise,

and thermal noise of Gr-FET photodetectors.
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Figure S12. The noise equivalent power (NEP) and the specific detectivity (D*) of Gr-FETs on

Si:B substrates with a Ta,Os cap layer under Vps = 0.5 V at room temperature.

The spectral density (S;) of the 1/f noise (or flicker noise) in the dark condition can be expressed as.’

Si1/f) = e, (s1)

where A is the noise amplitude, and g is close to 1. The spectra are dominated by the 1/f noise up to 1
kHz. The spectral density of the 1/f noise is 5.4 x 108 A%Hz and 5.7 x 107 A?/Hz at the drain-to-
source voltage, Vps, of 0.1 V and 0.5V, respectively.

The spectral density of shot noise is given by:

Si(shot) = /2qIgar , (S2)
where q is the elemental charge, and lqark is the dark current of the device. The calculated spectral density
of shot noise is ~ 1.1 x 102 A%/Hz and 5.8 x 102 A%/Hz at the drain-to-source voltage, Vps, of 0.1 V and
0.5V, respectively.

The spectral density of thermal noise is estimated by the Nyquist’s equation:

Sy(thermal) = /4kgT/R (S3)
where kg is the Boltzmann’s constant, T is the temperature, and R is the differential resistance of the
device in the dark. The thermal noise at room temperature is estimated ~ 1.61 x 102 A%/Hz and 1.59 x

102% A?/Hz at the drain-to-source voltage, Vps, of 0.1 V and 0.5V, respectively.
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11. SEM images of the Gr-FET photodetectors with different sizes of cannels

Graphene Ta,0O; Metal contact

> 5 um \ l l Canal
— |

. Canal

Graphene

Metal contact
200 pm
|

Figure S13. (a) A schematic for the cross-section of a Gr-FET photodetector with a canal around
the device. (b) SEM images of Gr-FET photodetectors with different sizes of canal, and the

distance from the graphene channel to the canal edge is 2, 50, and 200 pm.
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