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f a low power and high-speed
graphene/silicon heterojunction near-infrared
photodetector†

Min Gyu Kwon,a Cihyun Kim,b Seung-Mo Kim,b Tae Jin Yoo,b Yongsu Lee, b

Hyeon Jun Hwang,c Sanghan Lee *a and Byoung Hun Lee *b

The structure and process of the graphene/Si heterojunction near-infrared photodetector were optimized

to enhance the operating speed limit. The introduction of a well-designed structure improved the rise time

from 12.6 ms to 115 ns, albeit at the expense of the responsivity, which decreased from 1.25 A W−1 to 0.56 A

W−1. Similarly, the falling time was improved from 38 ms to 288 ns with a sacrifice in responsivity from 1.25 A

W−1 to 0.29 A W−1, achieved through the introduction of Ge-induced defect-recombination centers within

the well. Through a judicious well design and the introduction of recombination defect centers, the

minimum pulse width could be improved from 50.6 ms to 435 ns, facilitating 2 MHz operation. This

represents more than 100 times increase compared to previously reported graphene and graphene/Si

hybrid photodetectors.
1. Introduction

Near-infrared (NIR) photodetectors nd applications in a broad
spectrum of uses, including sensors for autonomous driving
cars, optical communication and medical instruments. These
photodetectors are fabricated using diverse materials such as
binary semiconductors such as GaAs, InP, and CdTe,1–4 ternary
semiconductors like HgCdTe and InGaAs,5–7 or silicon-based
PIN devices.8,9 However, the fabrication process for these
photodetectors is intricate and involves multiple costly steps,
limiting the broader applications.

To address these challenges, many new materials have been
actively explored, including various transition-metal dichalco-
genides (TMDC),10–12 quantum dots,13,14 and graphene,15–17 with
the aim of achieving improved performance and simplied
processes. Graphene, a two-dimensional material, has been
extensively studied due to wide bandwidth and excellent elec-
trical conductivity.18,19 Nonetheless, the net light absorption
rate of graphene is comparatively lower than that of alternative
materials, primarily because of its limited absorption volume.20

Furthermore, the high dark current resulting from the absence
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of a band gap makes graphene less competitive compared to
other candidate materials.21

To overcome these challenges, graphene/semiconductor
heterojunction photodetectors have been proposed.22–25 This
type of photodetector can be manufactured with signicantly
shorter processing steps, eliminating the need for an expensive
epitaxy process. The junction structure can be formed simply by
transferring graphene onto the semiconductor substrate. The
key advantage of graphene/semiconductor heterojunction
photodetectors lies in the unique Fermi level modulation
characteristic of graphene, which can be leveraged to reduce
dark current and enhance responsivity.24 Wang et al.26 devel-
oped a self-powered graphene/Si Schottky junction photode-
tector that, at zero bias, exhibited a responsivity of 39.5 mAW−1

with a response time of 5.0 ms. Similarly, Scagliotti et al.27 re-
ported a graphene/Si Schottky-junction-based photodetector
with an ultrahigh responsivity of 107 A W−1 and a response time
of 0.11 ms. While these graphene/Si-heterojunction-based
photodetectors show high responsivity, their response times
are deemed too slow for many practical applications.

In this study, we illustrate a signicant enhancement in the
response speed of a graphene/Si heterojunction photodetector
in the near-infrared region by restricting the carrier collection
volume in the bulk substrate. This improvement is achieved
through the addition of an isolated well tub under the
graphene/semiconductor junction, coupled with a reduction in
the recombination lifetime of residual photocarriers. The
introduction of the well structure leads to a reduction in the
photoactive volume, resulting in a decrease in responsivity from
1.25 A W−1 to 0.56 A W−1 at 850 nm. However, the rise time of
the response signal experiences a substantial improvement,
Nanoscale Adv., 2024, 6, 3391–3398 | 3391
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View Article Online
transitioning from 1.26 ms to 115 ns—more than two orders of
magnitude faster. This outcome surpasses the previously re-
ported best rise time for a graphene/Si photodetector by at least
2.75 times. Furthermore, through the incorporation of Ge-
induced defect-recombination centers, the fall time is also
enhanced from 38 ms to 285 ns, enabling 2 MHz operation.
2. Experimental

Fig. 1(a) and (b) depict schematic diagrams of the graphene/n-
type bulk Si photodetector and graphene/n-Si well-tub/p-type
bulk Si photodetectors, respectively. Both devices involve the
formation of a junction between graphene and Si, but the
graphene/n-Si well-tub/p-Si photodetector features a junction
with the n-Si well formed on the p-Si substrate. Fig. 1(c) provides
a cross-sectional schematic of the device.

For device fabrication, a 100 nm thick SiO2 layer was
deposited on two types of bare Si substrates using a plasma-
enhanced chemical vapor deposition (PECVD) process (resis-
tivity of n-type Si wafer: 0.01–0.1 U cm, p-type Si wafer: 1–10 U

cm). Subsequently, 50 × 50 mm2 oxide windows were patterned
using a photolithography process to expose the area where
graphene and Si form a heterojunction. The oxide layer was
then etched off with a buffered oxide etchant (BOE). Phos-
phorus ions were implanted (1.8 MeV, dose = 2.0 × 1013 cm−2

at 1000 °C, 30 min) to form an n-type well tub. A post-
implantation anneal was conducted under three different
conditions at 1150 °C for 60, 120, and 240 min to modulate the
well depth. As indicated by SIMS analysis, the metallurgical
junction depth increased to 3.4 mm, 4.0 mm, and 5.3 mm,
respectively, with increasing annealing time. The dopant
Fig. 1 Schematic diagrams of (a) graphene/n-type bulk Si Schottky junct
(c) A cross-sectional schematic of the device including the isolated well
varied to split the n-Si well depth. (d) Optical image of fabricated the d
dashed rectangle: n-Si well region).

3392 | Nanoscale Adv., 2024, 6, 3391–3398
proles match well with simulated proles, as shown in
Fig. 2(a). The dopant activation rate was indirectly determined
by measuring the junction leakage current, with low reverse
leakage conrming the formation of robust PN junctions as
designed (Fig. 2(b)). Ge (130 keV, dose = 1.0 × 1013 cm−2 at
800 °C, 5 min, no post annealing) was then implanted into the
selected device having a 5.3 mm metallurgical junction
(Fig. 2(c)). The physical defects induced by Ge are expected to
facilitate photocarrier recombination, thereby reducing device
turn-off time.28,29

The graphene sheet used in this study was grown on copper
foil using a thermal chemical vapor deposition (TCVD) method,
and the graphene sheet was transferred to the patterned SiO2/Si
substrate using the polymethyl methacrylate (PMMA) mediated
wet transfer method.30 In this method, the PMMA layer pro-
tected and held the graphene sheet during the transfer process.
Raman analysis (Fig. 2(d)) conrmed the quality of the trans-
ferred graphene lm, with the G peak at 1580 cm−1 and the 2D
peak at 2680 cm−1 detected. The defect peak at 1350 cm−1 was
not observed, indicating that the quality of graphene trans-
ferred onto the active region was well maintained during the
transfer process.31 Graphene transfer to the sidewall of oxide
trench can cause physical defects (SEM images shown in Fig. S1
in ESI†), depending on the transfer process and the quality of
graphene. Following the graphene transfer, a 30 nm thick Au
hard mask layer was deposited using an electron-beam evapo-
rator (E-beam) to minimize organic residue during subsequent
photolithography. The graphene outside the active and source
contact region was etched off with an O2 plasma etch process.
Aer graphene channel patterning, another contact window
was formed within the well region to create a drain contact. SiO2
ion photodetector and (b) graphene/n-Si well-tub/p-Si photodetector.
-tub structure. After the implantation process, the annealing time was
evice (black dashed rectangle: graphene/n-Si well junction area, blue

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Dopant profiles of phosphorus in the p-Si substrate (solid line: simulated data, scattered dot: real SIMS measurement data). Each
dopant profile had different annealing time for activation. (b) PN junction leakage current measurement (p-Si substrate/n-Si well junction). (c)
SIMS profiles after Ge ion implantation (d) Raman spectrum of transferred monolayer graphene on SiO2, Si well.
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in the drain contact area was etched using BOE, and 100 nm of
Au was deposited using an E-beam evaporation process. This Au
layer served to form both source and drain electrodes (Fig. 1(c))
through an additional photolithography and Au etching
process. Finally, a 30 nm layer of aluminum oxide (Al2O3), as
a dielectric passivation layer, was deposited on top of the
photodetector at 130 °C using an atomic layer deposition (ALD)
process. Post-deposition annealing (PDA) was then carried out
at 300 °C for 1 hour in a vacuum environment to eliminate water
molecules at the interface between graphene and Si and densify
the Al2O3 passivation layer.20

The current–voltage characteristics of the fabricated photo-
detectors were assessed using a semiconductor parameter
analyzer (Keithley 4200). All measurements were conducted at
room temperature. An 850 nm solid-state laser diode served as
the near-infrared light source, with a laser pulse rise time of 47
ns. The power of the light source was quantied using a New-
port Model 1917-C power meter. Detailed information about the
measurement setup is provided in Fig. S2 (ESI†).
3. Results and discussion

Fig. 3(a) shows the I–V characteristics of the graphene/n-type
bulk Si photodetector and graphene/n-Si well-tub/p-Si photo-
detectors. The current was measured under dark and illumi-
nated conditions at 40 mW cm−2. The I–V curve shows that the
graphene/Si heterostructure photodetectors behave like typical
rectifying Schottky diodes and the rectication ratios at±1 V are
© 2024 The Author(s). Published by the Royal Society of Chemistry
higher than 3 orders of magnitude for all devices. The barrier
height of the graphene/Si Schottky junction can be obtained
from the ideal diode equation as follows:

I ¼ AA*T2 exp
�
� q4b

kT

��
exp

�
qV

nkT

�
� 1

�
; (1)

IS ¼ AA*T2 exp
�
� q4b

kT

�
; (2)

where A is the junction area of graphene/Si, A* is the Richardson
constant of Si, 4b is the Schottky barrier height at graphene/Si
junction, k is Boltzmann's constant, and n is the ideality
factor. In this equation, the rst term is dened as the reverse
saturation current IS, as shown in eqn (2).32,33 Schottky barrier
height (4b) can be calculated using the following equation:

4b ¼
kT

q
ln

�
AA*T2

IS

�
; (3)

The Schottky barrier heights for the graphene/n-type bulk Si
Schottky junction and the graphene/n-Si well-tub/p-type bulk Si
photodetectors were 0.72 eV and 0.735, 0.738, and 0.734 eV,
respectively. These values, only slightly different despite varied
activation times (60, 120, and 240 min), demonstrate the
excellent rectifying functions of all graphene/Si heterojunction-
based devices. The photodetector subjected to 240 min of acti-
vation annealing and Ge ion implantation exhibited a barrier
height of 0.728 eV. The parameters used for calculating the
barrier height are listed in Table S1 (ESI†).
Nanoscale Adv., 2024, 6, 3391–3398 | 3393
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Fig. 3 (a) Photoresponse of graphene/n-type bulk Si photodetector (pristine), graphene/n-Si well tub/p-Si photodetectors and photodetector
with Ge ion implantation. The illumination condition was 850 nmof wavelength and 40mWcm−2. (b) The energy band diagram of a graphene/n-
Si well junction under illumination condition. (c) Photocurrent when turned on/off repeatedly over time of the device containing well-tub
structure. (d) Responsivity of each device at −0.5 V. The graphene/bulk Si photodetector has the highest responsivity. (e) Photocurrent (Iph, left
black axis) and responsivity (R, right blue axis) as a function of incident light power of graphene/n-type bulk Si photodetector and (f) graphene/n-
Si well tub/p-Si photodetector and photodetector with Ge ion implantation.
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In Fig. 3(b), a band diagram under illumination of the
graphene/n-Si well interface is presented. The Fermi level is
denoted by the black dotted line, and photogenerated electrons
and holes are represented by blue and red circles, respectively.
The Fermi level of graphene primarily resides in the hole
branch within the bias range from 1 V to −1 V (Fig. S3†). Band
bending occurs at the graphene/n-Si well interface to align the
Fermi levels of graphene and n-well silicon. Photogenerated
holes move toward graphene, and electronsmove toward silicon
well following the direction of band bending. Consequently, the
photocurrent ows from silicon to graphene. Fig. 3(c) displays
the real-time photocurrent response of the graphene/n-Si well-
tub/p-Si photodetector device under 850 nm illumination at
3394 | Nanoscale Adv., 2024, 6, 3391–3398
Vd = −0.5 V. The response was measured by alternately turning
the laser diode on and off at 10 s intervals. Even with variations
in power and repeated measurements, the responses remained
consistent without any signs of degradation. This result is
similar to the previously reported 2D material/semiconductor
heterojunction-based photodetectors and indicates that the
device fabricated in an isolated well-tub structure can operate
stably for the repetitive switching conditions.

Next, Fig. 3(d) illustrates the responsivity of each device.
Responsivity is an indicator used to evaluate the performance of
a photodetector and is expressed by the following equation:

R ¼ Iph

Pin

; (4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cross-sectional schematic of the graphene/n-type bulk Si photodetector. (b) The energy band diagram of a graphene/n-type bulk Si
photodetector under illumination conditions. (c) Scanning photocurrent microscopy image of the graphene/n-type bulk Si photodetector (left)
and graphene/n-Si well-tub/p-Si photodetector (right), both presented on the same scale. The black dashed areas indicate the junction of
graphene and Si (Vd = −0.5 V, l = 850 nm).
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where Iph is the photocurrent (Iph = Iilluminate − Idark), and Pin is
the incident light power. The responsivity of the graphene/n-Si
photodetector fabricated on the bulk silicon substrate was 1.25
A W−1 at Vd = −0.5 V, while that of the photodetectors fabri-
cated in the n-Si well ranged from 0.43 A W−1 to 0.56 A W−1,
depending on the well depth. The photodetector with addi-
tional Ge ion implantation exhibited a responsivity of 0.29 A
W−1. Fig. 3(e) and (f) illustrate the photocurrent and respon-
sivity, respectively, in relation to the incident light power for
both the bulk device and the device having well structure. In
Fig. 3(e), as the incident power increased, the photocurrent also
tended to increase, which followed the power-law (Iph f Pa; a =

0.2). Given that the exponent value (a) is less than 1, the
responsivity decreases as incident power increases. This trend is
consistent in devices with a well-structured design, where
a values range from 0.23 to 0.31, as depicted in Fig. 3(f). These
results can be explained by built-in eld screening, which
occurs due to the high concentration of photogenerated carriers
generated as the incident power increases.20,34

The steady-state photocurrent density (JL) due to reverse bias
and photogenerated carriers in the depletion region can be
expressed by the following equation:

JL ¼ qWGL ¼ qGL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
23SðVbi þ VRÞ

qNd

s
; (5)

where W is the depletion width formed between graphene and
Si, GL is the generation rate of excess carriers, 3S is the permit-
tivity of Si, Vbi is the built-in potential, VR is the reverse voltage
© 2024 The Author(s). Published by the Royal Society of Chemistry
applied to the Schottky junction, and Nd is the carrier concen-
tration of Si. The steady-state photocurrent is expressed as
a function of depletion width, which is affected by the built-in
potential. Here, it can be expressed as qVbi = q4b + cS − 4S,
and as the Schottky barrier increases, the depletion width
widens, and the photocurrent increases.35 Therefore, because
the Schottky barrier is more signicant in an isolated well-based
photodetector than in a bulk-Si-based photodetector, a higher
photocurrent is anticipated. However, the measured values
indicate that the photocurrent of the Si-based photodetector is
more than 2.9 times higher. This result suggests that additional
carriers are injected from the Si substrate to the depletion
region of the bulk Si-based device under illumination, causing
more band bending than in the dark, resulting in a higher
photocurrent (gain from outside the graphene/Si junction).24 A
schematic of this phenomenon is shown in Fig. 4(a), and a band
diagram is presented in Fig. 4(b). By applying the isolated well
structure, the photocarriers generated outside the well and the
depletion region were blocked, resulting in a lower responsivity.
However, the responsivity was not proportional to well depth
(Fig. 3(d)). This result might be explained by the fact that the
majority of the collected photocarriers came from the surface
region, indicating that the carrier generation and transport
from the lateral depletion region become a dominant factor for
our devices. This conjecture is indirectly conrmed by the
strong drain bias dependence.

Moreover, scanning photocurrent microscopy (SPCM) was
employed to compare the primary carrier generation region and
the amount of photocurrent between the two devices (bulk and
Nanoscale Adv., 2024, 6, 3391–3398 | 3395
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Fig. 5 Photocurrent as a function of time for (a) the graphene/n-type bulk Si photodetector, (b) the graphene/n-Si well tub/p-Si photodetectors
with different well depths and (c) and (d) the photodetector with Ge ion implantation. (e) Theminimumpulse width (sum of rise time and fall time)
as a function of drain voltage. The upper black data represent the rise time of the graphene/n-type bulk Si photodetector, while the lower colored
data correspond to values for photodetectors containing the well-tub structure and the photodetector with Ge ion implantation.
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well tubs), as shown in Fig. 4(c). The photocurrent from each
point was measured while scanning the entire device region
with a laser (a pixel diameter of 4 mm). The le image depicts the
photocurrent map of the bulk Si-substrate-based device, and the
right image illustrates the photocurrent map of the device with
an isolated well structure. In both devices, most of the photo-
current formed in the graphene/Si junction area; however, the
amount of photocarrier differed by approximately two times.
This is because the bulk-Si-based photodetector has an addi-
tional gain in addition to the photocarrier formed at the
graphene/Si Schottky junction; but it requires more time to
3396 | Nanoscale Adv., 2024, 6, 3391–3398
collect carriers from distant region. Since the isolated well
structure blocks carriers from the bulk substrate and collects
only the photocarriers formed near the Si surface, it is expected
to have lower photocurrent generation but a fast-operating
speed.

The response times of the devices were measured aer
analyzing the electrical properties of the graphene/Si hetero-
junction photodetectors. The rise time of the photodetector (sr)
was extracted from the time required to reach from 10% to 90%
of the signal level generated by light. Fig. 5(a) shows the rising
part of the response pulse measured using a graphene/n-type
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Performance comparison with other photodetectors

Device structure
Wavelength
(nm) VDD (V)

Responsivity
(A W−1)

Rise time
(sr, ms)

Fall time
(sf, ms) Ref.

Graphene/Si 850 0.5 1.25 12.6 38.0 This work
Graphene/Si well-tub 850 0 0.06 0.117 0.860

0.5 0.56 0.115 0.858
Graphene/Si well-tub + Ge-induced defect 850 0 0.05 0.150 0.291

0.5 0.29 0.147 0.288
Graphene/crystalline Si 850 0 0.029 93 110 38
Graphene/Si 632 5 104 3 — 39

1550 0.23
Graphene/Si 890 0 0.73 320 750 40
Graphene/Si 1550 2 0.04 5 8 26
Graphene nanolms/Si 1870 1 0.0004 0.317 0.261 41
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bulk Si photodetector. Bulk Si-based devices can collect carriers
not only from the graphene/Si junction but also from the
remote part of the substrate and the neighbouring region.
Assuming that they were collected laterally from the deep part of
the electrode, the rise time was expected to be between 11–22.1
ms. The equations and parameters used for this calculation are
listed in Table S2 (ESI†). The actual measured rise time value
was 12.6 ms, consistent with the rough estimation. On the other
hand, Fig. 5(b) shows the response curve of the graphene/n-Si
well-tub/p-Si photodetectors. The sr in these devices had
a maximum value of 115.1 ns. The large difference between
these two structures was primarily due to the difference in the
carrier transport time. Interestingly, the response time was not
dependent on well depth, indicating that there was no signi-
cant difference in the vertical transport time. By eliminating
photocarriers from outside the well structure, the response time
can be improved by more than two orders of magnitude.

Fall time was also improved by the introduction of the well
tub structure from 38 ms to 858 ns, which is primarily explained
by the limited volume of the region containing photocarriers.
To further improve the falling time, physical defects were
intentionally introduced into the well region by implanting Ge,
as shown in Fig. 5(c) and (d). Aer Ge implantation, sf decreased
from 858 ns to 288 ns while the sr increased from 115 ns to 147
ns. Overall, the minimal pulse width that can be applied to the
photodetector decreased to 435 ns from 50.6 ms, enabling ∼2
MHz operation. The performance of our device with a well tub
and Ge implantation was compared with that of similar 2D/
semiconductor heterojunction photodetectors reported in the
literature, as shown in Table 1.

Aer conrming the performance of the devices with different
structures, their photocharacteristics were analyzed as a function of
the drain bias. Fig. 5(e) shows the minimum pulse width (sr + sf) of
photodetectors measured as a function of drain bias ranging from
0 V to −1.0 V. The distribution of the data was below 5% at a bias
above −0.1 V. The operating speed at zero bias was improved by 50
times, indicating that very low-power operation was feasible with
this device. Furthermore, the responsivity of this device can be
further improved even at zero bias by applying various methods,
such as graphene doping or gatemodulation, to increase the height
of the Schottky barrier formed at the graphene/Si junction.24,36,37
© 2024 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

There are several methods to improve the speed of the photo-
detector further, including using semiconductor materials with
excellent carrier mobility such as GaAs or InP, scaling the size of
unit device, and modifying the structure of the device to mini-
mize the lateral transport time. In this study, a high-speed
graphene/Si heterostructure photodetector was developed by
incorporating a well-structured design with Ge recombination
centers. The rise time was reduced to 115 ns, achieving
a responsivity of 0.56 A W−1 in the near-infrared region. This
performance represents an improvement of over two orders of
magnitude compared to previously reported graphene/bulk Si
heterojunction devices. Furthermore, the fall time decreased to
288 ns from 858 ns with the introduction of Ge-induced defect
recombination centers into the well, albeit resulting in
a reduced responsivity of 0.29 A W−1. Overall, the device
demonstrated high-speed operation surpassing 2 MHz at 0.5 V.
These ndings suggest that a graphene/Si photodetector
featuring an isolated well-tubed structure holds signicant
promise for future high-performance optoelectronics charac-
terized by high speed, simplied processing, and low power
consumption.
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