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photodetectors based on graphene/AL0_/silicon

heterostructures

Abstract

Recent discoveries in the field of graphene-based hetero-
structures have led to the demonstration of high-perfor-
mance photodetectors. However, the studies to date have
been largely limited to the heterojunction with a Schottky
barrier, restricted by an inevitable compromise between
photoresponsivity and photodetectivity. Here, a new class
of graphene-based tunneling photodetectors is introduced
by inserting the ALO, tunneling layer between silicon
and graphene. The photocarriers can tunnel through the
designed insulator layer which simultaneously blocks the
dark current, thus maintaining high photodetectivity with
desirable photoresponsivity. We further modulate the
thickness of the Al O, layer to explore the tunneling mech-
anism for the photocarriers, in which a photoresponsivity
of 0.75 A/W, a high current ratio of 4.8x10° and a pho-
todetectivity of 3.1x 10" Jones are obtained at a 13.3-nm-
thick ALO, layer. In addition, the fabrication process is
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compatible with conventional semiconductor process-
ing, providing further flexibility to large-scale integrated
photodetectors with high performance.
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structure; photoresponse; tunneling photodetector.

1 Introduction

Due to its unique structure, high carrier mobility and
novel optical properties, graphene has been demon-
strated as a promising material in optoelectronics that
triggers extensive application prospect in photodetection
[1-4]. Graphene-based photodetectors can provide high
response speed over broadband spectral ranges [5-7],
while exhibiting a relatively low responsivity owing to
the 2.3% optical absorption [8]. In order to improve the
responsivity, researchers tend to develop hybrid graphene
with quantum dots [9, 10], plasmonic nanostructures
[11, 12], waveguide [3, 13], or transition metal dichalcoge-
nides (TMDCs) [14, 15], which enhances the light-matter
interaction.

However, regardless of having a vertical or planar
structure, the photodetectors are usually difficult to
reconcile the contradiction between photoresponsivity
and photodetectivity (mainly associated with the dark
current), named as the trade-off effect [16]. For instance,
an ultra-high on/off current ratio Iph/I i (<10°) is obtained
from the MoS, /graphene/MoS, heterostructure; the built-
in barrier can lead to ultra-low dark current (<102 A) due
to the photovoltaic effect, whereas the photoresponsivity
is only ~0.03 A/W [17]. By contrast, a planar phototransis-
tor based on graphene/Ti,0, can acquire a high respon-
sivity of 300 A/W as the trapped photogenerated carriers
provide an additional electric field, while the photodetec-
tivity falls to ~108 Jones [18]. As a result, it still remains a
challenge to further achieve the best compromise between
photoresponsivity and photodetectivity in the visible
regime.

Recently, thin insulating films have been successfully
employed as the tunneling layer in 2D-material-based
photodetectors [19-21]. The introduction of the tunneling
layer into vertical devices will not further complicate the


https://doi.org/10.1515/nanoph-2019-0499
mailto:huh@nanoctr.cn
mailto:huh@nanoctr.cn
mailto:lichi@nanoctr.cn
https://orcid.org/0000-0002-4243-2333
https://orcid.org/0000-0002-4243-2333
mailto:bell@seu.edu.cn

structure or fabrication process. Meanwhile, similar to the
effect of a traditional metal-insulator-semiconductor tun-
neling diode, the tunneling layer can effectively suppress
the dark current between graphene and light absorber,
thus, maintaining a desirable detectivity with an accept-
able responsivity. In this work, we report a hybrid gra-
phene/ALO,/silicon tunneling photodetector in which the
ALQ, acts as the tunneling layer, while the photoexcitation
residing in the silicon and graphene offers an efficient
pathway as well as the collector for photocarriers. Under
the illumination of 658 nm light, a responsivity of 0.75 A/W,
a high current ratio of 4.8 x10° and a detectivity of 3.1x 10*
Jones have been obtained at a 13.3-nm-thick AL O, layer. We
further modulate the thickness of the ALO, layer in order to
explore the tunneling mechanism for the photocarriers. It
is noticed that the dark current suffers more suppression
with the increase of the thickness of the tunneling layer,
while it hampers the photoresponsivity in the meantime.
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Therefore, the thickness should be properly optimized and
balanced to enhance the performance. In addition, differ-
ent from TMDCs that rely on the electron beam lithography
(EBL) and mechanical exfoliation alignment process, the
fabrication is compatible with the conventional semicon-
ductor process that adopts AL O, as a tunneling layer and
silicon as a photosensitive area, providing flexibility to
future large-scale photodetectors with high integration.

2 Results and discussion

The detailed fabrication process of a Gr/ALQ,/Si tunneling
photodetector is illustrated in the Supplementary Informa-
tion (Figure S1), and the schematic diagram of a Gr/ALO,/
Si heterojunction photodetector is shown in Figure 1A. A
658 nm laser is illuminated on the bottom graphene of the
heterostructure, and all the measurements are performed
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Figure 1: Schematic diagram and mechanism illustration of the Gr/AL0,/Si heterojunction photodetector.

(A) Illustration of the Gr/AL,0,/Si heterojunction photodetector. Laser was illuminated on the bottom graphene of the device. (B) Raman
spectrum of the graphene; inset: surface morphology of the ALO, tunneling layer. (C) SEM image of the graphene at the interface; inset: AFM
image with height profile, indicating that the thickness of the top SiO, insulator is ~200 nm. (D) I/V curves of the Gr/AL,0,/Si photodetector
under dark (black curve) and 658 nm laser illumination (red curve). The inset illustrates the energy band diagrams of the device at positive

and negative bias voltage, respectively.



by applying a drain voltage on Si (terminal “d”) with Gr
being ground (terminal “s”). The thickness of the ALO,
layer is measured by the ellipsometer (Supplementary
material S2), with 4.91 nm, 13.36 nm and 21.12 nm, respec-
tively. Furthermore, the Raman spectrum is performed to
evaluate the quality of the bottom graphene, as shown in
Figure 1B. It is observed that the G and 2D peaks can be
clearly observed at 1587 and 2685 cm™, with a negligible D
peaklocated at 1349 cm. The 2D/G intensity ratio is around
2.2, indicating that the chemical vapor deposition grown
graphene is mostly a monolayer. Also, the low intensity of
the D peak demonstrates that few additional defects are
generated during the transfer process. Figure 1C exhib-
its the scanning electron microscopy (SEM) image of the
cross-sectional area, in which the different layers can be
easily distinguished according to the contrast. The thick-
ness of the top SiO, insulator is ~200 nm, shown in the
atomic force microscopy (AFM) image with a height profile
(inset). Considering a relatively high insulator layer, it is
reasonable to determine the leakage current through the
unilluminated area as negligible.

Figure 1D illustrates the current-voltage (I-V) curves
of the Gr/Al,0,/Si photodetector under darkness and illu-
mination (P=732 uW, 1=658 nm) with a 13.36-nm-thick
tunneling layer. Similar to the Gr/Si Schottky photodetec-
tor, the photogenerated carriers still reside in the silicon
while the graphene functions as the carrier collector in the
tunneling heterojunction. Due to the photovoltaic effect,
the built-in electric field separates the charges, showing
conventional photodiode-like behavior. Furthermore, the
current rectifying behavior can be understood by the inset,
with the positive bias (minority domain mode) and the
negative bias (majority domain mode), respectively. It is
noticed that the measured current can be simplified as the
sum of the tunnel current and photocurrent. With V, <0,
photoexcited electrons tunnel from silicon to graphene,
whereas electrons are dominant in the n-type area that
the photogenerated carriers cannot be competitive with
the majority carriers (I=1 ). Conversely, we can observe
a clear current enhancement when V, >0, as the recom-
bination is governed by minority carriers (holes) that a
similar amount of photogenerated and tunnel current is
detected (I=1, . +1 ogeneraca)- Meanwhile, many effects
are ignored in the simplified mode such as the asymmetry
tunneling process [22] or the Fermi level shift of graphene
[4]. Nonetheless, we will show that the tunneling photo-
detector can demonstrate excellent photoresponse char-
acteristics with this simple model (detailed experimental
data in Figure 2).

To quantitatively investigate the photoresponse char-
acteristics, the I-V curves under different illumination

densities are measured and shown in Figure 2A, with the
incident laser wavelength of 658 nm and the thickness of
the ALO, layer of 13.36 nm. The photogenerated current is
improved by two or three orders of magnitude compared
with the dark current as V,_varies from 0 V to 20 V. With
increasing laser power, a stronger light-matter interaction
can be achieved at the tunneling junction, which results
in the enhancement of photogenerated minority carriers.
Further increasing V,, however, a saturation tendency in
the photocurrent can be observed. Also, the photocur-
rent can be defined as Iph=1ﬂmminate .., and the meas-
ured data under different laser powers are illustrated in
Figure 2B. The results are fitted with the equation I, =aP-,
where I is the photocurrent, a is a fitting parameter, P
is the laser power intensity, « is an exponent and deter-
mines the response of the photocurrent to light intensity,
and the values of a and « are 4.404 x10~° and 0.83, respec-
tively. These values are associated with the recombination
process of photogenerated carriers as well as the presence
of some trap states between the Fermi level and the con-
duction band. With the obtained «=0.83, it is supposed
that the energy loss during the recombination is relatively
low for the tunneling heterojunction photodetector.
Moreover, the photoresponsivity (R) and detectivity
(D*) are generally utilized to evaluate the performance of a
photodetector. Photoresponsivity is defined as R= Iph/P -S,
where I,is the photocurrent, P is the incident light power
density and S is the effective area under illumination.
Short noise is the major contributor to the total noise
[23], so that detectivity can be calculated by the equation
D*=R-5"/(2e-1, )"*, where R is the responsivity, e is the
electronic charge and I, , represents the dark current.
The responsivity and detectivity of this device (13.3-nm-
thick A1203 layer) increase with increasing V., and the
maximum values can reach up to 0.75 A/W and 3.1x 10"
Jones (Figure 2C), respectively. Figure 2D shows R and D*
along with various illumination densities at V, =20 V. It
is noticed that both responsivity and detectivity basically
remain unchanged with increasing illumination density.
Besides, the Iph/I 1 Tatio is found to increase gradually
with increasing light intensity and bias voltage, reach-
ing up to as high as 4.8 x10° when the light intensity is
1204 uW/cm? and V,_is 22 V. Meanwhile, further increasing
V.. will also aggrandize the dark current and the photo-
induced carriers become saturated, which hampers the
Iph/I . Fatio as well as photoresponsivity and detectivity.
In order to explain these experimental results, we
resort to a basic tunneling model and semiconductor
theory. For a conventional Si-Gr structure, the photogen-
erated carriers are free to transport through the interface
in the absence of an oxide barrier [4, 24]. However, with
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Figure 2: Photoresponse characteristics of the Gr/ALQ,/Si heterojunction photodetector.
(A) I-V curves under different illumination densities. Incident laser is 658 nm and the thickness of the AL,0, layer is 13.36 nm. (B)
Dependence of photocurrent on illumination power intensities. (C), (D) Photoresponsivity and photodetectivity with various V,_and

illumination power intensities, respectively. (E), (F) [, /1.,

an oxide barrier or tunneling layer, the photogenerated
carriers will accumulate at the silicon-oxide interface at
low voltage [19]. Afterwards, the increasing bias voltage
will compress the potential barrier and push it towards
the junction. The I-V curves above can be modeled by the
Fowler-Nordheim (F-N) tunneling theory, expressed by

ratio as a function of V,_and illumination power intensities, respectively.

where d, m*, ¢ and h are the tunneling thickness (A1203 in
this case), effective electron mass, tunneling barrier, and
the Plank constant, respectively. By taking the logarithm
of both sides, Eq. (1) becomes [27, 28]

(V) 8rdy2m'p

the following equation [25, 26]:
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Based on Eq. (2), the plot of In(I/V, ) versus V.. of the
I-V curve is depicted in Figure 3A, with the light intensity
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(A) In(l(W/V?) —=1/V curve and Fowler-Nordheim fitting in the positive drain voltage regime. (B) Dependence of photoresponsivity and
photodetectivity with different AL, O, thicknesses. The thickness of the tunneling layer is 4.91 nm, 13.36 nm and 21.12 nm, respectively. ©

The photocurrent and / ratio with respect to AL,0, thicknesses.
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of 1204 pW/cm?. It is clearly observed that the plot shows a
linear tendency with the negative slope for F-N tunneling.
To verify this tunneling process, we further modulate the
thickness of ALO, and characterize the photoresponse
performance. Figure S3 shows the I-V curves under dif-
ferent illumination densities, with 4.91-nm- and 21.12-nm-
thick tunneling layers, respectively. We can find that the
corresponding plots of In(I/ V) versus Vd's1 demonstrate
linearity in high voltage, while the calculated negative
slopes decrease with increasing insulator thickness. For
the conventional F-N emission or the so-called field emis-
sion [29, 30], the negative slopes are defined as the field
enhancement factor 3, which reveals the capability of the
electric field motivating the electron tunneling from the
emitters [31]. In this case, the value of the negative slope
can be considered as the capacity of photogenerated car-
riers tunneling through the heterojunction as well as the
recombination at the interface.
Figures 3B,C show the dependence of R, D*, Iph and the
/ i Tatio on different ALO, thicknesses. The thickness
of the tunneling layer is 4.91 nm, 13.36 nm and 21.12 nm,
respectively. According to J < exp(£'2d) (& is the tunneling
barrier height of the insulator layer in eV and d is the insula-
tor thickness) [32], the tunneling current ought to decrease
with increasing thickness of A1203, which is consistent with
the experimental results. As a result, the variation trend
of R and I, is just the same as the tendency reflected in
the ALO, thicknesses. However, we notice that the dark
current suffers more suppression with the increase in
the thickness of the tunneling layer, while it hampers the
photoresponsivity in the meantime. With a thin insulator
layer ~4.91 nm, a large photocurrent and photoresponsiv-
ity (1.99 A/W) ought to be acquired, while the carriers in Gr
and silicon can also easily tunnel through the thin AlO,
layer, which leads to a high dark current and low I /I, .
ratio as well. On the other hand, for a 21.12—nm-th1ck ALQO,

layer, both photocurrent and dark current are suppressed
as the thick insulator layer raises the difficulty for carrier
tunneling. The band diagram of the heterojunction can
be deduced from the photoresponse characteristics, as
shown in Figure S4 with a simple triangle barrier model.
At the forward bias, the tunneling probability through the
insulator layer is exponentially decreased with increas-
ing insulator thickness [33]. Therefore, unlike photocur-
rent and responsivity, the thickness of the tunneling layer
should not only be thin enough to allow the photo-induced
carriers to transport through the heterojunction, but also
sufficient to limit the dark current, thereby obtaining the
optimized D* and Iph/I n FAtio.

Response speed can reflect the capability of a photo-
detector following the rapid optical signal. Figure 4 shows
the photoresponse time measurement of the Gr/AlLO,/Si
tunneling photodetector in this study. By turning on and
off the laser light with a chopper at 0.1 Hz, the photode-
tector exhibits excellent stability with various illumination
densities, as shown in Figure 4A. Furthermore, a high-
speed oscilloscope is utilized to measure the rapid optical
signal generated by a laser diode driven by a function
generator. Here the rise/fall time is defined as the photo-
current increased/decreased from 10/90% to 90/10% of
the stable photocurrent. It is noted that the rise and fall
time is 2.8 ms and 3.6 ms, respectively. In addition, the
fast photoresponse measurements under pulse illumina-
tion with frequencies of 50 Hz, 100 Hz, 500 Hz and 1 kHz
are depicted in Figure S5, respectively. Under periodic on/
off illumination, our device can demonstrate switching
performance with fast photoresponse and good reproduc-
ibility for frequencies of 50 Hz, 100 Hz and 500 Hz. As the
frequency reaches up to 1 kHz, however, the photodetec-
tor is not perfectly recovered when the light is off. Without
illumination, the generation of photo-induced carriers
is stopped while residual photogenerated carriers still
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Figure 4: Photoresponse time measurement of the Gr/Al,0,/Si heterojunction photodetector.

(A) Photocurrent response of the photodetector with various illumination densities; the laser light is turned on/off by a chopper at 0.1 Hz.
(B, C) Show the rise time and fall time of the photocurrent temporal response, respectively. Here the rise/fall time is defined as the
photocurrent increased/decreased from 10/90% to 90/10% of the stable photocurrent.

transferred through the heterojunction or recombined at
the interface because of the photovoltaic effect. It is worth
noting that the response time of our device is not inferior to
the reported tunneling photodetectors based on 2D TMDCs
(Table 1). However, the response time of photovoltaic-type
tunneling photodetectors is much slower than that of other
TMDCs-based hybrid photodetectors, which is related to
the built-in electric field and electronic properties of light-
sensitive materials. We believe that optimization of quality
of the 2D materials or insulator thickness may obtain short
transit time of photogenerated carriers across the channel,
enhancing the photoresponse characteristics eventually.

Table 1 shows the photoresponse performance of
heterojunction tunneling photodetectors, based on dif-
ferent 2D materials and tunneling mechanisms [20, 21,
23, 34-37]. In the reported photovoltaic-type devices,
photo-induced electron-hole pairs are separated by the
built-in electric field, while the carrier tunneling follows
different mechanisms. Photodiodes based on Gr, MoS,
or MoTe, have been reported, and most of them are in
good accordance with direct tunneling (DT) and F-N tun-
neling. With the insulator acting as the tunneling layer,
e.g. hexagonal boron nitride (h-BN), DT occurs at low
voltage and the carriers are dominated by F-N tunneling

Table 1: Comparison of 2D materials-based tunneling photodetectors with different tunneling mechanisms.

Device Responsivity Iph/I ark Calculated Rise time Tunneling Ref
(A/W) ratio detectivity (Jones) (ms) mechanism
MoSz/h-BN/Gr 3x10* 6.6 10 [20]
Gr/h-BN/MoTe, 610 3.3x 10" 0.33 F-N tunneling [34]
WSe,/BP/MoS, 6.32 400 1.25x101 Interband tunneling [35]
MosS,/h-BN/Gr 180 ~10°% 2.6x1013 230 DT and F-N tunneling [21]
MoS,/Gr/WSe, 4250 2.2x1013 Interband tunneling [23]
Gr/MoS,/Gr 0.068 DT tunneling [36]
SnSe,/BP 2.4x10™* Interband tunneling [37]
Gr/ALO,/Si 0.75 4.8x103 3.1x10"% 2.8 F-N tunneling This paper




in the high-voltage regime [21]. Park et al. demonstrated a
Gr/h-BN/MoTe, heterostructure, showing excellent pho-
toelectric performance with a responsivity of 610 A/W
and a rise time of 0.33 ms [34]. Yu and co-workers illus-
trated a highly sensitive photodetector with a MoS,/h-
BN/graphene heterostructure. The device can achieve a
high photocurrent/dark current ratio of ~10% a respon-
sivity of 180 A/W and an ultrahigh detectivity of 2.6 x 10%
Jones, which is about 100-1000 times higher than those
of previously reported MoS,-based devices [21]. All these
reports found that the embedded h-BN barrier in vertical
stacks can dramatically reduce dark current and increase
detectivity for photodetector application.

Meanwhile, for the sandwich structure that is entirely
composed of 2D materials, as the high electric field leads
to the band bending at the atomically thin interface, car-
riers can tunnel through the valence band of the source
(emitter) to the conduction band of the drain (collector),
known as interband tunneling or band-to-band tunneling
[38]. Similarly, dark carriers can also be compressed by
combining various 2D materials as the tunneling layer,
because of the large barrier potential difference in the
heterojunction. Xu and co-workers first reported a photo-
detector based on a WSe,/BP/MoS, van der Waals hetero-
structure, with a responsivity of 6.32 A/W and a detectivity
of 1.25x10" Jones, indicating its unique merit of photo-
current amplification capacity [35]. Miao et al. presented
a sandwich structure by inserting graphene in an atomi-
cally thin p-n junction, and the MoS,/Gr/WSe, hetero-
junction was successfully demonstrated for broadband
photodetection in the visible to short-wavelength infrared
range at room temperature [23].

For a further comparison between our photodetector
and other 2D material-based devices, the photoelectric
properties of responsivity, Iph/I 1 Tatio, detectivity and
rise time of our device are also listed in Table 1. Under the
illumination of 658 nm light, a responsivity of 0.75 A/W,
a high current ratio of 4.8 x 10% a detectivity of 3.1x10%
Jones and a rise time of 2.3 ms have been obtained with
the 13.3-nm-thick ALO, tunneling layer. We note that our
Gr/A1203/ Si tunneling photodetector can achieve com-
parable or even preferable values for the Iph/I 1 Tatio,
detectivity and rise time, while the photoresponsivity is
inferior to most TMDCs-based devices. However, it is well
known that TMDCs rely heavily on the EBL and mechani-
cal exfoliation alignment process, and that the high cost
and difficulty in high integration restrict their practical
applications in the industry. In the meantime, the fabri-
cation of our device is compatible with the conventional
semiconductor process that adopts ALO, as a tunneling
layer and silicon as a photosensitive area, providing

further flexibility to large-scale photodetectors with high
integration.

3 Conclusions

In summary, by introducing Al,O, as a tunneling layer
between a silicon photoabsorber and a graphene elec-
trode, a hybrid graphene/AlO,/silicon tunneling pho-
todetector is demonstrated as a high-performance
photodetector. A maximum value of responsivity of ~0.75
A/W, a current ratio ~4.8 x 10° and a detectivity of ~3.1 x 102
Jones have been obtained. The thickness of the AL,O, layer
is also modulated to explore the photoresponse charac-
teristics and tunneling mechanism. It is noticed that the
dark current suffers more suppression with the increase
of tunneling layer, while it hampers the photoresponsiv-
ity in the meantime. Therefore, the thickness should be
properly optimized and balanced to enhance the perfor-
mance. In addition, the proposed graphene/Al 0. /silicon
heterojunction device can be highly compatible with the
conventional semiconductor process, which possesses
huge potential in future optoelectronics and photovoltaic
applications.
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