Published on 31 March 2015. Downloaded by HeFei University of Technology on 13/10/2015 03:32:05.

Journal of

Materials Chemistry C

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

A graphene/GaAs near-infrared photodetector

enabled by interfacial passivation with fast
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response and high sensitivity
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and Feng-Xia Liang*®

We report a simple AlO, passivation approach to optimize the device performance of a bilayer

graphene/gallium arsenide (BLG/GaAs) Schottky junction based near infrared photodetector (NIRPD).

The as-fabricated NIRPD is highly sensitive to NIR illumination at zero bias voltage, with a detectivity of
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2.88 x 10, which is much higher than that without passivation (7.3 x 10° cm HzY? W™Y. The
corresponding responsivity is 5 mA WL, Additionally, the surface passivation can substantially increase
both the response rate (rise/fall time t,/7¢ from 32/48 us to 320/380 ns), and lift time. It is expected that

such a self-driven NIRPD with fast response and high detectivity will have great potential in the future

www.rsc.org/MaterialsC optoelectronic devices.

Infrared photodetectors (IRPDs), a kind of commercialized
device of great practical importance, have been widely used
in various fields, such as missile guidance, astronomy, tele-
communications, control systems, and medical diagnostics.">
So far, a variety of IRPDs with different device configurations
(e.g., Schottky-barrier photoemissive IRPDs,> quantum well
IRPDs,*” quantum dot IRPDs®) have been developed by using
semiconductors with narrow band gap such as ternary semi-
conductors (e.g., HgCdTe and CdZeTe),”® group III-V (e.g. InSb
and GaAs) semiconductors,” " and group IV semiconductors
(e.g. Si and Ge)."”"® Compared with these traditional devices,
photodiode IRPDs have lately received increasing interest due
to their simple structures and great performance. For instance,
photodiode-based IRPDs have high sensitivity and fast response
rate. In addition, these devices normally exhibit typical photo-
voltaic characteristics, which make it possible to detect light
illumination at zero bias voltage.

Gallium arsenide (GaAs), a III-V group compound semicon-
ductor, has a direct bandgap of ~1.42 eV. The narrow bandgap,
along with its optimal optoelectronic characteristics and high
carrier mobility, has made GaAs an appropriate material for
constructing sensitive IRPDs. Wang et al. demonstrated an IRPD
based on a metal-semiconductor (single GaAs nanowire)-metal
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Schottky diode structure. The photoconductive gain of the
devices approaches 20000 under low laser excitation.’® We also
reported an n-type GaAs nanocone array/monolayer graphene
Schottky junction photodetector. It was observed that the device
exhibited high sensitivity to NIR light illumination with a
detectivity of 1.83x10™ cm Hz"> W '.'” Despite these efforts,
it is undeniable that due to lack of effective passivation, these
devices normally contain high density of surface states which as
carrier trapping centers can pin the surface Fermi level, increase
surface recombination and decrease carrier mobility at the GaAs
surface.’® As a result, the GaAs-based devices normally suffer
from a low on/off ratio and a slow response rate that constitute
the main obstacles to their applications. To solve this issue,
people have tried to introduce a passivation layer into the device
structure. For example, Liu et al. demonstrated a hydrogen
peroxide oxidation technique to passivate Al and Ga dangling
bonds in an AlGaN/GaN ultraviolet photodetector. Both respon-
sivity and on/off ratio were found to increase dramatically.'®
What is more, Chen et al. reported that a thermally evaporated
copper phthalocyanine film is effective for passivating surface
trap states of ZnO NWs. As a result, the as-passivated photo-
detector devices exhibit simultaneously improved sensitivity and
response rate.”’

Enlightened by the above studies, we herein present a
simple passivation strategy to optimize the bilayer graphene/
GaAs wafer (BLG/GaAs) Schottky junction near IRPD (NIRPD).
Electrical analysis reveals that the BLG/GaAs Schottky junction
with an AlO, nanofilm retains the typical photovoltaic charac-
teristics after surface passivation. Further optoelectronic char-
acterization demonstrates that both responsivity and detectivity
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of BLG/GaAs Schottky NIRPD with AlO, are much better than those
without a passivation layer. The photoresponse rate of the optimized
device was also considerably improved from the microsecond to the
nanosecond level. This study suggests that the present NIRPD may
have great potential in future optoelectronic devices.

BLG films were grown through a chemical vapor deposition
(CVD) method using 30 pm thick Cu foils as the catalytic
substrates. Briefly, a mixed gas of CH, (20 standard cubic
centimeters per minute, sccm) and H, (40 sccm) as a reaction
source was fed into a quartz tube and the base pressure was
kept at ~2 Torr. The quartz tube was then heated up to 1005 °C
and maintained at this temperature for 20 min. After growth,
the graphene films on Cu foils were spin-coated with poly-
methylmethacrylate (PMMA) solution (6 wt% in anisole). The
Cu substrates were then etched away in Marble’s reagent
solution (CuSO,:HCl:H,O = 10 g:50 ml:50 ml). Before transfer
of graphene, n-type GaAs wafers ((100) orientation, resistivity: 1.91-
1.33 x 107* Q cm) were successively washed with water and
acetone, and 5% HF aqueous solution to remove possible organic
and oxide contaminants. Then a 2.5 nm thick Al film was
deposited on the clean GaAs wafer using an electron beam
evaporator, followed by the deposition of 300 nm AL,O; as an
insulating layer through sputtering with the aid of a shadow mask.
To fabricate AlO, passivated BLG/GaAs Schottky NIRPD, BLG films
were then transferred onto the top of the substrate, forming a
Schottky junction to the GaAs substrate. After that, an Au electrode
serving as an electrical contact to BLG was deposited on the
substrate using another shadow mask, and an Ag/Sn alloy elec-
trode serving as an Ohmic contact for n-type GaAs was deposited
on the back side of the substrate. For comparison, a BLG/GaAs
Schottky device without an AlO, passivation (WO-PD) layer was
also fabricated. The BLG was characterized using a Raman spectro-
meter (JY, LabRAM HR800). The X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250Xi) study was performed using a

(a) (b)
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monochromated Al Ko X-ray source. The electrical properties of
the Schottky junction NIRPDs were studied using a semiconductor
characterization system (Keithley 4200-SCS). To determine the
spectral response and time response of the Schottky devices, a
home-built system composed of a monochromator (LE-SP-M300),
an oscilloscope (Tektronix, TDS2012B), and a pulsed LED with
frequency as high as 1 MHz was used.

Fig. 1(a) shows the schematic illustration of the proof-of-
concept BLG/GaAs Schottky NIRPD with an AlO, passivation
layer (W-PD). Owing to the distinct difference in contrast, these
three layers can be easily distinguished from the SEM images
(Fig. 1(b)). Raman analysis of the BLG film reveals two obvious
peaks, i.e., a 2D band peak at ~2670 cm™* and a G band peak
at ~1580 cm™ " (Fig. 1(c)). The intensity ratio of L:Ig & 1.1
confirms the high crystal quality of the bilayer graphene film.>*
In addition, the weak D peak at ~1350 cm ™' signifies a very low
amount of defects.”” Fig. 1(d) shows the XPS spectrum of the
GaAs substrate after coating with an AlO, passivation layer.
There are only two sharp Al peaks with a binding energy of
74.4 and 118.8 eV, which can be assigned to the 2p and 2s
of three-valence aluminum, respectively, suggesting that the
as-deposited Al film in zero-valence has been completely oxi-
dized to Al oxide. Fig. 1(e) shows the XRD patterns with and
without passivation, from which no obvious shift or new peaks
were observed, suggesting that the crystallinity of GaAs has not
been influenced by the introduction of ultra-thin AlO,. Further
photoluminescence analysis reveals that the spectrum intensity
of the GaAs with AlO, passivation is slightly higher than that
without surface passivation (Fig. 1(f)). As we will discuss later,
such an increase in intensity is due to the reduced recombina-
tion of charge carriers at the GaAs surface.

Fig. 2(a) plots a typical current-voltage (I-V) curve of both
W-PD and WO-PD in the dark. It is obvious that both devices
display typical rectifying behavior. The rectification ratios are 134
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Fig. 1 (a) Schematic illustration of the BLG/GaAs Schottky junction NIRPD with an AlO, passivation layer. (b) A typical SEM image of the BLG/GaAs
Schottky junction with an AlO, passivation layer. (c) Raman spectrum of the BLG. (d) XPS spectrum of the 2.5 nm Al deposited on the GaAs substrate, the
inset shows the corresponding Al 2p spectrum. (e) XRD pattern with and without AlO, passivation. (f) The photoluminescence of GaAs with and without

the AlO, layer, the inset shows the enlarged spectrum.
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Fig. 2

(a) Typical /-V characteristics of the BLG/GaAs Schottky junction with and without an AlO, passivation layer under ambient conditions in the dark.

(b) Plots of In/-V showing the ideality factors of both devices. (c) The photovoltaic characteristics of both devices. (d) The photoresponse of both devices

illuminated by an 850 nm light source. This study is measured at zero bias voltage, and the incident light intensity is kept at 3 mW cm

as a function of incident light intensity.

and 49 at +1 V for W-PD and WO-PD, respectively. By fitting
the InI-V plots shown in Fig. 2(b), the ideality factor of
W-PD is determined to be 2.4, comparable to that of WO-PD
(2.66). Additionally, the Schottky barriers of both W-PD and
WO-PD can be calculated to be 0.68 and 0.59 eV, respectively,
by wusing the thermionic-emission theory: J(V,T) =

14
J(T)g [exp <nli?) - 1] ,2* where J(T, V) is the current density

across the device interface, V the applied voltage, kg Boltzmann’s
constant, T the absolute temperature, and n the ideality
q dvV
kTdInI
rectification behavior of the BLG/GaAs Schottky junction is well-
preserved after surface passivation with an ultrathin AlO, layer.

To study the effect of surface passivation on device perfor-
mance, the photoresponse characteristics of the two devices
were investigated under the same irradiation. Fig. 2(c) com-
pares the I-V curves of both devices illuminated using an
850 nm light source with a fixed intensity of 3 mW cm™ >
Apparently, the device with an AlO, layer exhibits more pro-
nounced photovoltaic characteristics compared to that without
passivation. It is believed that the effective suppression of
recombination activities at the GaAs surface, as a result of
reduced density of surface dangling bonds and defects after
AlO, passivation is responsible for the improved device photo-
voltaic performance.>* In order to quantify the interface defect
density in the passivated and un-passivated devices, the inter-
face Gg—f measurement was conducted. Fig. 3 shows the Gg/®
versus o (w = 21f) curve in a semi-logarithmic scale at a forward
bias voltage of +1 V. The interface state density can be deduced
from the Ggs/w versus o curve by using the following expression

factor (n = ) This electrical analysis suggests that the
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Fig. 3 The Gg/w versus w (w = 2rnf) curve of devices with and without an

AlO, passivation layer in the semi-logarithmic scale at a forward bias
voltage of 1 V.

where S is the diode contact area, D;, the concentration of
trapping states, g the electronic charge, and 7t;; the time
constant of the interface states. At the peak position, w for
the un-passivated and passivated GaAs is 2.73 x 10” and 4.9 x
d(ng/a))

d(w)
passivated and passivated GaAs surface is calculated to be
1.5 x 10" and 2.2 x 10° cm > eV, respectively. These
trapping states may originate from the surface defects on the
GaAs surface, which can be considerably reduced by the inter-
facial passivation.

Notably, the AlO, interfacial passivation layer is highly
beneficial for NIR detection. As illustrated in Fig. 2(d), when
the light was switched on and off repeatedly at zero bias
voltage, both devices can be reversibly switched between low-
and high-resistivity states. A careful examination of the photo-
response concluded that the AlO, passivation can cause a
considerable increase in photocurrent (from 3.4 x 10~° to
1.5 x 107° A) and a decrease in dark current (from 2.7 x
1077 to 4.3 x 10 ' A), giving rise to an on-off ratio as high as

10”7 s, respectively. When =0, D, for the un-

J. Mater. Chem. C, 2015, 3, 4723-4728 | 4725


http://dx.doi.org/10.1039/C5TC00449G

Published on 31 March 2015. Downloaded by HeFei University of Technology on 13/10/2015 03:32:05.

Paper

3.0 x 10°, which is much higher than 1.2 x 10’ of the WO-PD.
Such an increase in the on-off ratio is primarily due to the
surface passivation of the AlO, layer, which can substantially
reduce the density of dangling bonds and defect states at the
GaAs surface, leading to the reduction of the recombination
rate that is proportional to the defect density at the GaAs
surface. As a result, more carriers are collected by the bottom
Ag/Sn alloy electrode and graphene under light illumina-
tion.>>>® On the other hand, the AlO, interface passivation
layer can act as a barrier to prevent electron transport and
reduce the leakage current effectively in the dark, leading to
decreased dark current.”” What is more, the photocurrent of
the passivated device displays high dependence on the intensity
of excitation light. Fig. 2(e) plots the photocurrent under light
irradiation with varied intensity, from which one can see that
the photocurrent of the device increases gradually with increas-
ing light intensity.

To evaluate the influence of the passivation layer on photo-
response in a more quantitative way, we calculated the other
critical parameters, the responsivity (R) and detectivity (D*) which

I, — 1 A
can be described as R(AW™!) =2~ and D* = /-2 R,
Popl 2q1d

respectively. In the equations, I, Iy, Pop, 4, and g are the
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Fig. 4 (a) Schematic illustration of our experimental setup for the NIRPD
response rate measurement. (b) Response of the BLG/GaAs Schottky
junction with the AlO, layer to pulsed NIR light at frequencies of 1 kHz
and 1 MHz. (c) The relative balance versus switching frequency of the
pulsed NIR light. (d) A single normalized cycle to estimate both rise time (z,)
and fall time (t7) of the NIRPD with and without AlO,.
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photocurrent, dark current, incident light power, active area,
and elementary charge, respectively. The device area was esti-
mated to be ~0.03 cm®. Based on these values, the responsivity
(R) and detectivity (D*) of the WO-PD are estimated to be
1.2 mA W' and 7.3 x 10° em Hz"? W™, respectively. Upon
deposition of the AlO, passivation layer, R and D* increased to
5 mAW *and 2.88 x 10" ecm Hz'? W™*, respectively. In addition
to the high responsivity and detectivity, the passivation layer is
beneficial to the response rate as well. The schematic illustration in
Fig. 4(a) depicts the experimental setup to study the response rate.
The pulsed incident light was provided by an LED (850 nm) driven
by a high-frequency power supply. The fast-varying signal from the
NIRPDs was collected using an oscilloscope. Fig. 4(b) shows the
reversible switching of W-PD under the light with a frequency of
1 kHz and 1 MHz. The response is very fast, with good reproduci-
bility and excellent stability. Further study showed that the W-PD
has a slow relative balance [Iax — Imin/Imax] decay. As illustrated in
Fig. 4(c), the relative balance of W-PD remained larger than 60%
even when the frequency was increased to 10 kHz, in stark contrast
to that of WO-PD. By fitting a single normalized cycle shown in
Fig. 4(d), the rise time (z,) and a fall time () for W-PD are estimated
to be 320 and 380 ns, respectively, which are far faster than those of
WO-PD (1.: 32 ps and ¢ of 48 ps). Table 1 summarizes the key
parameters of our devices with other IRPDs. One can see clearly
that although the current device is relatively weak in respon-
sivity, other key parameters including the on/off ratio and
detectivity are much higher than those of similar devices such
as core-shell GaAs/AlGaAs/Pt Schottky junctions," graphene/
Ge wafers,"* GaAs nanocone array/MLG array Schottky junc-
tions,"” and Si/MLG heterojunctions.?®

The ultrafast response rate can be attributed to the suppres-
sion of carrier trapping after AlO, passivation, which can
substantially reduce the density of the surface states (e.g.,
surface’s dangling bonds and surface defects).*® Fig. 5 shows
the energy band diagram of the BLG/GaAs Schottky junction
with an ultrathin AlO, passivation layer under light illumina-
tion at zero bias voltage. When irradiated by NIR, the photo-
generated electron-hole pairs are quickly separated by the
built-in electric field. The photo-induced electrons can be
collected using an Ag/Sn electrode, while the holes in contrast
are collected by BLG through tunneling, leading to the for-
mation of photocurrent. During this process, the ultrathin AlO,
layer can reduce the density of recombination centers by
terminating the surface states of GaAs. Thus the recombination
activity is considerably reduced, giving rise to enhanced photo-
current and responsivity.

Table 1 Comparison of the device performance of the present device with other NIRPDs

Responsivity Detectivity

Device structure (mAwW™) T/T¢ Liight/Idark (Jones) Ref.
BLG/GaAs Schottky junction with AlO, interface passivation layer 5 380/320 ns 10° 2.88 x 10 This work
BLG/GaAs Schottky junction 1.2 32/48 ps 10° 7.3 x 10° This work
Graphene/Ge wafer 50 23/108 ps 10° 1.38 x 10" 13
Core-shell GaAs/AlGaAs/Pt Schottky junction 570 — — 7.2 x 10" 11

GaAs nanocone array/MLG array Schottky junction 1.73 72/122 ps 10* 1.83 x 10™ 16
Si/MLG heterojunction 435 1.2/3 ms 10* 7.69 x 10° 31
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Fig. 5 Energy band diagram of the NIRPD under light illumination.

According to the above analysis, the passivation layer plays an
important role in determining the performance of the NIR
detector. The thickness of the passivation layer is the key to device
optimization. Fig. 6(a) plots the I-V curves of a number of devices
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Fig. 6 The photovoltaic characteristics of the BLG/GaAs Schottky junction
coated by: (a) an AlO, passivation layer with different thickness; (b) different
passivation layer; and (c) an AlO, passivation layer after long-term storage.
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coated by AlO, with thickness in the range from 0 to 8.5 nm.
Obviously, the device with a 2.5 nm thick passivation layer shows
the highest photocurrent. A further increase in thickness will lead
to reduced photocurrent. This decrease in photocurrent can be
ascribed to the blocking effect of thick AlO,, which will prevent
the separation of carrier transfer under light illumination. In this
study, we have also studied the passivation effect of SiO, and
Si3N, layers, which were evaporated using an electron beam
evaporator. As plotted in Fig. 6(b), their performance is not as
good as that passivated with the AlO, layer. The detailed reason
for this phenomenon is still unknown to us. Finally, it should be
noted that the present NIR photodetector shows excellent stability
even after long-term storage under ambient conditions. Fig. 6(c)
compares the I-V characteristics after nearly one month storage.
There is no obvious degradation in device performance, suggest-
ing that this device has a long lifetime.

In conclusion, we have demonstrated a high-performance
NIRPD based on the BLG/GaAs Schottky junction using an
AlO, passivation layer. Optoelectronic analysis reveals that the
AlO, passivated NIRPD exhibits high sensitivity to 850 nm
illumination at zero bias voltage. The dark current was reduced
considerably, while the responsivity was increased after passi-
vation. It is also observed that the detectivity of the NIRPD with
AlO, was estimated to be 2.88 x 10'" ecm Hz'> W', respec-
tively, which is much higher than that without AlO, passivation.
In addition, further device analysis shows that the passivated
NIRPD can work in an ultra-wide range of switching frequencies,
with an ultra-fast response rate (t, = 320 ns, 7¢ = 380 ns), which is
far faster than those of WO-PD. It is expected that this simple
BLG/GaAs Schottky junction with an AlO, passivation layer will
have potential applications in the future NIR detection.
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