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Metal/SiO,/Si planar photodetectors with superior performance were fabricated

conveniently and cost-effectively utilizing leakage current flows through SiO, layer.



2

2

3

3

4

o

S

o

0

5

0

s

=3

J. Mater. Chem. C

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX

Journal of Materials Chemistry C

PAPER

Simple Metal/SiO,/Si Planar Photodetector Utilizing Leakage Current

Flows through SiO, Layer

Baiyi Zu,* Bin Lu,* Yanan Guo, * Tao Xu"” and Xincun Dou"

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

Silicon wafers covered with a thermally grown high-quality SiO, layer were often used as the substrate to

house different nanostructures to fabricate photodetection devices. No reports have ever challenged to

directly fabricate photodetectors utilizing leakage current through non-high-quality SiO, film and the

intrinsic light absorption properties of Si. Herein, we show that metal/SiO,/Si planar photodetectors could

be easily fabricated by simply depositing two metal electrodes (such as, Au, Ag and Al) on top of SiO,/Si

wafer in which the SiO, layer is of non-high-quality. The responsivity, stability, photoresponse

characteristics and light intensity sensitivity are systematically evaluated. Our results clearly show that

the present conveniently and cost-effectively fabricated metal/SiO,/Si planar photodetectors are of great

advantage compared to many of the nanostructure-based photodetectors constructed on SiO,/Si substrate.

Introduction

Photodetection devices based on nanostructured materials, e.g.
inorganic 1-D nanowires, ' polymers, ® ° and two dimensional
graphene ' often use silicon wafers covered with a thermally
grown SiO, layer (typically 100~600nm thick) as the substrate to
house the electric circuits. Usually, the insulation of the SiO, is
the first important condition in the community of making
photodetectors on the SiO,/Si substrate (e.g. nanowire detectors
on SiOy/Si). """ 1t is generally considered that if the top SiO,
layer is of high-quality and over 200 nm thick, it is insulating
enough to eliminate any electrical contribution from the
underneath Si layer. And it is common sense that there will be
leakage current if non-high-quality SiO, film is adopted.
However, is it a possible way to directly fabricate photodetectors
utilizing non-high-quality top SiO, layer since Si is broadly used
in photovoltaic devices? "2 No reports have ever challenged this
issue.

Herein, we show that metal/SiO,/Si planar photodetectors could
be easily fabricated by simply depositing two metal electrodes on
top of SiO,/Si wafer. We observed remarkable photocurrent
between the two electrodes when the SiO, layer is ~200 nm thick.
There are two advantages in this design to be highlighted. First,
compared to the most common silicon-based photodiodes, which
convert optical signals into electrical signals by means of optical
absorption followed by charge separation across a p-n junction,
and silicon transistors, which produce electrical readout,”” *° the
fabrication of the current metal/SiO,/Si planar photodetectors is
convenient and cost-effective. Second, compared to many of the
nanostructure-based photodetectors constructed on SiO,/Si
substrate, it is of high stability and of superior performance.

+s Experimental section
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The SiO,(200+15 thick)/Si<111>(p-type, resistance
<1Q * cm) wafer was washed by ultrasonication in deionized
water, acetone and ethanol in sequence for 15 min, respectively.
The wafer was wrapped along all the edges by thermal tape to
avoid the direct conduction. The gold electrode was sputtered
with a compact plasma sputtering coater (GSL-1100X-SPC-12,
MTI Corporation, vacuum pressure 7x10~ Pa, sputtering current
8 mA and coating time 40 s) to get Au/SiO,/Si photodetector. Al
film was coated by thermal evaporation. Field-emission scanning
electron microscopy (FESEM, ZEISS SUPRA 55VP) was used to
characterize the cross section of the SiO,/Si wafer. Atomic force
microscopy (AFM, MultiMode 8, BRUKER) was used to
characterize the morphology and the thickness of the gold
electrodes.

The Quantum Efficiency (QE) of Au/SiO,/Si photodetector was
recorded by Oriel Quantum Efficiency Measurement Kit (UV-Si
photodiode 71675; power meter:  2936-R;
monochromator: 74125) by measuring a dc current at different
wavelengths from 300 to 1100 nm using a xenon lamp (300W
6258). The current—voltage characteristics and the photocurrent
response were recorded in ambient atmosphere by a ZAHNER
ZENNIUM potentiostat. Field effect transistor characteristics
were measured by applying different gate voltages at the back
side Si wafer. The illuminated light intensity was modulated by a
Controlled Intensity Modulated Photocurrent Spectrometer
(CIMPS-2, ZAHNER) system. The data acquisition frequency is
5 Hz. The light wavelength was controlled by a switchable light
emitting diode (LED, BUVZ02) light source.

nm

sensor:

Results and discussion

The schematic diagram of the obtained Au/SiO,/Si photodetector
is illustrated in Figure la. The thickness of SiO, layer is
confirmed to be around 200 nm by imaging the cross section of
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s the SiO,/Si wafer using a scanning electron microscopy (SEM)
(Figure 1b). The channel length is 40 um and the channel width is
5 mm (Figure S1). The thickness of the sputtered gold electrode
is ~12 nm measured by atomic force microscopy (AFM) (Figure
S2). The Au film exhibits good conductivity as an electrode
(Figure S3). External quantum efficiency (EQE) of Au/SiO,/Si
substrate as a photodetector was obtained by measuring a dc
current at different wavelengths from 300 to 1100 nm (Figure
S4). The external quantum efficiencies are 0.27%, 0.55% and
0.71% at 367, 426 and 468 nm, respectively. Figure lc displays
15 the photocurrent response of the two Au electrodes on SiO,/Si
substrate by measuring a dc current illuminated at different
wavelengths from 300 to 1100 nm. The responsivity was
calculated from the measured external quantum efficiency (Figure
S4) by the following formula:

S

R=EQE-L&//ic

S

where R, is the responsivity, A is the excitation wavelength, e is
electron charge, 4 is Planck's constant and ¢ is speed of light in
vacuum. The responsivity curve peak of the present Au/SiO,/Si
photodetector showed an obvious blue shift to 500-700 nm,
comparing with the typical responsivity curves of silicon
photodetectors which have peak values from 700 to 1000 nm
(Figure S5 and Figure S6). We think that the existence of the
SiO, layer blocked those low-energy photoelectrons (<1.77 eV,
corresponding to 700 nm), as can be evidenced by the plots of
30 Lno versus 1/T for Au/SiO,/Si photodetector in dark and under

light illumination taking Au/Si substrate as the reference (Figure

S7). The Iq — Vq plots at different V,, of the corresponding back

side gate field effect transistor is shown in Figure 1d. One can

see that the source-drain current at an applied voltage of zero
35 keeps increasing with the increase of the gate voltage, indicating
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Fig. 1 (a) Schematic diagram of the obtained Au/SiO,/Si photodetector, (b) SEM image of the cross section of SiO»/Si substrate, (c) Responsivity of the
Au/Si0,/Si photodetector, and (d) I — Vi plots at different V,, of the corresponding back side gate field effect transistor.

the existence of leakage current in SiO, layer.

Figure 2a shows the current-voltage (I-V) characteristics of an
Au/SiO,/Si  photodetector in dark condition and under
illumination of three different lights with wavelengths of 367 nm,
426 nm and 468 nm, respectively. The light intensities of all the
three light sources are 0.8 mW/cm®. The I-V curves display a
nonlinear behavior in a voltage range from -2 V to 4 V. An
enhancement of current has been observed when the device was
illuminated. At a fixed voltage of 4 V, the photocurrent
illuminated by 468 nm light (28.9 p A), 426 nm light (35.8 pA)
and 367 nm light (41.5 pA) was about 1.6, 1.9 and 2.2 times of
the dark current (18.6 pA), respectively. This can be explained as
that high energy photons can produce high energy electrons and
thus contribute more to the photocurrent. '> Photosensitivity was
calculated according to the I-V characteristics of the
photodetector illuminated at 367 nm shown in Figure 2a, as
shown in Figure S8a. The detecvity can be expressed as: °!

D* = (Jpn/Liignd)/ CqJ)*?

where ¢ is the absolute value of electron charge (1.6x10™"°
Coulombs), J,, and J; are the photocurrent and dark current
respectively, Ly is the light intensity. Detectivity was calculated
according to the I-V characteristics of the photodetector
illuminated at 367, 426 and 468 nm shown in Figure 2a, as shown
in Figure S8b. Detecivities were calculated using this equation at
A= 367, 426 and 468 nm. With a bias of 2 V, D*=1.01 10"
Jones, 1.33 X 10" Jones and 1.50 X 10'° Jones for illumination at
A= 468, 426 and 367 nm, respectively. Furthermore, we observed
that the I-V curves in Figure 2a are asymmetric, i.e., the current
under forward bias is always higher than the one under reverse
bias with the same absolute value of voltage. We think the
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Fig. 2 (a) IV characteristics of an Au/SiO,/Si photodetector in dark condition and illuminated with different wavelength lights (0.8 mW/cm?). (b)
Energy-band diagram (not to scale) of the Au/SiO,/Si photodetector under forward bias. The basic charge transport mechanisms shown are (1) electrons
5 thermionic emission; directional transport of (2) electrons in the conduction band and (3) holes in the valence band, (4) light absorption induced electron
excitation from valence band to conduction band. Ec, Ey, and Ey are the conduction band minimum, the valence band maximum, and the Fermi level,
respectively; v represents the illuminated light. Time-dependent photoresponse of the Au/SiO,/Si photodetector measured by periodically turning on and
off a 367 nm light (0.8 mW/cm?) at different biases (c, d) from -2 Vto2V, (¢) 0 V and (f) -93 mV, -95 mV, -96 mV, -97 mV, -98 mV and -100 mV.

asymmetric [-V characteristic, which is further confirmed in
10 Figure S9, is inevitable and is attributed to the asymmetric
potential energy barrier caused by the difference either in the
effective insulating layer thickness or in the tightness of the
connection between the two Au electrodes and the SiO, layer. In
other words, the barrier width of the left side SiO, layer is thinner

15 than that of the right side SiO, layer.
Figure 2b shows the corresponding energy-band diagram (not to
scale) of the Au/SiO,/Si photodetector. In dark condition,
thermionic emission electrons are dragged by the forward bias
and some of them could flow through the 200 nm thick SiO,
20 layer. The electrons in the conduction band were directionally
transported to the left side SiO, interfacial layer and followed by

flow through it and collected by the left gold electrode at a
forward bias. At the same time, the holes in the valence band
were directionally transported to the right side SiO, interfacial
25 layer and recombined by the electrons flow through it from the
right gold electrode. This is the origin of the generation of the
dark current. 3? Since silicon is a semiconductor, and it absorbs
light from ultraviolet to infrared (as shown in Figure 1c), under
the illumination of the light whose photon energy is larger than
30 the bandgap of silicon, the electrons were excited from the
valence band to the conduction band. As a result, the number of
the charge carriers was greatly increased and the photocurrent
was generated. The corresponding photon energy of all the three

light (2.65-3.38 eV) is much higher than the bandgap of Si (1.14

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) Time-dependent photoresponse of the Au/SiO,/Si photodetector measured by periodically turning on and off a common flashlight at a forward
bias of 2 V, the data acquisition frequency is 10 KHz. (b, c) the enlarged portions for 4256-4258 ms and 4668.4-4670.4 ms, which correspond to light-off
to light-on and light-on to light-off processes, respectively.

eV), and thus the electrons in the valence band of Si could be
excited by any of them.

To show the reproducibility, stability and the application
requirements of the present photodetector, the time-dependent
photoresponse of the Au/SiO,/Si photodetector are measured by
periodically turning on and off a 367 nm light at different biases.
Upon illumination, the photocurrents rapidly increased to a stable
value of 18.3, 5.2, 0.87, 0.25, -0.56, -2.3, -8.7 nA at a bias of 2.0
V,1.0V,05V,025V,-05V,-1.0V and -2.0 V, respectively,
and then drastically decreased to its initial level when the light
was turned off (Figure 2c), indicating the excellent stability and
reproducible characteristics of the Au/SiO,/Si photodetector. This
superior performance could be observed even at very low biases
of 1.0 mV, 10 mV, 50 mV and 100 mV (Figure 2d). The dark
currents are 0.12 and 1.28 nA at a bias of 1 mV and 10 mV, and
the ratios of photocurrent to dark current are 388 and 40,
respectively. This result strongly suggests that the Au/SiO,/Si
photodetector is an excellent photodetector at very low biases,
and could be driven by nanocell or 1-dimensional nanostructure
based thermoelectric devices. 2"*3** It should be noted that there
is photoresponse in the photodetector with a SiO, thickness of
150 nm (Figure S10), but it is not as good as that shown in Figure
2c¢ and 2d. There is no photoresponse in the device with a SiO,
thickness of 300 nm (Figure S11), which is consistent with the
previously reported results (ref. 15). There is no leakage current
in the device with a SiO, thickness of 1000 nm (Figure S12).

Figure 2e shows the time-dependent photoresponse at a bias
voltage of 0 V under 367 nm light illumination. The dark current
is 0, while the photocurrent is about 46 nA. This result clearly

3s showed that the Au/SiO,/Si photodetector could realize the

photodetecting function even without providing an external bias.
We think this is due to the inevitable slight difference in the
Au/SiO,/Si interfaces at the two electrodes which limits the
electron diffusion slightly differently. Figure 2f shows curves of

40 photocurrent versus time at a bias around -96 mV. The absolute

value of the photocurrent is lower than the absolute value of the
dark current when the applied voltage is higher than -96 mV.
While this trend was shifted once the applied voltage is lower
than -96 mV. This result demonstrated that the reverse bias of -96

4s mV behaves like a “blind” point since the dark current is almost

equal to the photocurrent at this voltage.

The time response speed is usually a key factor for sensor
performance and it determines the capability of a photodetector to
follow a fast-varying optical signal. Figure 3a shows the time-

so dependent photoresponse of the Au/SiO,/Si photodetector

measured by periodically turning on and off a common flashlight
at a forward bias of 2 V. The enlarged portions for 4256-4258 ms
and 4668.4—4670.4 ms respectively corresponding to light-off to
light-on and light-on to light-off processes were shown in Figure

55 3b and 3c. One can see that the rise time is faster than the limit of

the measurement setup (0.1 ms) since no other current values
were observed between the photocurrent and the dark current.
The decay time is around 0.2 ms.

The Au/SiO,/Si photodetector is also quite sensitive upon very

60 weak light illumination, for example, 0.1 mW/cm? (Figure S13).

One can see that the photocurrent as a function of light intensity
increases at a forward bias of 2 V, and it could be well fitted with
a polynomial equation of the second degree.

4 | Journal Name, [year], [vol], 00—00
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Fig. 4 (a) Schematic diagram of an Al/SiO,/Si photodetector, the thicknesses of the SiO; layer and Al layer are 200£15 nm and 75 nm, respectively. (b)
The corresponding photocurrent versus time at a bias of 2 V (367 nm, 0.8 mW/cm?). (c) Schematic diagram of an Ag/SiO,/Si photodetector, the thickness
of the SiO; layer is 200+15 nm. (d) The corresponding photocurrent versus time at a bias of 2 V (367 nm, 0.8 mW/cm?).

To show that other metal electrodes can also help to fabricate
photodetectors on SiO,/Si substrate, Al film and silver paste were
fabricated on SiO.,/Si substrate. Figure 4a shows the schematic
diagram of an Al/SiO,/Si photodetector, the thicknesses of the
SiO, layer and the evaporated Al layer are 200£15 nm and 75 nm,
respectively. The corresponding photocurrent versus time at a
bias of 2 V under 367 nm light illumination also shows a
remarkable time-dependent photoresponse (Figure 4b). The
photodetector fabricated by directly spreading silver paste on
Si0,/Si wafer as the electrodes (Figure 4c) also shows an obvious
time-dependent photoresponse (Figure 4d). This result clearly
demonstrated that the basic design of the present metal/SiO,/Si
photodetector is universal.

Conclusions

Planar metal/SiO,/Si photodetectors were fabricated by simply
depositing two metal electrodes (such as, Au, Ag and Al) on top
of Si0,/Si wafer in which the SiO, layer is of non-high-quality. It
is found that the responsivity curve peak of the present
Au/Si0,/Si photodetector showed an obvious blue shift to 500-
700 nm due to the existence of the SiO, layer which blocked the
low-energy photoelectrons. It shows rapid and stable
photoresponses. The rise time is less than 0.1 ms and the decay
time is around 0.2 ms. It is highly sensitive to relatively weak
light illumination (0.1 mW/cm?) and works excellently at a low
applied bias (1 mV). The generation of the photocurrent was
attributed to the light absorption of silicon and the leakage in

ss (LHXZ201102, XBBS201120),

SiO, layer. Our results clearly show that the present conveniently
and  cost-effectively ~ fabricated  metal/SiO,/Si  planar
photodetectors are of superior performance compared to many of

35 the nanostructure-based photodetectors constructed on SiO,/Si

substrate. In perspective, this work might suggest those working
on SiO,/Si-substrated photodetectors that an evaluation on the
substrate contribution is essential to understand the intrinsic
properties of the aimed structure.
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