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We designed a clamping device to study lateral photovoltaic effect (LPE) in Ni-SiO,-Si structure with bias due to the

appropriate barrier height. The LPE has a prominent sensitivity and linearity with 532 nm wavelength laser. The tran-

sient response time is 450 ps and the relaxation time is 2 250 ps in the Ni-SiO,-Si structure without bias. The LPE sen-

sitivity has a significant improvement with bias. The transient response time is 6 ps and the relaxion time is 47 ps with

—7 V bias, not only improving the LPE sensitivity, but also increasing the response speed with bias. The research

shows that the Schottky barrier structure can improve the sensitivity and linearity of LPE with bias effectively, and

thus it can be used in position sensitive sensors.
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Since the lateral photovoltaic effect (LPE) was first dis-
covered by SCHOTTKY W in 1930 and then developed
by WALLMARK J T in 19573 researchers mainly
conducted research on pn junction*®  metal-
semiconductor (MS)® and metal-oxide-semiconductor
(MOS) structures. The MOS structure had attracted in-
depth research with advantages of easy fabrication and
low cost by WANG et al'"™"!. The MOS structure is
mainly composed of a layer nanoscale metal film cover-
ing semiconductors with a native oxide layer. Excellent
LPE sensitivity was achieved in MOS structures, where
Ti, Co, Ni, etc were fabricated to metal films!* 114, High
electrical resistivity and a large work function of the
metal film in MOS structure would obtain the larger
LPE!"). Currently, almost suitable metals had been stud-
ied in MOS structures, and researchers had paid their
attention to regulate LPE, where regulating ways include
magnetic field"® low temperaturem], bias!'®!, etc. The
principle of LPE regulation is based on the change of
Schottky barrier height. According to the LPE theory
based on the continuity equation of current proposed by
NIU et al'", LPE is positively correlated with the num-
ber of carriers entering the semiconductor body from the
pn junction per unit time and unit region, and the height
of the Schottky barrier determines the number of carriers
entering the semiconductor layer. Ni metal has character-
istics such as high melting point, corrosion resistance,
oxidation resistance, good ductility, easy alloying, and
the appropriate Schottky barrier height was formed when
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Ni contracted to Si semiconductor. In order to study
regulating LPE, we conducted our research in Ni-SiO,-Si
structure with bias. LPE is widely used in photoelectric
detectors, position sensitive sensors, medical measure-
ment and micro displacement precision measuring in-
struments due to the prominent linearity and sensitivity
of LPEP!. At present, most of research is focused on
novel material films to enhance LPE”**%, lacking the
improvement of research methods. The valuation indica-
tors of LPE include sensitivity and response speed. How-
ever, the previous regulation of LPE only involved sensi-
tivity in MOS structure®, we studied the LPE response
speed with bias, and the application method of bias had
been changed. This paper provides a research method for
regulating the sensitivity and response speed of LPE,
which changes the height of the Schottky barrier in Ni-
Si0,-Si structure with bias. The Ni-SiO,-Si structure is a
potential application in sensor with bias.

The experiments were carried out in the Ni-SiO,-Si
structure, an n-type silicon (Si) (1 1 1) substrate with
50—80 Q-cm was prepared, and the silicon wafer was
cut into rectangle of 20 mmx20 mm. The reliability
change analysis (RCA) cleaning method was used to
clean Si substrates'”. The Si substrates were immersed
in the de-ionized (DI) H,O: NH,OH: H,O, (5: 1: 1) at
80 °C for 10 min (called SC-1). Followed step (called
SC-2) metallic contaminants were removed by using DI
H,0: HCL: H,0, (6: 1: 1) at 80 °C for 10 min. And SC-1
and SC-2 would be used repeatedly. The Si wafers then
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were rinsed under DI water for 30 min and subsequently
blow dry using N, gas at 100 °C for 2 h. The 4-nm-thick
Ni thin films were prepared by DC magnetron sputtering
to be coated on the Si substrate with 1.2-nm-thick native
Si0, layer, forming a stable Ni-SiO,-Si structure. The
film thickness and the deposition rate are measured by
step profiler. The schematic diagram of lateral photovolt-
age (LPV) measurement is shown in Fig.1(a). The laser
spot size was controlled at 60 um, 4, 4', A", B, B', B" are
electrodes points, and 44"=BB"=2 mm. We had designed
a Ni-SiO,-Si structure clamping device which can
change bias application method as shown in Fig.1(b).
Three spring needles are embedded in the clamping de-
vice, the backlight of Ni-SiO,-Si structure is pressed by
an acrylic plate to contract three spring needles, a spring
needle is diagonally inserted to contract to the illumina-
tion side of Ni-SiO,-Si structure with bias, the material
of the spring needles is copper plated gold, and the di-
ameter of spring needle is 0.38 mm. We connect the cop-
per wire at the end of the spring needle to the voltmeter
or oscilloscope to measure LPE and LPE transient re-
sponse. However, the light is blocked in the illumination
side when clamping the spring needle, the LPE was
measured on the back of the Ni-SiO,-Si structure (Si
side) in this paper, and the LPE on the back side is
smaller than that on the illumination side (Ni side) gen-
erally'”. And in order to avoid interference from the
clamping device when the laser scans along the two elec-
trodes, the electrodes on the illumination side will be set
2 mm above the corresponding electrode points on the
backlight side as shown in Fig.1(c). The laser power was
controlled by polarizer and small hole which was de-
tected by a power meter. The voltage source was used
and /I-V curve was measured by Keithley 2401 source
meters. A 532 nm pulse laser with width of 50 ms and
500 MHz digital oscilloscope are used to measure the
LPE response process. We used a UV-2600 spectropho-
tometer to measure the absorbance of Ni-SiO,-Si struc-
tures. Sensitivity and linearity were fitted, where LPV
has a dependence on laser position by the Origin soft-
ware.

The atomic force microscope (AFM) topography of
Ni-SiO,-Si structure is shown in Fig.2(a), where root
mean square (RMS) of surface is 208.6 pm. The trans-
verse I-V curve of Ni-SiO,-Si structure shows good oh-
mic contact between electrodes and the metal film, as
shown in Fig.2(b), and the transverse /-V curves of sev-
eral other electrode points also exhibit linearity. The ver-
tical /-V curve shows that Schottky barrier is formed in
the Ni-Si0O,-Si structure, and the Schottky barrier distri-
bution is uniform relatively, as shown in Fig.2(c). The
schematic diagram of barrier structure of the Ni-SiO,-Si
structure is shown in Fig.2(d). According to the vertical
I-V characteristic curve, the electrons flow from the high
Fermi level to the low Fermi level when Ni contacts the
n-type Si semiconductor, and the electrons on the semi-
conductor surface flow into the metal layer, the energy
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band bends upward to form a Schottky barrier which
builds a built-in electric field, and the direction is from
the semiconductor to the metal.
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Fig.1 (a) Schematic diagram of LPE in Ni-SiO.-Si
structure; (b) Isometric drawing of clamping parts; (c)
Schematic diagram of the bias application position in
Ni-SiO2-Si structure

When the laser with enough energy is greater than the
band gap of the semiconductor irradiated on Ni-SiO,-Si
structure, electron-hole pairs will be generated in the
semiconductor®). The electron-hole pairs will separate
by the built-in electric field and break the Schottky bar-
rier equilibrium state”™”). The electrons will diffuse from
the illumination area to the non-illumination area after
the electrons enter the metal layer to build a new equilib-
rium state. Because the distance is different between the
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two electrodes and the laser irradiation position, the elec-
tron concentration difference will be generated at the two
electrode points to form LPV, which can be represented
by[26]
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Fig.2 (a) AFM topography of Ni-SiO,-Si structure; (b)
Transverse I-V curve of Ni-SiO,-Si structure; (c) Verti-
cal I-V curve of Ni-SiO»-Si structure; (d) Schematic
diagram of energy band in Ni-SiO2-Si structure
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where P is the laser power, ¢ is the irradiation time, 4 is
the laser wavelength, % is the Planck constant, ¢ is the
speed of light, K is the proportional coefficient, /; is the
electron diffusion length, J, is the probability of holes
entering the metal layer, and L is half the distance be-
tween the two electrode points.

As shown in Fig.3(a), the LPE sensitivity varies with
laser wavelengths. The LPE sensitivity reaches a maxi-
mum of 5.5 mV/mm with 532 nm wavelength and 3 mW
laser, while the minimum sensitivity is 2.9 mV/mm with
a wavelength of 405 nm. Moreover, the correlation coef-
ficient r reached 0.97, which indicates that the selected
electrode distance, laser spot diameter and other factors
are set reasonably as shown in Tab.1. There are two main
reasons for different sensitivity with laser wavelengths.
The first is that sample has optimum absorption rate as
shown in Fig.3(b), and more electron-hole pairs can be
produced when the sample is irradiated by optimum laser
wavelength. The second is penetration depth is different
with laser wavelength, electron-hole pairs are generated
at different depths within the semiconductor body when
laser irradiated on semiconductor, and electron-hole pairs
at deeper positions can cause longer transport time for
carriers to seek equilibrium states. As shown in Fig.3(c),
the LPE sensitivity increases with laser power in a cer-
tain range due to higher power lasers can re-excite elec-
tron-hole pairs from already recombined state. The LPE
sensitivity does not change with the laser power when
LPE reaches saturation. The LPE sensitivity saturation
value varies with laser wavelengths due to the electrons
re-excited opportunities is different by photons. Although
photogenerated electron-hole pairs increase with laser
power, the number of electrons is limited which can be
transported by the built-in electric field. The LPE sensi-
tivity is saturated when the velocity of electron genera-
tion is equal to the recombination velocity to reach dy-
namic equilibrium. LPV shows a positive correlation
with the laser power as shown in Eq.(1), which also ex-
plains that LPV increases with laser power within a cer-
tain range. However, although photogenerated electron-
hole pairs can increase with laser power, they are limited
to hole transport time by the built-in electric field. There-
fore, LPV does not increase with laser power, and it also
indirectly proves that LPV mainly comes from electron
diffusion rather than thermal effects.

In order to verify the hypothesis that faster response
speed can be achieved with bias, transient LPE was
measured for comparative experiments without bias. A
532 nm YAG pulse laser was irradiated on Ni-SiO,-Si
structure to study transient LPE with power of 3 mW.
The transient response of measurement point 4 is shown
in the Fig.4. The transient response of LPE exhibits an
exponential increase and relaxation trend, the response
time is 450 us and the relaxation time is 2 250 ps.



* 0260 -

6
F =532 mn laser
4b — 650 nm laser
——980 nm laser

t ——405 nm laser

Lateral photovoltage (mA)
(=

4k
-6 " 1 L 1 L 1 L 1 L 1 L
-3 -2 -1 0 1 2 3
Laser position (mm)
(@)
22
20F
1.8}
2z Leor
Z
= 141
o
B 12t
<
1.0}
0.8}
0.6}
200 400 600 800 1000 1200
Light wavelength (nm)
(b)
9
81 o532 nmlaser
=1l 650 nm laser
g =980 nm laser
§ 6l ~*=405 nm laser
Tl
=
= 4t
|Sapean
& 2
] L
0 [ 1 1 1 1 1 1
0 1 2 3 4 5
Laser power (mW)
(©)

Fig.3 (a) LPE with different laser wavelengths at
3 mW in the Ni-SiO;-Si structure; (b) Absorptivity of
the Ni-SiO;-Si structure from 300 nm to 1 200 nm; (c)
LPE sensitivity as a function of laser power with dif-
ferent laser wavelengths in the Ni-SiO2-Si structure

Tab.1 Results of LPE with different wavelengths and
3 mW laser power in the Ni-SiO,-Si structure

Wavelength  Sensitivity Pearson's
R-square
(nm) (mV/mm) r
405 2.9 098483  0.992 58
532 5.5 097713  0.98879
650 4.6 099438  0.992 36
980 3.8 097205  0.986 28

The Schottky barrier would be enhanced in Ni-SiO,-Si
structure with bias, and the Schottky barrier would be
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strengthened in the part of the range where is centered on
the applying bias. Therefore, two types of applying bias
modes are designed to study the LPE with bias as shown
in Fig.5, respectively. It was called mode 1 (M;) when
applying bias to 4B, and the mode 2 (M,) is bias apply-
ingto A'B'.
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Fig.5 Two modes with applying bias on the Ni-SiO;-Si
structure
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Fig.6 Relationship between LPV and laser irradiation
position in the Ni-SiO,-Si structure with -4 V bias

Fig.7 shows the relationship between LPE and laser
position with bias in M,. Because the laser scans along
the electrode connection direction in actual measure-
ment, the electrode contacts are installed 2 mm above the
corresponding electrode points on the backlight side with
bias. Since the LPE was measured along the electrode
connect line, the LPE component can be ignored which
is perpendicular to the electrode line direction. Although
the regional boundary is about 0.45 mm according to the
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previous measurement of M; with —1 V bias, there is no
obviously nonlinear behavior observed in Fig.7(a). The
explanation for the phenomenon is that the bias is small,
the LPV amplitude changes lowly caused by Schottky
barrier, and the LPV amplitude is larger when the laser
irradiation position is near the electrode without bias.
Therefore, there is no nonlinearity behavior achieved
with —1 V bias. However, there is significant nonlinear
behavior when the bias is =2V and —3 V as shown in
Fig.7(b) and (c), and different LPE sensitivities in the
three regions can be observed due to the significant am-
plitude variation of LPV. While the linear relationship
was obtained between the two electrodes with bias from
—4V to =7V as shown in Fig.7(d) and Tab.3. The LPE
presents a good linear characteristic from =4 V to =7V,
which is mainly the wide coverage area of high Schottky
barrier height caused by high bias. Therefore, the best
ways to study LPE is with bias above —4 V in M,.

Tab.2 LPE regional boundary and sensitivity in the Ni-
Si0,-Si structure with different biases

Bias Regional Region 1 sensitivity ~ Region 2 sensi-
(V)  boundary (mm) (mV/mm) tivity (mV/mm)
-1 —0.55 8.2 6.3
-2 -0.3 14.2 8.6
-3 —0.1 25.5 10.8
—4 0.1 37.4 14.3
-5 0.2 48.1 21.9
-6 0.4 65.6 353
—7 0.5 76.2 45.3
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Fig.7 LPE sensitivity and linearity with (a) =1 V bias,
(b) =2 V bias, (c) =3 V bias, and (d) swept from -4 V to
=7 V bias

Tab.3 LPE linearity and sensitivity swept from -4 V to
-7 V bias

Bias (V)  Sensitivity (mV/mm)  R-square  Pearson's
—4 423 0.989 83 0.995 03
-5 57.1 097679  0.988 62
-6 89.8 0.966 69  0.983 63
-7 107.5 0.96534  0.98296

As shown in Fig.7(d), the LPE sensitivity increases with
the bias in M,, which is mainly the increased possibility of
the photogenerated holes transmission and reduces the
possibility of the tunneling recombination of diffusing
holes and electrons. More electron-hole pairs were excited
with higher laser power and resulting in greater LPE sensi-
tivity. The LPE with different laser wavelengths and 3 mW
laser power in Ni-SiO,-Si structure with =7V bias is
shown in Fig.8. The obtained LPE sensitivity has signifi-
cantly increased compared to without bias. It is mainly the
barrier height increase, which leads to more photo-
generated holes entering the metal layer and reduces the
recombination rate, resulting in a larger electron concen-
tration and a larger potential difference.

As shown in Fig.9, the LPE sensitivity increases line-
arly with laser power. The sensitivity can be inferred
according to*®

Sensitivity = 2 M exp(—ﬁ). 2)
lyhe I
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bias in the Ni-SiO.-Si structure

Tab.4 LPE sensitivity with different wavelengths at
=7 V bias in the Ni-SiO,-Si structure

Laser wavelength Sensitivity R-square Pearson's 7
(nm) (mV/mm)
405 32.1 0.979 85 0.990 13
532 107.5 0.965 34 0.982 96
650 83.0 0.972 16 0.986 33
980 61.5 0.981 28 0.990 83
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Fig.9 Relationship between LPE sensitivity and laser
power with different laser wavelengths at -7 V bias

Some photo-generated holes have the opportunity to
enter the metal layer by built-in electric field. Although
the number of electron-hole pairs is positively correlated
with laser power, the limited number of holes that can
enter the metal layer is attributed to the long transporta-
tion time and short recombination time. However, Ni-
Si0,-Si structure has a larger built-in electric field with
bias, which shortens the transportation time of photo-
generated holes and reduces the probability of electron
recombination, because there are some essential elec-
trons holes recombination, and the probability can be
expressed as!**

S, =C[1- exp(—EE)], 0<C<), 3)
0
where C is a constant, E; is an electric field strength con-
stant related to laser power, and E is the electric field
strength derived from the original Schottky barrier and
bias.
Combining Egs.(2) and (3), the sensitivity can be ex-
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pressed as!*®)

KCPtA
IN&
This formula can effectively indicate that the LPE sen-

sitivity increases with increasing bias voltage. When the

bias is high enough, E>>E, and Eq.(4) can be expressed
[26]
as

Sensitivity =2 exp(— l£) x[1— exp(—EE)]. @)
0

0

KCPtA

Sensitivity =2 exp(—£), (&)
0 lO

which indicated that all parameters are known except for

laser power, so the LPE sensitivity will linearly increase

with laser power.

The above research is based on the fact that bias can
increase the Schottky barrier which can reduce the re-
combination probability of electron-hole pairs in Ni-
Si0O,-Sistructure. LPE sensitivity has gain which is
equivalent to increase the concentration of electrons with
bias. The electron concentration enhancement indicates
that the diffusion speed of electrons would enhance, in-
evitably. Therefore, a faster response time can be ob-
tained in Ni-SiO,-Si structure. Fig.10 shows that the
transient response is with =7 V bias in M,, the response
time is 6 ps, and the relaxion time is 47 ps. The response
time and relaxion time of LPE with bias from —1 V to
—7 V are shown in Tab.5. The LPE response and relaxion
time decrease with bias. According to the theory of cur-
rent continuity equation proposed by NIU et al''”, LPE
was determined by the number of electrons flowing into
the metal layer per unit area in unit time, and the height
of Schottky barrier is positively related to the number of
electrons entering the metal layer. Then electrons re-
inject into the semiconductor layer to seek recombine
with holes to build dynamic balance after electrons enter-
ing the metal layer. However, the holes have a possibility
to enter the metal layer due to bias increase the Schottky
barrier in Ni-SiO,-Si structure. The concentration of
electrons increases, resulting in electron diffusion speed
having a gain due to the reduction in the number of elec-
trons recombined. Therefore, the response speed of LPE
would increase with bias.
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Fig.10 Transient LPE of the Ni-SiO,-Si structure
at =7 V bias
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Tab.5 Transient LPE of the Ni-SiO,-Si structure at dif-
ferent biases

Bias (V) Rise time (us)  Relaxion time (ps)
-1 219 934
-2 133 567
-3 81 344
-4 49 209
-5 30 127
-6 18 77
-7 6 47

In this paper, LPE was studied in the Ni-SiO,-Si struc-
ture without bias. The Ni-SiO,-Si structure can obtain
prominent LPE sensitivity with 532 nm wavelength and
3 mW power laser. LPE sensitivity increases exponen-
tially with laser power within a certain range without
bias, but LPE sensitivity no longer increases with laser
power when the LPE sensitivity reaches a certain thresh-
old. The phenomenon proves that the main source of
LPE is carrier diffusion rather than thermal effect. The
LPE response time can reach 450 ps in Ni-SiO,-Si struc-
ture, and the relaxion time is 2 250 ps. The LPE sensitiv-
ity would increase with bias in M; significantly, but the
LPE linearity is poor with bias swept from =2 V to =3 V.
Therefore, we have to artificially divided into two re-
gions and a regional demarcation line to handing data.
The regional demarcation line increases with bias, and
the LPE sensitivity also increases in the respective region
with bias. It is worth noting that the region boundary of
LPE is higher than 1 mm when the bias exceeds —4 V.
We apply the bias on the position which is 2 mm above
the midpoint of the two electrode connections according
to this phenomenon. The LPE sensitivity is still poor and
even three regions appear when the bias was swept from
-2V to =3V, while the LPE exhibits good linearity be-
tween electrode connection areas when the bias exceeds
—4V. The LPE sensitivity varies with different laser
wavelengths with —7 V bias, and the LPE sensitivity with
—7V bias is 19.6 times that without bias. It was found
that there is a linear relationship between LPE and laser
power with bias. However, there is an exponential rela-
tionship between LPE and laser power without bias.
Since the bias is much greater than the built-in electric
field intensity, the LPE sensitivity is only related to laser
power. The Schottky barrier height was enhanced with
bias, which results in the enhancement of probability of
holes entering the metal layer and reducing the transport
time and probability of electron-hole recombination.
Therefore, the electron concentration increases with bias,
resulting in the LPE sensitivity has a gain. The diffusion
speed of electrons also increases with concentration of
electrons. LPE response time and relaxation time de-
crease with diffusion speeds, so the LPE response time
decreases with the bias. In conclusion, the LPE response
speed and relaxation speed can be improved with bias.

Optoelectron. Lett. Vol.20 No.5 « 0263

This paper introduces a method to improve the LPE sen-
sitivity and response speed in Ni-SiO,-Si structure with
bias. It indicates that the Ni-SiO,-Si structure is a poten-
tial choice to improve the performance of sensors with
bias.
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