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Lateral Photovoltaic Effect and Photo-Induced Resistance
Effect in Nanoscale Metal-Semiconductor Systems

Anhua Dong and Hui Wang*

Functionalization of photoelectric effect in nanostructures is presenting a
promising strategy for humans to achieve precise detection and efficient
transformation. Due to the high applied value, numerous materials and
constructions are adopted for photoelectric effect to deliver on its potential

efficiency, a faster response time, a
bigger amplification coefficient, a wider
spectral sensitivity, and so forth. In
order to achieve the best photoelectric
performance in certain conditions,
various kinds of materials and archi-

performance. Among these functional materials, metal-semiconductor (MS)
or metal-oxide-semiconductor (MOS) systems own unparalleled advantage
including reliable stability, superb physical performance, and simple
fabrication process. Herein, two types of photoelectric effect, lateral
photovoltaic and photo-induced resistance effect, in nanostructure MS or
MOS systems are reviewed. These effects have great potential in applications

tectures are produced and investigated
in laboratories and factories. Among
numerous photoelectric constructions,
metal-semiconductor (MS) or metal-
oxide-semiconductor (MOS) structures
own prominent merits, such as possess-

and will play a beneficial role in future investigations. In addition, how each
component of the system contributes to the photoelectric properties and
responds to external fields are detailed, suggesting future study directions in

photoelectric fields.

1. Introduction

Photoelectric effect has long been a central issue in the
modern industry and scientific research field since discov-
ered by Heinrich Hertz and explained by Albert Einstein.
Due to the special mechanism of interaction between pho-
tonics and electrons, the photoelectric effect greatly meets
the scientific, industrial, and civilian demands of human be-
ings along with social progress. It is widely used in areas
such as microelectronics, detection, solar cells, biophysics, and
physical chemistry,'”) where research focuses have been dis-
persed to numerous aspects including higher transformation
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ing abundant physical characteristics
and cost-efficient fabrication process.
Thus, lots of useful devices, especially in
photoelectric area, are strongly correlated
with MS or MOS structure.®B5) Over
a period of several decades, researches
of traditional photoelectric effect have
mainly dealt with photoconductivity or
photovoltaic effect.'®1¥) Photoconductive effect means when un-
der light irradiation, an obvious raising of the material’s electri-
cal conductivity occurs, which is caused by the increasing num-
ber of free carriers. On the macroscopic perspective, when a
bias voltage and a load resistor are used in series with the de-
vice, a voltage drop across the load resistors can be measured
when the change in electrical conductivity of the material varies
the current through the circuit.?*?!l Classic examples of pho-
toconductive effect include photoresistor and photodiode.?>?3!
Another phenomenon, photovoltaic effect, is more closely re-
lated to the photoelectric effect which utilizes the absorption
of photo energy. It includes a proven and prominent technique
of solar cells, which is an electrical device that mainly con-
verts solar energy into electricity. Nowadays, relevant technolo-
gies of these effects are exploited in industrial systems and
admittedly, MS or MOS structures have done well in such
areas.”*3% However, with the technological advancement, espe-
cially the development of nanoengineering provides optoelec-
tronics numerous emerging materials and constructions, highly
fueling the technological innovation and progress of photoelec-
tric field.B*¢ Here, this feature article presents a review fo-
cusing on two typical photoelectric effects, lateral photovoltaic
effect (LPE) and photo-induced resistance effect, in nanostruc-
ture MS or MOS systems. LPE is a hot issue in areas of
photodetection and position sensors, while photo-induced re-
sistance effect is acknowledged to have promising prospects
in industrial applications. Both effects take an active part in
scientific exploring and benefit a lot from nanotechnology
advancements. Specially, a detailed introduction about the
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contribution brought by nanoscale materials is exhibited in the
following, which is expected to be beneficial for the research in
photoelectric fields.

2. Lateral Photovoltaic Effect

The LPE is generally acknowledged as an attribute characteris-
tic of some semiconductor materials since being discovered by
Schottky and expanded upon by Wallmark in floating Ge p-n
junctions.’”) Hitherto, LPE gets widely used in photoelectric de-
tection and is considered as an effective method to measure the
characteristics of materials.*®#0 A deeper understanding of hot
functional materials, including transition metal dichalcogenides
(TMDCs), carbon isotope, I1I-V compound semiconductor, MS,
and graphene,*'* could be learned from experiments of LPE.
Moreover, even the surface states of a doped semiconductor can
induce a conspicuous LPE.*8# Here, we present a review of LPE
in the MS or MOS nanostructures. In certain conditions, LPE dis-
plays some attractive features due to its strong correlation with
the surface or interface of materials.”°>? Usually, a metallic film
of nanoscale deposited on a semiconductor will induce effects
different from it in bulk materials, such as localized surface plas-
mon resonances.>* These effects are mutually reinforced with
LPE and promote the photoelectric performance.>~8l

2.1. Mechanism of LPE in MS or MOS Structure

Along with the progress of science, the theories of LPE have been
gradually established. Here, this section presents a carrier diffu-
sion model in the MOS system, which gets widely used in scien-
tific research.”>% When a laser with power p irradiates on the
metal side between electrode A and B, large quantities of electron-
hole pairs are generated in the semiconductor. From the view
of electrons, the excited electrons at light point will have chance
(possibility of P) to transmit to the metal side due to the nonequi-
librium state. Here, the number of excited electrons is defined as
no and the number of electrons transmitting to the metal side is
defined as Ny, where Ny = ny[1 — P™/™] and 7 is a time-related
coefficient. Then, the photo induced excess electrons generate a
density gradient in the metal film, resulting in a lateral diffusion
away from the irradiation point. Next, these electrons will also
have a chance to transmit to semiconductor side in the region
without light irradiation and then return to beginning point (as
shown in Figure 1c). In addition, it can also be explained from
the view of electron-hole pairs, as shown in Figure 1d, the elec-
trons and holes diffuse laterally in the metal and semiconduc-
tor side under the action of density gradient. Then, these carri-
ers will recombine in the region without light irradiation. Thus,
with electrodes on the metal film, an obvious voltage output
called lateral photovoltage (LPV) could be observed as shown in
Figure 1la.

According to the diffusion equation D,, dzdfz(') = i(y), the elec-
tron density at position r in the metal can be written as/®?

3 % — 1]
N(r) = Noexp | — 7 (1)

m
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is the diffusion constant of metal, Npy =

Where D,, = ezl;BNTF -
%’(%)% is the electron density below Fermi level (Ep), p is
the metal resistivity, x is the position of the laser point, 1,, =
/Dy, is the diffusion length and t,, is the life time of the dif-
fusion electrons in the metal. Similarly, the electron density at

position r in the semiconductor can be written as

B ( |x—r|>
n(r) = no exp 5 (2)

When irradiated with a laser, the energy band diagram of the

structure is given in Figure 1b. The Fermi levels of metal and

semiconductor after illumination at position r can be presented
(62]

as

1R\
Epn(r) = E —\|=— ) Ero ZN 3
ulr) = Ero+ () Ero M) o)
kT
Ex(r) = Ero+ ——n(r) (4)
nr
3
Where ny = 2(2"’";;‘ 507 exp(— E“,;BETFO) is the electron density in

semiconductor conduction band.

It is easy to understand that inequable distance between light
point and two electrodes will cause different electron density and
different Fermi level at two electrodes, thus inducing the LPV.
Based on previous calculations, the LPV in the metal and semi-
conductor side are respectively written as®

Erm(L) — Epm(—L)
e

)50 e
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Figure 1. a) Diagram of LPE in a MOS structure. b) The energy band of this structure under laser irradiation. The gray part represents the original
equilibrium electrons and the yellow part is the laser-induced nonequilibrium electrons. c) Diagram of pure electron diffusion and d) electron-hole pairs
diffusion in the structure. Reproduced with permission.62] Copyright 2019, Multidisciplinary Digital Publishing Institute.

Ers(L) — Eps(—L)
e

K;ng [exp (— lL; xl) — exp (— L;_ x)] (6)

Where L and —L are the positions of the two electrodes, K, =
3

4711—@(%) 2 Epo~? is coefficient in the metal side, K, = ’Zﬁ—TT is co-

efficient in the semiconductor side. If L = A,,(%,), the LPV can

be idealized as

LPV, = V)

2K, N L
LPV,, = TO exp <_E) x (7)
LPV = 212”0 exp (—%) x ()

This diffusion model clearly shows the relation between LPV
and structural characteristics. Moreover, it can also apply to p-n
junction, semiconductor heterojunction, and Schottky junction.
However, there still exist some exceptions where the LPE is con-
siderably influenced by the Dember effect or thermal effect,*”
which would not be discussed here. Besides, other theoretical
models about LPE are reported by Lucovsky, Levine et al., and Niu
et al.l%I which are applicable as well in certain conditions. Uti-
lizing these results, numerous materials and constructions are
employed to provide advantages in applications such as photode-
tections and photoelectric sensors, which will be introduced as
follows.
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2.2. LPE Contributed by Different Materials and Constructions
2.2.1. Contributions Made by Nanosized Metal Films

Metal materials are very crucial in the MS systems. Liu and Yu et
al. have reported the effect brought by metal on the photoelectric
performance of MS systems.[*®%! Figure 2 shows the experimen-
tal results in the structures of Cr/SiO,/Si and Co/Si, where the
Co/Si structure will be discussed minutely. Derived frombrk Fig-
ure 2, the spectrum has quite diverse responses to the systems
with different structures and materials. Thus, to reveal the re-
lation between light sensitivity k and other parameters, a series
of calculations have been done through combining the diffusion
model and band theories. Hence, sensitivity k can be presented

aS[GS]
2K Ky(hh/c — Eg)**

K3(d — do)
X exp [— L ] 9)
K3(d — do)(hr/c — Ey)

k(r,d) =

Where K;, K;, K3, and «, B, t are different coefficients, d and d,
respectively represent metal thickness and threshold thickness,
A represents laser wavelength, E, is the energy gap of the semi-
conductor and L is half of the distance between the electrodes.
Equation (9) is consistent with the experimental results shown
in Figure 2 and gives a comprehensive description of the cor-
relation among sensitivity, wavelength, and metal thickness. As
discussed in the mechanism section, LPE of metal has a great
bearing on the diffusion length, which has a disparity for various
materials and is greatly influenced by the metal thickness. Thus,
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Figure 2. a) LPV as a function of laser position in the structure of Cr/SiO2 (1.2 nm)/Si with different Cr thickness under laser irradiation of 5 m\W and
635 nm. b) Position sensitivity of different wavelength in the structure of Co/Si as a function of Co thickness. c) Normalized absorption rate of infrared
region in the structure of Co/Si. d) Position sensitivity as a function of wavelength with different Co thickness in the structure of Co/Si. €) LPV sensitivity
as a function of both wavelength and Co thickness in the structure of Co/Si. f) LPV sensitivity as a function of Co thickness in different structures of Co/Si,
Co/Ge, Co/GaAs. Where experimental results (theoretical results) are written as ER (TR). A (dc) means a critical wavelength (thickness) distinguishing

the visible and infrared regions. The parameters are Eg(Si) = 1.12 eV, Eg(Ge) = 0.66 eV, Eg(GaAs) = 1.42 eV, 1

760 nm, dp = 2.9 nm, o

0.5, 8 = 2. Reproduced with permission.[® Copyright 2019, American Institute of Physics. Reproduced with permission.l®?l Copyright 2019, Optical

Society of America.

an appropriate metal thickness is crucial to the photoelectric per-
formance for diverse structures and spectrum. This statement is
proven in experiments shown in Figure 2a,b. In the certain struc-
ture of Cr/SiO,(1.2 nm)/Si, the optimum Cr thickness of LPE is
5 nm. While in the structure of Co/Si, the optimum Co thickness
of LPE for laser wavelength of 650, 780, and 832 nm is respec-
tively 3, 3.2, and 3.5 nm. In addition, Figure 2e shows the LPV
sensitivity as a function of both wavelength and metal thickness.
Clearly, there exists an optimum combination of wavelength and
metal thickness to obtain the best photoelectric performance. It
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can also be seen from Figure 2f that LPE performs diversely on
different semiconductor substrates. As mentioned above, differ-
ent metal films and thickness induce diverse spectral response
and sensitivity, demonstrating the importance of the categories
and configurations of metal materials on the photoelectric per-
formance of MS or MOS systems.”%7?l

Moreover, recently developed 2D materials have been em-
ployed to combine with semiconductors. As is known, photode-
tection devices using 2D materials usually exhibit a fast response
time and high sensitivity.*!7+78 Similar to the metal films,
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Figure 3. a) LPV as a function of laser position with different MoS; thickness. Inset is the diagram of ITO(80 nm)/MoS;/p-Si irradiated by laser of
532 nm and 10 mW. b) Schematic of energy band of MoS; (n-type)/p-Si heterojunction at equilibrium. c) Schematic of energy band of ITO/MoS; (n-
type) heterojunction at equilibrium. d) Schematic of energy band of ITO/MoS; (p-type) heterojunction at equilibrium. e) Diagram of the laser-scribed
rGO/GO/SiO/Si structure. Laser scribing is carried out using a laser of 473 nm and 580 mW. Brown hexagons represents GO (thickness of 1 um) and
black strap (100 x 30 um?) between Au electrodes represents rGO. Colored circles mean different oxygen-containing groups. The distance between
Au electrodes is 100 um. Inset is a photograph in top view of the real sample. f) LPV as a function of laser position with different laser power and inset
is the sensitivity at varied laser power. g) Inclined cross-sectional SEM image of a thick rGO/GO structure, whose scale bar is 1 um. h) Diagram of the
energy alignment across the rGO film. Reproduced with permission.’# Copyright 2019, American Chemical Society. Reproduced with permission.’>]

Copyright 2019, Walter De Gruyter.

thickness of 2D material deposited on semiconductor substrate
is also a crucial factor affecting the photoelectric performance of
devices. Qiao et al. has reported an abnormal thickness depen-
dent LPE in ITO/MoS,/p-Si structure.” Generally, LPE in MS
structures own a uniform variation tendency that as the thick-
ness of metallic film increases, the output of LPV will rise dra-
matically in the beginning and then decrease gradually. However,
the LPV in ITO/MoS,/p-Si structure is quite inconsistent with it.
As shown in Figure 3a, the increment rate of LPV grows from
5.31 to 8.44 mV mm™"' as the Mo§S, thickness increases from 3
to 5 nm. But it decreases to a minimum of 2.47 mV mm~™! as the
MoS, thickness reaches 9 nm. Then, the rate rises significantly to
18.86 and 26.81 mV mm ™" as the Mo§, thickness reaches 20 and
50 nm. Finally, when the MoS, thickness is larger than 50 nm,
the LPV gradually decreases (not exhibited in the figure)."* This
abnormal variation is mainly ascribed to the reversal of built-
in field at ITO/MoS, interface induced by the n to p-type trans-
formation of MoS,. At first stage (MoS, thickness is 3 nm), the
barrier at MoS,/p-Si (B1) and at ITO/MoS, (B,) are respectively
shown in Figure 3b,c, where MoS; is n-type and electrons would
diffuse into MoS, from p-Si and ITO. In this situation, built-in
field caused by B, is much larger than caused by B,. When the
thickness increases to 5 nm, the height of B; rises and of B, de-
creases (reverse enhanced), inducing a larger LPV. Then, as the
thickness rises from 5 to 10 nm, both the height of B; and B, de-
creases, resulting in the decline of LPV. However, if the thickness
continues to grow (to 50 nm), the height of B; still decreases but
B, improves greatly (forward enhanced). The MoS, changes from
n to p-type (shown in Figure 3d) and accelerates the electrons’
separation and transmitting from Si to ITO, which is responsible
for the dramatic enhancement of LPV. Detailed explanation and
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verification are presented in the reference. The results show that
the performance of 2D materials can be modulated by thickness.

Besides, 2D materials own some intrinsic factors affecting
the photoelectric performance. Feng et al. has reported a con-
spicuous LPE in reduced graphene oxide (rGO)/graphene oxide
(GO)/Si0,/Si structure.”” In contrast to the common methods
of thermal or chemical reduction, the reduction of rGO is con-
trolled by laser scribing. The schematic of the device is shown
in Figure 3e, where the brown hexagons are GO films obtained
by drop casting on SiO,/Si wafer. Without reduction, GO films al-
ways contain series of oxygen-containing groups (colored circles).
In this experiment, a laser of 473 nm and 580 mW is employed
to sweep between Au electrodes at a constant rate. After the laser
reduction, part of the oxygen-containing groups is removed and a
black strip of rGO is formed, which bridges the two Au electrodes.
Figure 3f shows the experimental results of LPV measured in this
laser-scribed structure with different laser power, where the LPV
gets larger as the laser power increases. Particularly, this LPV is
much larger than it measured in thermal rGO device with the
same construction. In addition, the maximal nonlinearity is 5.4%
and the measured response time is 1.6 ms (rise) and 1.9 ms (de-
cay), both of which are very prominent in rGO-based devices.””!
These properties can be attributed to a gradient junction across
the rGO films. Due to the optical filter effect of the upper rGO
layer and finite penetration length of the laser, reduction degree
of rGO layers at different depth is distinguishing, which is re-
sponsible for the formation of gradient junction across the rGO
film. The gradient junction leads to a built-in electric field point-
ing to the bottom that accelerates the generation and separa-
tion of photo induced carriers, and finally causes a large LPV.
The existence of gradient junction can be verified through the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) LPV (Vag) as a function of laser position in Ti/TiO, /Si structure with different oxide thickness (color lines). Inset is the device schematic. b)
Mechanism of LPE in the structure with a fully covered oxide layer. c) Mechanism of electronic interference in the structure with un-fully covered oxide
layer when excited electrons transmit from semiconductor to metal. The red (blue) arrows represent the electrons tunneling through the walls (passing
through the windows). Reproduced with permission.[®!l Copyright 2019, American Institute of Physics.

scanning electron microscope (SEM) images and energy align-
ment shown in Figure 3gh. The carbon/oxide (C/O) ratio of
points 1-3 in the SEM image can be determined by energy-
dispersive spectroscopy (EDX). As expected, the ratio decreases,
as the position gets deeper. Combined with the energy alignment,
the formation of gradient junction is proven and so does the exis-
tence of built-in field. If the rGO layer is produced through ther-
mal method, the reduction degree is uniform and there does not
exist a significant gradient junction, which is responsible for the
decrease of LPV. Above statements show that the configuration of
2D materials can not only change the experimental performance
but even induce a variation of material properties. Compared to
the metal materials, this unique effect is expected to play an active
role in the emerging devices.

2.2.2. Contributions Made by Nanosized Oxide Layers

Mentioned works have dealt with the nanosized metal materi-
als, yet there also exist some oxide constructions with commend-
able functionality adopted in LPE. Generally, oxide layers are con-
sidered to deteriorate the LPV due to the decrease of electron
tunneling possibility from semiconductor to metal. However, Yu
et al. reports an opposite results by inserting an TiO, layer in
Ti/Si structure.l®] These LPV experimental results are displayed
in Figure 4a, where LPV with TiO, thickness of 0.16 nm (purple
line) reaches the maximum and with thickness of 0.32 nm (pink
line) reaches the minimum (lower than it in Ti/Si structure with-
out oxide layers). The key point here is whether the oxide layer
could fully cover the semiconductor substrate. As previously in-
vestigated, a monolayer TiO; (001) has a thickness about 0.30 nm
(defined as dp).””) When the thickness of TiO, layer is smaller
than 0.30 nm, it will not own enough molecules to fully cover
the semiconductor substrate and results in the formation of dis-
crete islands of TiO,, whose schematic is shown in Figure 4c.
The empty part is called “window” and the covered part is called
“wall”, where a proper ratio of d/d, represents a periodical array
of the windows and walls. When electrons transmit from semi-
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conductor to metal forced by the built-in electric field near the
light position, they can either pass through the windows or tun-
nel through the walls. Therefore, the wave function of transiting
electrons could be written as(®!

V=D o)+ Y ¢r)e (0 <d <d) v
1-8 B

= /qb(r)e’d/d‘dr(d > dy) (10)

Where d and d; represents the thickness of the TiO, layer and
electron tunneling length in the oxide layer, 8 = d/d, is the ra-
tio, meaning there will be 8% of the region covered by oxide
molecules (wall) and (1-8)% is empty (window).

Like a light goes through a Fresnel zone plate, the subwave
function with positive phase can directly pass through the win-
dows, while the one with negative phase will be obstructed by
the walls. This results in the enhancement of electron interfer-
ence and LPV. Then, as the thickness of oxide layer increases and
the substrate is fully covered, electron transition from semicon-
ductor to metal becomes more difficulty and induces a decline of
LPV. That is to say, the oxide thickness has a major impact on the
performance of MOS systems.

It has been learned that a discrete TiO, layer can affect the
photoelectric characteristic. Moreover, Hao et al. has demon-
strated that a consecutive (fully covered) oxide layer can also play
a significant role in photoelectric performance in MoS,/SiO,/Si
structure,*?) where MoS, film is deposited by magnetron sput-
tering technique. Figure 5a shows the LPV experimental re-
sults in MoS,/Si0,/Si and MoS,/Si structures. In comparison of
MoS2/Si structure, MoS,/SiO,/Si structure owns a larger LPV,
meanwhile it also shows a superb linearity with laser position. It
is necessary to learn the reason of variation after the incorpora-
tion of SiO, layer. As is known, the mechanism of LPE in this
device is similar with that mentioned above. That is, under laser
illumination, the electron-hole pairs are excited and separated by
the built-in electric field in the heterojunction, then diffuse lat-
erally to electrodes and cause the LPV as shown in Figure 5b.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

= physik

www.advancedsciencenews.com

(a)

www.ann-phys.org

200F
100l MoS,/Si0,/Si
Transit
>
E
S
>
C
E (2')5_ o- MoS,/n-Si = g
o- MoS,/Si0,/n-Si 5 ks
20 ' ) I:|‘:| S
2 . S
-100 =
S
5
o
-200k - ey
0.6

1.0 1.5

15 1.0 05 00 05
Laser Position (mm)

03 0.0
Voltage (V)

Figure 5. a) LPV as a function of laser position in MoS;/SiO2/Si and MoS;/Si structure. The distance between electrodes is 1.0 mm, the thickness of
MoS; and SiO; are respectively 60 nm and 3 nm b) Schematic of the measurement and mechanism of LPE in MoS;/SiO3/Si structure. c) Longitudinal
I-V curve of this device with and without SiO; layer (3 nm). Reproduced with permission.*? Copyright 2019, Elsevier.

Here, in this case, the enlargement of built-in electric field is one
of the main reasons for this feature. As proven in the experiment
shown in Figure 5¢, alongitudinal I-V curve of this device is mea-
sured with and without SiO, layer of 3 nm. The threshold voltage
(Vi) is 0.11 V of MoS,/Si and 0.49 V of MoS,/SiO,/Si, which is
determined by the built-in electric field at the interface.B% The
larger threshold voltage demonstrates that there exists a stronger
built-in field in MoS,/SiO,/Si structure, then inducing a larger
quantity of excited carriers and resulting in the higher LPV.
Another reason for this feature is the variation of interface con-
ditions after the incorporation of the SiO, layer. Compared with
bare Si substrates, SiO,/Si substrates can supply much smoother
surface for crystal growth, which brings a higher uniformity at
the interface. This variation of interface will result in a change
of the growth pattern of MoS,, which has been reported to im-
pact greatly on the photoelectric properties.B82 Usually, (001)
plane of MoS, is a stable state and parallel to the substrate sur-
face, while (100) plane is a metastable state and perpendicular
to the substrate surface.®B! However, it is worth mentioning that
such kind of vertically oriented MoS, has been proven to own
a better photoelectric performance by Cong et al. (as shown in
Figure 6a,b).B% Here follows the discussion of MoS,/SiO,/Si
structure, Figure 6c shows the cross-section views of SEM im-
ages of MoS, films, which is deposited by magnetron sputter-
ing technique with thickness of 350 nm grown on the Si sub-
strate. Distinctly, the MoS, films consist of large quantities of
nanosheets which stand vertically to the interface (MoS,(100)).
However, at the SiO, (3 nm)/Si substrate, a different growth mode
can be seen clearly as shown in Figure 6d. In a range of thickness
up to 5 nm, the atomic layer of MoS, is horizontally lying on the
substrate (MoS,(001)) and it is converted to be perpendicular to
the substrate (MoS,(100)) as the MoS, thickness increases. This
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is mainly because at the beginning (thickness <5 nm), the atoms
of Mo and S can move freely on the substrate with a high diffu-
sion rate due to the smooth surface supplied by SiO, passivation
layer. In this case, the stable state (M0S,(001)) predominates the
growth of MoS, film and the atomic layers are horizontally ly-
ing on the substrate surface. However, as the MoS, thickness
increases (thickness >5 nm), the surface becomes rough and
the diffusion rate decreases, which causes the following vertically
standing layer. In this special construction, the horizontal MoS,
layer can form high quality interface with few trap states and the
vertical one can facilitate carrier transmitting from the interface
to top layer. These results exhibit several advantages benefited
from the incorporation of oxide layers, expanding the range of
applications and functionality of oxide materials.

2.2.3. Contributions Made by Surface Morphologies of
Semiconductors

Besides the metal or oxide materials in nanoscale, nanos-
tructure semiconductor materials can also bring remark-
able Denefits to the properties of LPE. Mei et al. have
demonstrated a huge enhancement of photoelectric performance
in silicon-nanowire-modified Ag/Si structure,®’! where the sili-
con nanowires (SiNWs) were fabricated by metal-assisted chem-
ical etching (MACE).B*# Figure 7a—c shows the surface mor-
phologies (Top view of SEM images) of SiINWs, SINWs with silver
nanoparticles, and Silver nanoparticles on Si substrate. The cor-
responding experimental results of LPV are shown in Figure 7e.
Compared to Ag/Si samples, the LPV of Ag/SiNWs/Si structures
get a considerable increase, whose maximum sensitivity reaches
65.35 mV-mm~! (50 times larger than it in Ag/Si). The main

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

sz physik

www.ann-phys.org

(

= Experimental result
—— Theoretical fitting

) &
[4.]
b

P=3 mW @ 671 nm laser

N
wn
L

photovoltage (mV
b

2254 «1

Latera

-50

08  -04 0.0 0.4 0.8

Laser iositionimm‘ ==
(c) ¥ T "

100 nm
-—
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Figure 7. Top view of SEM images of a) SiNWSs, b) SiNWs with silver
nanoparticles, c) Silver nanoparticles on Si (n-type) substrate, d) Size dis-
tribution of silver nanoparticles on SiNWs. The silicon substrates are n-
type (111) Si wafers of 0.3 mm and 50-80 Q cm at room temperature. e)
LPV as a function of laser position in Ag/SiNWs/Si structures with differ-
ent thicknesses of silver film. The insets are the measurement schematic,
where the distance between two electrodes is 2.5 mm and the origin point
is set in the middle between A and B. The laser is of 780 nm and 145 mW.
Reproduced with permission.[®3 Copyright 2019, Wiley-Blackwell.

reason for this feature is that SINW structure has a higher ab-
sorption and lower reflection of light, which leads to light har-
vesting in the system and produces more electron-hole pairs.[#
In addition, the ultrathin Ag film in SiNWSs structure raises the
sheet resistance of the system, which is also responsible for the
increase of LPV according to the theories.

A similar construction of copper-nanoparticle-covered random
Si nanopyramids (Cu/Si-pyramid) is also proven to achieve an
enhancement of photoelectric performance,®” indicating a wide
applicability of such types of nanostructure. Figure 8a shows the
top view of SEM images of this structure. When irradiated by
laser, the system with suitable thickness presents a conspicuous
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Figure 8. a) Top view of SEM images of Cu(1.6 nm)/Si-pyramid structure.
b) LPV as a function of laser position with different Cu nominal thickness.
The distance between the two electrodes is 3.0 mm. The origin point is
set in the middle between A and B. c) Mechanism schematic of LPE in
Cu/Si-pyramid structure. Reproduced with permission.[®% Copyright 2019,
Institute of Physics Publishing.

LPE with a high sensitivity (maximum reaches 157.9 mV-mm™)
as shown in Figure 8b. This surface morphologies of random
nanopyramids bring a low surface recombination and more op-
tical resonance modes, which cause a greater light harvesting
(shown in Figure 8c) and benefit the performance of LPE a lot."
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Figure 10. a) NIR spectra of the Si, Ag/Si and Ag/SiNWs/Si structures. Inset displays the measurement schematic. b) PL spectra of the Ag/SiNWs/Si
samples with different thickness of silver film. c) surface-enhanced Raman scattering (SERS) spectra of 1078 m Raman spectra of rhodamine-6G
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planes. Reproduced with permission.83] Copyright 2019, Wiley-Blackwell.
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The reference also displays a simulation of this system whose re-
sult is consistent with above statements as well.

In addition, there exists another typical way of ion doping
to alter the interfacial conditions and then enhance the photo-
electric properties. Yildirim et al. makes a Al/ZnO/p-Si strati-
fied structure where the ZnO layers are In doped with differ-
ent concentration.®V It is noticeable that the surface morphology
changes a lot after doping. According to the atomic force micro-
scope (AFM) images of the surficial conditions, the roughness
of ZnO interlayers (diameter of fibers) increases with In dopant.
Though the In ion decreases rectifying properties due to the large
decline of series resistance, the light responsivity increases a lot
because of the better light absorption and carrier transportation
in doped layer, which provides an additional way to adjust the
photoelectric properties.*>%’]

2.3. LPE Contributed by Localized Surface Plasmon Resonances

It has been elaborated that the materials can make an enor-
mous impact on the photoelectric performance of MS or MOS
systems. Besides, a specific architecture (such as silver embed-
ded nanoscale metal-dielectric composite materials) can also con-
tribute a lot to photoelectric properties by inducing highly lo-
calized surface plasmons (LSPs) from visible to near-infrared
(NIR) regions.” This phenomenon is a kind of collective elec-
tron charge oscillations in certain structures that causes a large
enhancement of local electric fields when under light irradiation.
A detailed explanation of this effect is given by Zhang et al. as
follows.” When irradiated with a laser, the device of ZnO/Ag/Si
structure with particular Ag thickness shows a remarkable am-
plification of LPE. Figure 9a shows the LPV as a function of
laser position measured in ZnO/Ag/n-Si(111) structure with dif-
ferent silver thickness of 2.7 nm (sample 1), 8.1 nm (sample 2),
10.8 nm (sample 3) and 13.5 nm (sample 4). Obviously, sample
3 presents the maximum LPV which is seven times larger than
it in the control sample. This result is consistent with the pho-
toluminescence (PL) spectra shown in Figure 9b, where sample
3 owns the strongest PL peak. Here, this unexpected amplifica-
tion is ascribed to the existence of LSP resonance, which is highly
sensitive to the composition of the system. As is proven in the
experiments, LSP resonance can enhance the local electric fields
and then boost the conduction electron excitation process, along
with the plasmonic carrier generation caused by interband and
intraband transition.’*% Thus, LSPs would trigger three con-
current processes as shown in Figure 9c,d, resulting in a larger
amount of photon-induced electrons and enormous increase of
LPV.

Such LSP induced photoelectric enhancement is also found
in the mentioned SiNWs modified Ag/Si structures.® Likewise,
in this system, strong LSPs are induced by silver nanostructure
modified SINW arrays. It leads to a more efficient light absorp-
tion, which is proven in near-infrared (NIR) spectra in Figure 10a,
and help with the radiating fluorescence emission. Besides, the
PL spectra shown in Figure 10b can demonstrate the existence of
dangling bonds, which is strongly correlated with LSPs.®* These
dangling bonds produce amphoteric traps with levels near the
conduction and valence bands.”” Then, the traps will cause a big-
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ger lateral concentration gradient and a stronger electric field in
SiNWs, which is responsible for the enhancement of LPV. Fig-
ure 10c shows the Raman spectra, where Ag/SiNWs/Si structures
cause the strongest Raman signal. Figure 10d-f are the finite-
different time-domain (FDTD) simulation of electric field distri-
butions in x-y, y-z, and x-z planes, whose results are highly con-
sistent with the experiments. Therefore, a well-designed archi-
tecture can induce a unique effect and promote the performance
greatly, which provides a scheme for the boost of photoelectric
devices.

2.4. LPE Tuned by External Fields

Facts proved that LPE is considerably susceptible to the mate-
rials and constructions. Moreover, in some cases, LPE is also
sensitive to the external conditions including magnetic field and
voltage bias.1%0-192] [n particular, the magnetic susceptibility are
strongly correlated with the metallic materials adopted in the
systems.l19%194 Wang et al. combines soft ferromagnetic (FM)
materials with semiconductor (Si) and finds that, both the LPV
of the FM and Si layer are coupled to the magnetic alignment of
the FM layer.l'%! Figure 11a shows the diagram of experimental

20-10 0 10 20
H (Oe)

Py on n-Si
-20-10 0 10 20 H(Oe)

Figure 11. a) Diagram of experimental measurement in the structure of
Permalloy(Py)/Si. LPV is measured between electrodes on the FM film. The
distance between two electrodes fixes at 9 mm. A magnetic field is applied
perpendicular to the easy magnetization (y) axis. The laser irradiates on
the point of x = 0 and its power is 30 mW. b) LPV (Vip) as a function of
magnetic field in the structures of Py/n-Si and c) Py/p-Si. d) Normalized
magnetization of the Py layer, measured at room temperature. Reproduced
with permission.[1%%] Copyright 2019, Wiley-Blackwell.
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Figure 12. a) Diagram of the designed MOS structure in a magnetic field. b) Top view of AFM images of the slit area (central region), where the average
thickness is 2.46 nm. c) Top view of AFM images of the edge areas, where the average thickness is 16.4 nm. d) LPV as a function of laser position
with different magnetic fields. e) LPV as a function of magnetic field with different widths of the slit area (the laser point is fixed). Reproduced with

permission.!'% Copyright 2019, Springer Nature.

measurement, where Permalloy(NigyFey) is adopted as the FM
material in this structure. The results of LPV (V|p), measured
in a magnetic field applied along the hard axis of the FM layer
(x-axis), are displayed in Figure 11b,c. It could be clearly learned
that both the LPV in structures of Permalloy(Py)/n-Si and Py/p-
Si vary rapidly when the magnetic field (H) deviates from the ori-
gin. This is mainly attributed to reorientation of the magnetic
moment. This statement is proven in Figure 11d that the mag-
netic moment of the Py layer rotates with the magnetic field at
|H|<5 Oe and saturates at |H|>5 Oe. The reorientation influ-
ences the resistivity of the FM layer and the lateral diffusion
or drift of the excited carriers. Meanwhile, the nonmagnetic Si
becomes magnetically susceptible through coupling to the FM
layer, finally inducing the magnetic sensitivity of LPE.

Besides utilizing the FM materials, there exists another way
to achieve a magnetically susceptible LPE. Zhou et al. has
built a special architecture using nonmagnetic MOS systems
of Cu/SiO,/n-Si and optical injection, obtaining a conspicuous
magnetic sensitivity as high as 520 mV T~1.['% Figure 12a il-
lustrates the schematic of the designed structure. In the cen-
tral region, there exists a slit area (thickness of 2.46 nm) where
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Cu nanoparticles are distributed discontinuously (shown in
Figure 12b). Figure 12d displays the LPV in the slit area as a
function of laser position with different magnetic fields. It can be
learned that the nonmagnetic LPV sensitivity is 57.4 mV mm™',
while under the magnetic field of 1.59 T, the sensitivity decreases
to 3.0 mV mm™! and the rate of descent should reach 94.8%. In-
terestingly, this huge variation does not exist in uniform metal
films. The phenomenon exactly belongs to the structures with
slit area. A further investigation in such structures with different
widths of slit area is given in Figure 12e. Obviously, under mag-
netic field of 1.3 to 1.6 T, a sharp decreasing slope appears in the
samples with widths of 2.5 and 3 mm. Before 1.3 T, the decreas-
ing slope is 5.4 mV T~! but it reaches 520 mV T~! when the mag-
netic field increases from 1.3 T to 1.6 T. It is mainly ascribed to
the channel type construction and the illustration is presented as
follows.

Due to the visible distinction between the slit area (with discon-
tinuous Cu nanoparticles) and bulk Cu layers, the Cu film can
be described as anisotropic in the central region. At the edges
of slit area, a lateral built-in field appears (working as a diode
as shown in Figure 13a) because the Schottky barrier height of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 13. a) Diagram of the carrier distribution in the Cu/SiO2/n-Si structure. b) Diagrams of energy band of the Schottky junctions. c) The integrated
conduction band and valence band of Si layer in y axis. d) Distribution of carriers in the slit area under laser irradiation without magnetic field and e)
with high magnetic field. f) Schematic of carrier diffusion in a narrow slit and g) a wide slit under critical magnetic field intensity. Reproduced with

permission.[106] Copyright 2019, Springer Nature.

central region is lower than that of the bulk Cu layer as displayed
in Figure 13b,c.'%) The lateral field restricts the diffusion of ex-
cited holes to the bulk Cu region, and prevents diffusion of elec-
trons into the slit area at the same time. In this premise, the light
excited carriers will diffuse only in the x direction (Figure 13d)
and when applied with a magnetic field, less carriers reach the
electrode away from the laser point due to the obstruction of slit
edges and the recombination action (Figure 13e). The density at
electrodes significantly decreases but no other carriers can come
to compensate, finally inducing the descent of LPV. To deeply
investigate this property, schematics are given in Figure 13fg.
When the magnetic field reaches a certain intensity B, (called as
critical magnetic field intensity), the carriers (at laser point) can
exactly pass through the right edge like the yellow arrow shown
in Figure 13f. Then, as the magnetic field increases, the turning
radius of carriers becomes larger (subjected to Lorentz force) and
the diffusion would be blocked by the right edge. Thus, the LPV
reduces rapidly as soon as the achievement of B.. Apparently, ac-
cording to the electromagnetic theories, a wider split will own a
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larger B, and permit a bigger turning radius. The interesting re-
sults achieved in this special architecture provide a new method
to obtain a magnetically susceptible LPE.

Except for the magnetic susceptibility, LPE can also own a
temperature dependence in Fe/SiO,/p-Si structure reported by
Volkov et al.'%! As shown in Figure 14a, LPV are measured in
such structures respectively at Si side (Vi4) and Fe side (V3),
where Vi, displays a nonmonotonical variation with tempera-
ture shown in Figure 14b. Clearly, V4 decreases as temperature
decreases below 30K. It is mainly because the acceptor levels
in p-Si start trapping holes, and makes the number of majority
carriers (holes) decrease rapidly. Thus, the semiconductor tends
to become intrinsic and the sign of V4 changes (red line), which
indicates that Vi4 is now dominated by electrons rather than
holes and the Schottky field is much weaker than before.'%®
The strong decrease of Schottky field means the contribution of
concentration diffusion is more significant to Vy,. In this condi-
tion, the photo generated carriers diffuse deeply into Siin concen-
tration gradient (not driven by Schottky field as before) and due

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14. a) Diagram of LPV measurement in Fe/SiO,/p-Si structure. The voltage measured at Si side is presented as V4 and the one measured at
Fe side is V23 (same contacts in x direction). b) LPV at Si side (V14) as a function of temperature with and without an external magnetic field. The laser
of 1 4m and 40 mW cm™2 (average power density) is focused in a narrow strip (0.5 mm) fixedly. c) LPV (filled squares) as a function of temperature in
the a-Si:H structure. d) LPV (filled squares) as a function of temperature in the a-SiO:H structure. In (c) and (d), right y-axis is the photocarriers (open
circles) responsible for corresponding LPV. The laser fixes at 4 mm from the midpoint. Insets are the logarithm of LPV as a function of the reciprocal of

temperature. Reproduced with permission.[19%1%% Copyright 2019, Elsevier.

to the different diffusivities of electrons and holes, electrons will
reach closer to the bottom of Si for owning high mobility. Then,
electrons diffuse laterally and induce the LPV. Obviously, the
carrier diffusion is much weaker than the carrier drift driven by
Schottky field and thus, Vy4 is smaller than it is at high tempera-
ture. When the temperature is over 30K, V1, decreases as the tem-
perature increases, which can be explained from the view of re-
sistivity. As is known, commonly, resistivity decreases as the tem-
perature increases. According to the LPE theories, in the same ex-
ternal condition, a decline of resistivity will bring a smaller LPV.
This statement can also be represented as “an increase in sample
conductivity is expected to decrease measured LPV,” which is
reported by Kodolbas et al. in hydrogenated amorphous silicon
(a-Si:H) and hydrogenated amorphous silicon-oxygen (a-SiO:H)
structures.'%! The LPV results of a-Si:H and a-SiO:H are shown
in Figure 14c,d. The downward tendency with temperature is
apparent in both structures and the corresponding conclusion
identifies with both the above statements. Judging from the
results, the temperature dependence of LPE can be applicative
both at low temperature and high temperature. The measuring
process is brief and the structures are easy to obtain. Such
properties suggest a potential application of LPE in temperature
Sensor.

Ann. Phys. (Berlin) 2019, 531, 1800440

1800440 (13 of 22)

Figure 15. a—f) Schematic of the BRE in Ti/SiO/Si structures responding
to laser position (632 nm and 3 mW). Reproduced with permission.!""!
Copyright 2019, Wiley-Blackwell.
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Figure 16. a) Metal side lateral resistance as a function of laser position (632 nm and 3 mW) in a Ti(6.2 nm)/SiO, /Si structure. The distance between A
and Bis 2.6 mm. b) Resistance between point C and D as a function of laser position laser position. c) Semiconductor side lateral resistance as a function
of laser position. The distance between E and F is 2.6 mm. d) Comparison diagram of Rag, Rcp, and Rgr. €) BRE schematic in the MOS structure, where
the yellow and blue part respectively represent the laser-induced diffusion carriers and drift electrons. Reproduced with permission.!""®l Copyright 2019,

Wiley-Blackwell.

3. Photo-Induced Resistance Effect

As it turns out, the materials, constructions, and external fields
greatly impact the performance of LPE. Moreover, these state-
ments can also apply to resistance effect. Generally, materials’
electrical resistance stems from the scattering of electrons and
represents a measure of the obstruction to electric current. To
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date, tremendous efforts have been made on the research of effec-
tive manipulation of resistance due to its promising potential in
future applications. Although there have existed extensive valu-
able investigations on resistance effect, such as giant magnetore-
sistance effect and superconductivity effect,!1%5 new methods
for controlling resistance are still in great demand for a briefer
operation and a wider range of application. In this section, two
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types of resistance effect, including lateral photo-resistance effect
and optical switching effect, are presented to exhibit a manipula-
tion of resistance by using laser. Lateral resistance represents the
total obstruction in the path of carriers’ lateral diffusion to elec-
trodes, containing the scattering and recombination. Section 3.1
exhibits several methods to change part of the obstruction and
finally achieves the lateral photo-resistance effect in a control-
lable manner. Resistance switching means a reversible change
between certain metastable states, which is usually stimulated
by electric signals. It has drawn plenty of attention due to the
huge potential in memory devices.''®118 Section 3.2 presents
some ways to achieve the resistance switching by using optical
signals.

3.1. Lateral Photo-Resistance Effect
3.1.1. Optical Bipolar Resistance Effect

Yu et al. has demonstrated an interesting photo-induced resis-
tance effect in MOS systems, ! which is mainly dominated by
the nanosized metal film. As shown in Figure 15, a Ti/SiO,/Si
structure is found to have an alterable resistance when irradi-
ated by a laser. Here, the initial metal side lateral resistance (Fig-
ure 15a,b) between A and B is 1.2 MQ (defined as Ry). When
point A is irradiated by a laser of 632 nm (3 mW) and measured
in mode 1 (A+ B-) as shown in Figure 15¢, the lateral resistance
increases to 2.2 MQ (defined as Ry,,y). While the laser irradiates
on point B as shown in Figure 15e, the lateral resistance decreases
to 0.2 MQ (defined as Ry, ). Inversely, when measured in mode
2 (A— B+), it presents a symmetrical result that Ry, is 0.2 MQ
(laser on A) and Ry, is 2.2 MQ2 (laser on B) as shown in Fig-
ure 15d,f. This phenomenon of tunable resistance with double
polarity can be called as “bipolar resistance effect” (BRE).

To learn BRE deeply, a further investigation is given in
Figure 16. Figure 16a shows the experimental results of lateral
resistance response to laser position. Obviously, the curves
present a good linearity and a high spatial sensitivity (0.77 MQ1).
In addition, Figure 16b shows the resistance between point C and
D (Rcp) response to laser position, where the position-dependent
characteristic still exists but the polarity disappears. Figure 16¢
shows the semiconductor side lateral resistance between point
E and F (Rgr) response to laser position, where the original re-
sistance is 8 K2, Ry’ is 9.5 KR, and R, is 6.5 KQ. In this
situation, the BRE exists but its performance is not good as
previous.

To interpret the mechanism of BRE, a schematic of diffusion
model is shown in Figure 16e. When under laser irradiation,
large amount of excited electrons generate in semiconductor and
transmit to the metal.l'?] Then, they will diffuse towards two elec-
trodes away from the laser point. At left region, the excited elec-
trons (yellow dot) diffuse oppositely to the drift electrons (blue
dot) driven by external electric field, which results in a large prob-
ability of scattering. At right region, these two kinds of electrons
diffuse in the same direction, indicating a small probability of
scattering. Thus, the left region can be defined as high resistivity
region (HR) and the right one is low resistivity region (LR). As the
illumination position moves, the length of HR an LR changes,
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Figure 17. a) Schematic of Co(4 nm)/SiO2(0.3 nm)/Si(111) structure ap-
plied with a bias. The testing mode is (A4 B-). b) Lateral resistance as a
function of laser position with different electric bias. c) Schematic mech-
anism of the voltage bias tuned effect. Reproduced with permission.['?]
Copyright 2019, American Institute of Physics.

inducing the variation of total scattering probability and lateral
resistance. For example, if the laser point irradiates at x>0, the
length of HR becomes larger than it of LR and this causes the
increase of the resistance. Through a series of calculation, the
lateral resistance can be written as
R(x) = Ro(1+ Kx)(—=L <=x <L) (11)
Where K is a positive coefficient. Thus, if the laser irradiates on

position of x > 0, R(x) = Ry(1 + Kx) > Ry, which is well consis-
tent with previous experimental results.
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BRE provides a new method to tune the resistance of MOS sys-
tems. Moreover, such characteristic is also observed in other con-
structions and soon get applied.l'?'12 Based on the mentioned
structure, a modified Co(4 nm)/Si0,(0.3 nm)/Si(111) structure is
built as shown in Figure 17a,'% where the testing mode is (A+
B—) and a longitudinal electric bias is applied at position x’ be-
tween metal and semiconductor films. In this case, interestingly,
the lateral resistance curve with a 0.5 V bias has a clear shift from
the one without voltage stimulation (shown in Figure 17b). This
means, the resistance has a variation under the action of external
voltage and the irradiation position needs an appropriate move-
ment to obtain the original resistance. Here gives a brief explica-
tion, in the situation of no electric bias, the model still confirms to
ref. [119]. While applied with a vertical voltage, an external group
of electrons (green dot) is generated as shown in Figure 17c.
These electrons are caused by the fast interface states within the
forbidden band due to the formation of SiO,/Si junction.* Ac-
cording to the band theories, when the voltage is positive the
external electrons in metal will diffuse laterally toward two elec-
trodes. This action looks like a light irradiating on point x’, which
enlarge the high resistivity region and induces the increase of to-
tal lateral resistance. To obtain the original resistance, the laser
point needs a movement away from point x’ to offset this enlarge-
ment, which is consistent with Figure 17b. Obviously, this new
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kind of BRE strongly associates the external voltage with the laser
position, indicating a photoelectric spatial sensitivity.

3.1.2. Pulse Tuned Photo-Varistor

Sincerely, BRE is very interesting and deserves to be further in-
vestigated. Thus, a deeper study is given by Gan et al. using a
similar Cu/SiO,/Si structure.'””! Compared with the structures
in refs. [119,123], the major difference here is a thinner Cu film,
whose thickness is only 2.1 nm and its particles have a discontin-
uous distribution on the substrate surface (shown in Figure 18a).
In this experiment, an electric pulse (between electrode A and C)
combined with laser is applied on the Cu/SiO,/Si structure as
shown in Figure 18b. Likewise, the testing modes are defined as
mode 1 (A+ B—) and mode 2 (A— B+). After the pulse, the lateral
resistance between electrodes (A and B) under laser irradiation is
distinct from the one of no pulse stimulated sample. As shown
in Figure 18c¢,d, with the increase of pulse amplitude, the lateral
resistance grows in mode 1 and decreases in mode 2. Moreover,
as time goes by, the resistance of pulse stimulated samples re-
mains at the excited state, which exhibits that a certain change
has occurred in the layered structure.
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Wiley-Blackwell.

The resistance variation after pulse can be explained as a
charge trap effect. When under no pulse stimulation, the lateral
resistance also confirms to Equation (11) where the total resis-
tance of Cu/SiO,/Si structure could be presented as the sum
of the barrier resistance, oxide layer resistance, and the resis-
tance of semiconductor between electrodes. However, when ap-
plied with a forward bias as shown in Figure 19a, the built-in
electric field at point A recedes and makes it easier for pho-
togenerated and injected electrons to transmit to the Cu parti-
cles (as shown in Figure 19b). Then, after the pulse, the built-
in electric field restores to original and obstructs the return of
excess electrons in the Cu particles. Due to the discontinuity
of the copper layer, the excess electrons are trapped in the Cu
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side, forming mirror charges and enhancing the built-in elec-
tric field (as shown in Figure 19¢).'2¢'?7) In mode 1, electrode
A is the positive pole and it will collect the electrons when ir-
radiated by a laser. Thus, the larger built-in field after pulse
will prevent more electrons from transmitting to electrode A,
which induces the increase of the barrier resistance and the
whole lateral resistance. Oppositely in mode 2, electrode B is
positive pole and the built-in field make it easier for electrons
to tunnel from Cu to Si near electrode A, thus decreasing the
barrier resistance and the whole lateral resistance. In addition,
larger pulse amplitude will bring a larger amount of electrons
trapped in Cu particles and lead to a more obvious resistance
variation.
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3.2. Optical Switching Effect

Besides the lateral resistance effect, such architectures are also
working significantly in the application of longitudinal resistance
effect.”®! Liu et al. adds colloidal crystals (CCs) into traditional
MS system and observed an interesting property in this novel
Au/CCs/Si structure as shown in Figure 20a.'”) The layer of
CCs makes well-ordered arrays clearly displayed in the SEM im-
ages shown in Figure 20b. Usually, for a fixed resistor, there is
no difference between the sweeping modes where the voltage is
respectively set from 0 to 10 V and 10 V to 0. However, irradi-
ated with a laser of 980 nm, the structure of Au/CCs/Si presents
an obvious current hysteresis phenomenon at positive bias re-
gion, indicating a latent optical resistance switching effect. In
Figure 20c, it can be learned that the positive voltage from 0 to
10 V (step 1) owns a high resistance state (HRS with low con-
ductance Gpgs) and oppositely, the one from 10 V to 0 (step 2)
owns a low resistance state (LRS with high conductance Gjgs).
The current disparity reaches the maximum at about +5.5 V and
then decreases until saturation. Thus, an additional parameter
V = (Grrs — Gurs)/Gurs x 100% is proposed to give a better
description on the resistance properties. Figure 20d presents the
I-V curves and their v in different structures, where the most
prominent v/ appears in the structure of Au(5 nm)/CCs(1 pm)/Si
and its magnitude reaches 56%. This voltage based resistance is
mainly ascribed to the existence of CCs, where abundant oxygen
vacancies exist in the microstructure layer. As applied with an ex-
ternal voltage, an oxygen migration occurs and forms conduction
filaments between electrodes, which is widely acknowledged as
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the origin of resistance change.'*¥ The quantity of conductive

filaments built inside CCs layer will grow as increase of external
voltage. Thus, there exists more conductive filaments in step 2
due to the higher initial voltage and presents a lower resistance.
As for the usage of laser, the photoenergy can greatly increase
the density of excited carriers and highlight the changeable resis-
tance. In a manner of speaking, it is the CCs layer that brings this
resistance switching effect.

The above work creatively adds the CCs into MS structure and
successfully changes its physical properties, which is responsible
for the obvious promotion of resistance switching effect under
laser irradiation. Here, Lu et al. has also demonstrated a light
modulated resistance switching effect in traditional system of
n-type Mn-doped ZnO/Si0,/Si structure.’® Figure 21 shows
the I-V curves in this structure respectively with different illu-
mination position, different laser power and in dark condition.
The results all demonstrate a prominent resistance switching
effect under negative bias. Compared with it in dark condition
(shown in Figure 21e), when irradiated by a laser on electrode A,
the switching voltage shows a remarkable shift dually dependent
on the illumination position (shown in Figure 21a) and laser
power (shown in Figure 21c). Respectively, while irradiated
with a laser of 2 mW, the switching voltage declines with the
increase of distance between laser point and electrode A. An
enlarged view of the switching region is shown in Figure 21b,
it can be seen clearly the switching voltage shifts from —7.4
to —7 V (the switching voltage in dark condition) as the laser
point gradually moves away from the electrode. Likewise, while
irradiated with a laser fixed nearby electrode A, the switching
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voltage rises with the increase of laser power. Related enlarged
view shown in Figure 21d displays that the switching voltage
reaches the maximum when the power exceeds 2 mW. The
resistance switching mechanism here still confirms to the
conducting filament model, but when under laser irradiation,
a redistribution of photo-generated carriers occurs and alters
the electric properties. This optical dual dependence can be
explicated through model in Figure 21f. Due to negative bias
applied on electrode A, a local electric field (Esy) is formed and
it is opposite to the built-in electric field (Epyiirin)- In dark condi-
tion, Esy overcomes Epyirin and drives the system to a different
resistance state by forming localized conducting filaments. '3
However, when under laser irradiation, the light absorption
produces a large amount of electron-hole pairs and finally causes
an extra electric field (Egups) and a higher internal barrier,
which affects the status of conducting filaments. This change
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of electric properties is responsible for the dual dependence
of switching voltage shift. Although the optical enhancement
is not large as the structure with CCs, it can regulate the
switching characteristics through controlling the irradiation
position and laser power, making this traditional structure an
outstanding candidate for the future application of resistance
switching.

4, Conclusions

In summary, this feature article has presented a review about
two certain types of photoelectric effect, LPE, and photo-induced
resistance effect. Following the pace of nanoengineering, a de-
tailed discussion is given to exhibit the contributions brought
by the nanoscale materials. As demonstrated in the displayed
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works, for composite structures, a subtle distinction of microcos-
mic structure can lead to a prominent variation in the macro-
scopic results. Especially, the materials’ categories and config-
urations are of great significance to devices’ photoelectric per-
formance. For instance, in composite structures, different metal
materials will have distinguishing responds to light wavelength
which may induce the LPE or resistance effect in diverse degree.
An optimum thickness of metal, oxide, and some 2D materials
can enhance the LPV greatly and may even induce the charge
trap effect. A well-designed architecture may cause a unique phe-
nomenon and boost the photoelectric performance. Besides, the
external fields can impact these properties greatly in certain con-
ditions. With the further research, it is sure that LPE and photo-
induced resistance effect will perform well because there will be
more new kinds of materials and constructions adopted in the
experiments. Thus, probably, the detectors and sensors based on
LPE can have a faster response time, a wider spectral response
and a larger sensitivity. The devices based on photo-induced re-
sistance effect may have a better accuracy, a briefer operation,
and a wider range of application. We sincerely hope these effects
and MS systems can contribute to the progress of the human
society.
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