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Vacancy-induced giant photogalvanic effect in TiSe, heterojunctions
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We adopt nonequilibrium Green’s functions and density functional theory to study the effect of Se atom defects
on the transport properties and the photocurrent of a 17-TiSe, heterojunction. We calculate the photocurrent for
two types of defect configurations under the excitation of the linearly polarized light. The results show that
Sel and Se2 vacancy defects can induce large photocurrents, which are explained in terms of the transmission
spectrum. The photocurrent shows anisotropic behaviors for different illuminated directions. Meanwhile, the
extinction ratio reflecting the polarization sensitivity can reach a maximum value of 445.12. The photore-
sponsivities of the device with vacancy defects can have relatively large values in certain energy ranges. The
1T-TiSe,-based device is a promising candidate for anisotropic light detection.

DOI: 10.1103/PhysRevB.109.165438

I. INTRODUCTION

After the discovery of graphene [1], two-dimensional (2D)
materials have aroused considerable interest in recent years.
The MX, layered transition metal dichalcogenides (TMDs,
M = Mo, W, V, Nb, Ta, Ti, Zr, Hf, or Re, and X = Se, S, or
Te) are a large family of solids with layered triangular metal
lattices [2]. They have rich electronic and optic properties,
such as a high carrier mobility [3-5], a low effective mass
[6,7], a layer-dependent tunable band gap [8,9], a direct-to-
indirect band-gap crossover [10-12], and a nonlinear optical
effect [13-15].

Compared with 2H phase TMDs, the research on the
electronic and optical properties of 17 phase TMDs is rel-
atively sparse. As a member of the 17 phase TMD family,
1T-TiSe, has been extensively studied owing to its charge
density wave (CDW) ordering [16,17], and superconducting
properties [18-20]. It is also proved to be an excellent system
for observing the low-temperature CDW state [21,22]. The Ti
atoms bond with their adjacent six Se atoms, shaping a Ti-Se
octahedron unit cell and composing the basic framework of
1T-TiSe,. Ti** atoms are located at the center of the com-
posite, sandwiched between atoms in the Se’~ layer, forming
an interlayer space (0.601 nm) between the two layers [23],
which has an octahedral crystal structure with van der Waals
stacked layers. 17-TiSe,, with its small semiconducting band
gap, is one of the most explored in the TMD family, and its
monolayer structure can be prepared by mechanical peeling
methods.

There are some studies on the broadband saturation
absorption [24,25], and the ultrafast and large optical non-
linearity [26,27] of monolayer 17-TiSe,. Ultrafast lasers can
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generate and manipulate topological phase transitions and
spin polarization in topological materials [28,29]. The defect
modulation of 17-TiSe, has received increasing attention,
such as defect-controlled magnetism [30], short-range CDW
and band-gap modulation of defects in TiSe, [31], and the
effect of line defects on the catalytic activity [32]. A TiSe;
system with defects shows great potential applications. How-
ever, relatively little theoretical research has studied the effect
of defects on the photogalvanic effect (PGE) [33,34] and
transport properties in 17'-TiSe,-based devices. PGE is the
second nonlinear photoresponse to the polarized light, which
depends on the light polarization [35,36]. This makes PGE
an attractive mechanism for polarization sensitivity and self-
powered photodetection [37]. Nonlinear optical effects, such
as finite rectified currents, can be described in a unified fash-
ion by using the Keldysh Green’s function method combined
with the Floquet formalism [38,39]. We try to understand
the performance impact of vacancy defects so that one can
reliably implement them into devices.

II. THEORETICAL MODEL

As shown in Fig. 1(a), the gray and yellow spheres rep-
resent Ti and Se atoms, respectively. The space group of
1T-TiSe, is P3ml, and the lattice constants are a = 3.54 A,
b=3.54A, ¢ =6.008 A. The band structure is given in
Fig. 1(b), and 1T-TiSe, has a band gap of about 0.06 eV
near the high-symmetry point A, which agrees well with those
reported in Ref. [40].

We design a 17-TiSe;-based device and choose Cu as
electrodes, which matches well with the central material. The
TiSe,-based device has 60 atoms in the absence of a vacancy
defect. We focus on the effect of a Se vacancy defect on PGE
at zero bias in a 17-TiSe, heterojunction under the excitation
of linearly polarized light (see the blue wavy lines), as shown
in Fig. 1(c). We consider ten Se vacancies including two pos-
sible defect configurations, namely the Sel and Se2 vacancy

©2024 American Physical Society
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FIG. 1. (a) The unit cell structure of 17-TiSe,. (b) The band
structure of 17-TiSe,. (c) Side view and top view of the hetero-
junction for different vacancy defects. Left: no defect; middle: Sel
vacancy defect; right: Se2 vacancy defect.

defects. The x, y, z axes are the vacuum, period, and transport
directions, respectively.

The structure optimization and numerical calculations are
performed by the quantum transport software NANODCAL [41].
The exchange-correlation potentials are treated by using the
generalized gradient approximation (GGA) as parametrized
by Perdew, Burke, and Ernzerhof [42]. The Brillouin zone
of 17-TiSe, is performed with an 18x19x1 k mesh for
geometry optimization and self-consistent calculations. The
cutoff energy is set to 100 hartree (1 hartree = 27.21 eV). For
the action of the linear polarized light, the electromagnetic
potential is regarded as a weak interaction. The absorption
processes are assumed to be dominated, thus neglecting the
emission terms [43]. The photocurrent can be calculated by
using the nonequilibrium Green’s function (NEGF) method
[43,44],

s = / {cos? 9 Te{T, [GF™ + £,(G7™ — G7™)])

+ s O Te{TL[G5™ + 7,(G; — G5 )]]
sin(26 - o )
- O[5+ £2(G5 ™ - G5 )} o,
(D
where
G/"™ =} CNGiewp,Gy'“eispsG.
o,f=x,y,z
G2>/<(Ph): Z CONG§62ap2G5/<e2ﬁpﬂG8,
o, f=x,y.z
G3>/<(ph)= Z CONGg(glaPLGokezﬂpﬁ
o,B=x,y,z
+e2ph Gy “e15pp)Gy.- 2)

Here, L indicates the left electrode, the linewidth func-
tion I', = i(ZR — £4) is relative with the retarded/advanced

self-energy Ef/A, which can be calculated by solving the
surface Green’s function of the leads [45]. G™/<PM ig the
greater/lesser Green’s function including electron-photon in-
teractions, f7 is the Fermi-Dirac distribution function. Cy =
ethIw /(2m*weNc), w is the photon frequency, m is the
bare electron mass, I, = Nc/(V ., /i€,) is the photon flux,
W, is the relative magnetic susceptibility, ¢, is the relative
dielectric constant, and N is the number of photons. The
polarization vector é = cos0¢, + sin6é,, 0 indicating the po-
larization angle. Note that the normalized photocurrent, i.e.,
the photoresponse function, is calculated in terms of J =
Jiph) /el,, which has a dimension of the area a(z) /photon with
ap being the Bohr radius. The detailed derivation is given in
Appendix A.

III. NUMERICAL RESULTS AND DISCUSSION

The photocurrent of the Cu-TiSe,;-Cu heterojunction was
calculated as a function of the polarization angle 6 at photon
energies of 0.3, 0.8, and 2.4 eV. Figures 2(a)-2(c) show the
photocurrents for different Se vacancy defects. The maximum
values occur near the angles 6 =90°. All of photocur-
rents present sinusoidal functions with the polarization angle
[41,46], which is consistent with the PGE phenomenon theory
[47].

Next, we analyze the effect of the vacancy defect on the
maximum photocurrent Ji,,x. Figure 3(a) shows the variation
trends of Jiax as a function of the photon energy for two types
of defect configurations. The linearly polarized light propa-
gates along the —x axis. The right-hand side of the dotted
line is the visible-light region, and the left-hand side is the
infrared-light region. We can see that the Cu-TiSe;-Cu het-
erojunction can obtain a large photocurrent even though there
exists a vacancy defect, which verifies 17-TiSe, possessing
good photoelectric performance. In the absence of the vacancy
defect, there are seven peaks in the photon energy range from
0.1 to 2.7 eV. For example, the maximum photocurrent Jyx
is about 9.031 at a photon energy 0.8 eV, 6.974 at 1.1 eV, and
8.473 at 2.7 eV. Similarly, for the Sel vacancy defect, there
are five peaks for Jy.x, which are 7.610 at 0.4 eV, 4.457 at
1.2 eV, 6.105 at 1.6 eV, 5.848 at 2.2 eV, and 4.126 at 2.6 eV.
For the Se2 vacancy defect, there are three peaks for Jiax,
which are 6.392 at 1.8 eV, 7.856 at 2.1 eV, and 11.126 at
2.4 eV. The device with the Se2 vacancy defect has a large
photocurrent with a value about 11.126 in the visible-light
region. While the device with the Sel vacancy defect can
obtain a relatively large photocurrent in the far infrared region.
This phenomenon shows that different defect configurations
can be utilized to control the absorption of the visible light
and the infrared light.

We further calculate the photocurrent for the linearly polar-
ized light illuminated along the —y axis, as shown in Fig. 3(b).
With no defect, Jx can reach 10.136 at a photon energy of
2.6 eV in the purple visible-light region, which is significantly
different from the photocurrent given in Fig. 3(a). Obviously,
the photocurrent depends on the propagating direction of the
light, which gives anisotropic behaviors. For the device with
the Sel vacancy defect, the largest photocurrent is about
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FIG. 2. The photocurrent is plotted as a function of the polarization angle 6 for different photon energies for the defect configurations with
(a) no defect, (b) Sel vacancy defect, and (c) Se2 vacancy defect. The linearly polarized light propagates along the —x axis.

7.670 at 0.4 eV. In this case, the device is more sensitive
to the far infrared light. The photocurrent of the device
with the Se2 vacancy defect has relatively smaller values than
those of the former two defect configurations. There are two
peaks with the photocurrent being 3.478 at 1.8 eV, and 4.071
at 2.5 eV. This phenomenon shows that the photocurrent can
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FIG. 3. The maximum photocurrent of the 17-TiSe,-based de-
vice is plotted as a function of the photon energy for two types of
defect configurations. The linearly polarized light propagates along
the (a) —x axis and (b) —y axis.

be modulated by changing the defect configuration and the
propagating direction of the light. We further calculate the
transmission spectrum of the device to provide an intuitive
understanding of the vacancy-induced photocurrent peaks.
Figure 4 shows the variation trends of the transmission of the
TiSe,-based device under the influence of the vacancy defect
for the linearly polarized light propagating along the —x axis.
In the absence of the vacancy defect, as shown in Fig. 4(a),
there are several transmission peaks, which mean that more
quantum states contribute to the transmission at the Fermi
energy. For example, two transmission peaks occur at —0.7
and 0.1 eV, thus it is possible for electrons jumping from the
quantum state at —0.7 eV to the state at 0.1 eV. The electron’s
transition associates with the large photocurrent at the photon
energy of 0.8 eV [see Fig. 3(a)]. Accordingly, the other two
transitions from —2.0 to 0.7 eV, and from —0.8 to 0.4 eV
give the maximum photocurrents at photon energies of 2.7 and
1.2 eV. For the Sel vacancy defect, by observing Fig. 4(b), the
transmission spectrum of the device decreases sharply to 0 in
the energy ranges of —0.7 <E < —03 eV and 1.6 < E <
1.95 eV. Similarly, there also are several transmission peaks,
for example, the peaks at —1.4, —0.1, 0.2, and 0.3 eV. The
transition from —0.1 to 0.3 eV induces the largest photocur-
rent at a photon energy of 0.4 eV. For the Se2 vacancy defect,
the transmission is suppressed to zero in the energy range
—0.9 < E < —0.3 eV due to the effect of the vacancy defect.
The transition of electrons between the energies associating
with the transmission peaks, for example, the transition from
—1.6 to 0.2 eV induces a maximum photocurrent at a photon
energy of 1.8 eV. The transmission spectrum can also explain
the maximum photocurrent when the linearly polarized light
is propagating along the —y axis. The vacancy concentration
can slightly affect the zero value of the transmission. For
example, when the number of the vacancy decreases from 10
to 6, the zero value of the transmission in the energy range of
—0.9 < E < —0.3 eV disappears. However, the device with
Se vacancy defects can still induce large photocurrents, which
can work as an optoelectronic device with excellent functions.

Photodetectors based on two-dimensional materials have
excellent performance such as a fast optical response and
broadband detection. Sensitivity is an important quality factor
to measure the performance of photodetectors. The extinction
ratio is generally used to evaluate the sensitivity of devices.
Thus we further explore the effect of the vacancy defect on
the extinction ratio. The extinction ratio is defined as Jyayx

165438-3



YUAN LI et al.

PHYSICAL REVIEW B 109, 165438 (2024)

(@ (b) (©
12 s - 12 2]
0.7eV
1 e
= = =
2 £ 08 208
£ Eos E o6}
< « «<
= = =
0.4 0.4}
0.2 021
" . . . oL ol . . .
2 Ener%y (eV) ! 2 2 2 2 1 Energy (eV) ! 2

Energoy (eV)

FIG. 4. The transmission is plotted as a function of Fermi energy for two types of defect configurations: (a) no defect, (b) Sel vacancy

defect, (c) Se2 vacancy defect.

over the minimum photocurrent Jy;, [48,49]. Figure 5(a)
shows the extinction ratio of 17-TiSe,-based device for two
types of defect configurations. With no defect, the extinction
ratio has three large peaks, which are 13.06 at a photon energy

(a) 200 —— No defect
—a—Sel defect
100 | —a—Se2 defect
i
=
=
~
=
B
S
£ 109
-
>
=
1 1 1 n 1 1 1 1 1 1
0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 24 2.7
Photon Energy (eV)
600
(b) 9 —— No defect
—a—Sel defect
—a—Se?2 defect
100
=
-
<
~
=
=
-
5]
=
2 10f
=
1 1 1 1 1 1 1 1 1 1

00 03 06 09 12 15 18 21 24 27
Photon Energy (eV)

FIG. 5. Extinction ratio of the photocurrent of the 17-TiSe,-
based device as a function of the photon energy for two types of
defect configurations. The linearly polarized light propagates along
the (a) —x axis and (b) —y axis.

of 1.2 eV, 20.48 at 1.5 eV, and 14.98 at 1.8 eV. When there ex-
ist Sel vacancy defects (see the blue curve), the largest value
of the extinction ratio is about 38.23 at 2.5 eV. Especially, the
device with a Se2 vacancy defect can obtain a large extinction
ratio with a value of 187.44 at 0.7 eV, which is 157 times
that of the device without a defect (1.19 at 0.7 eV). Also, the
maximum value of the extinction ratio is much larger than that
of black phosphorus-based photodetectors measured in exper-
iments, which is in the range of 1.8-5.8 [50,51]. Figure 5(b)
shows the extinction ratio for the linearly polarized light il-
luminating along the —y axis. With no defect, the extinction
ratio has a peak, which is 147.18 at a photon energy of 1.3 eV.
When there exist Sel vacancy defects, the largest value of
the extinction ratio is about 445.12 at 1.9 eV. The extinction
ratios of the device with a Se2 vacancy defect have two large
peaks, namely 306 at 0.8 eV, and 358 at 1.0 eV. It means
that the 17-TiSe;-based device can significantly improve the
extinction ratio, which is a potential candidate for the design
of the photodetector. Photoresponsivity is an important fig-
ure of merit for a photodetector, which is defined as Ry, =

th /(AsP) [52,53], where JLph is the real photocurrent, P is the
light power density, and Ay is the effective illumination area of
the transport channel. When the laser power density is about
0.1-100 W/cm? and Agis 1 ptmz, for example, the maximum
normalized photocurrent is J,x = 7.67 at a photon energy of
0.4 eV for the Sel defect configuration given in Fig. 3(b). We
can calculate the real photocurrent in terms of the formula
th = el,Jaj/i, /&, with u, = 1 and &, = 1 or 10. Then the
real photocurrent ranges from 9.65 pA to 30.8 nA, which
can be measured experimentally [51,53]. Correspondingly,
the photoresponsivity Ry, of the TiSe, photodetector is about
0.0308 or 0.01 AW ™",

The photoresponsivities of two defect configurations are
plotted as a function of the photon energy for the linearly
polarized light propagating along the —x and —y axes, as
shown in Fig. 6. It can be found that the photoresponsivities
show anisotropic behaviors for the two propagating directions.
The photoresponsivities of the Sel and Se2 vacancy defects
have relatively large values in the photon energy range of
0-0.6 eV, which can approach to about 0.065 AW~! for
the case of the Se2 defect [see the red triangle curve in
Fig. 6(a)]. The photoresponsivities of the case without a defect
have relatively large values in the range of 0.6—1.2 eV. The
photoresponsivity is the same order as those of monolayer
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FIG. 6. The photoresponsivities of two types of defect configu-
rations are plotted as a function of the photon energy for the linearly
polarized light propagating along the (a) —x axis and (b) —y axis.

MoSi, P4 (0.060 AW™!), MoS, (0.016 AW~'), monolayer
chalcogenides (0.035 AW™! for GeS and 0.075 AW™' for
SnS), and monolayer WSe, (0.016 AW™") [54,55]. The
disorder induced by the excess atoms can result in a signif-
icant decrease of the photocurrent. The spatial photocurrent
can demonstrate the exponential decay behavior JP'(x) =
JE" exp(—x/Leq) with Leg being the effective diffusion length
(see Appendix B). The diffusion length can approach to the
order of 1-15 um observed by using the scanning photocur-
rent microscopy [56,57].

IV. CONCLUSIONS

In summary, we investigate the effect of vacancy defects
on the transport properties and the photocurrent of the Cu-
TiSe,-Cu heterojunction. The results show that the Sel and
Se2 vacancy defects can induce different photocurrents, which
are explained in terms of the transmission spectrum. When
the polarized light is illuminated along different directions,
the photocurrent gives anisotropic behaviors. The Se vacancy
defect can result in a zero value of the transmission, which

can be utilized to modulate the transport property of the TiSe,-
based device. However, the device with the Se vacancy defects
can still induce a large photocurrent, which can work as an
optoelectronic device with excellent functions. Especially, the
device with the Se2 vacancy defect can induce an extinction
ratio with a large value being 157 times that of the device
without a defect. The photoresponsivities of a TiSe,-based
device with vacancy defects can have relatively large values
in certain energy ranges. The photocurrent is generated by
PGE at zero bias, indicating that the TiSe,-based device has
the advantage of reducing energy consumption in practical
applications. The results can provide important theoretical
guidance for the application of 17-TiSe; in the field of op-
toelectronics.
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APPENDIX A: DERIVATION OF THE PHOTOCURRENT

In this paper, we focus on the modulation of photocurrent
of the 17-TiSe; heterojunction. The electromagnetic potential
is regarded as a weak interaction, and we can discard the
nonlinear term in the vector potential. Thus the Hamiltonian
can be written as

. P W

H=—+U+ A~p,

Al
21’110 my ( )

with H; = <A -

mgy

5. When single-mode monochromatic light

is taken into account, A can be written as

Ax, 1) = Ag(x)(d e + de™ ™), (A2)
where d and d are the bosonic creation and annihi-
lation operators. Ay(x) can be obtained by solving the
equation Vzgo(x) + %zﬁo(x) = 0. Assuming an isotropic, ho-
mogeneous susceptibility, and dielectric coefficient, the vector
potential A is given by

o NA IS
A1) = 8 Lo Brr ) Gt gion 1 gemiony (A3)
2Nwsc
where € is the polarization direction of the field. Utilizing

the site basis, the second-quantized form of the perturbation

Hamiltonian is given by H, = Do (m|H' |n)cmc,,, where |m)

and |n) are site-basis states with m and n designating sites in
real space. Thus the matrix element is

A (m|ln). (Ad)

mo

H' = (mH'|n) =

mn
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Accordingly, the perturbation Hamiltonian is given by

Hy = &u(d'e™ +de™™)) 2, (A5)
where &, is defined as
1
e hla)\/ Uréy E’_‘. 3
Emm=—\—o—— ) € (ml|pln). (A6)
mo \ 2Nwec

J ip M s proportional to the density of number of photons
(N/V) or photon flux I, which can be calculated in terms of
the equation

JP % f Tr{[L[G=PY + f1.(GPV — G=PV)|}dE.
(AT)

Thus one can obtain the photocurrent response function J =
szh) /(el,). In terms of the coupled-field theory [43], the
lowest-order contribution of self-energies in the site basis for
photon-electron interactions is given by

ol ) =Y GolF . )R, ()., (AS)
ij

where G, /< refer to the lesser/ greater Green’s functions with-
out the photon-electron interactions. The photon propagators
R>/< can be written as

Ry ja(t1. 1) = (H}, (), (1),

Rt ) = (H).(th )H,-ln(fz)),
where the bosonic operators satisfy the following relations,

(d'(1)d (1)) = Ne =,

(d(1)d (1)) = (N + e,

(A9)

(d(t)d(t2)) = (d(t)d" (1)) = 0. (A10)
Then we have
Roicjn = 27Emi&in[NS(E — ho)
+ (N 4+ 1)6(E + hw)],
Roiin = 27Emi&in[NS(E + ho)
+ (N + 1)§(E — hw)]. (A11)

J

Accordingly, one can obtain the self-energies

E(E) =3 &i&julN G 1 (E — how)
ij

+ (N + DGy (E + hw)l,

T (E) =) EnikinNGG(E + ho)
ij

+ N+ DGg (E — ho)].  (Al2)

The matrix forms of the self-energies including the photon-
electron interaction are given by

2<P(E) = NEG;(E — hw)&"
+ (N + DETGH (E + hw)t,

2> (E) = NETG (E + ho)g

+(N + DEG] (E — ho)eT.  (A13)

The greater/lesser Green’s function G>/<® including the
photon-electron interaction can be written as

G™/=P(E) = G§(E)x™/="M(E)G)(E), (Al4)
where Gg/A refers to the retarded/advanced Green’s function
without the photon-electron interaction. Correspondingly,

G=PV(E) = GR(NEGS (E — hw)g"

+ (N + DE'GF (E + hw)§)Gy,
G~"M(E) = GR(NETG; (E + hw)E

+ (N + DEG (E — hw)EN)G), (A15)

where the first term arises from the contribution of the ex-
citation of an electron by the absorption of a photon and
the second term corresponds to the emission of a photon
by deexcitation of an electron. In this paper, it is assumed
that absorption processes completely dominate, thus the emis-
sion terms, namely the second term in the lesser and greater
Green’s functions, can be neglected. For the linearly polarized
light, the polarized vector is é = cos 931 + sin 62’2. In terms
of Eq. (A6), one can obtain & = C(;/ 2. p. Substituting £ into
Eq. (A15), we have

G (E) = GRCy | cos? 6 Z 1P NG5 (E — hw)egpg + sin® 0 Zem PINGS(E — hw)eagpg

af

sin 260

af

> e1upiNG; (E — hw)esppp +

of

sin 260

Y epiNGG (E — hw)eiapa | Gy,
op

G"OM(E) = GECy| cos”0 ) " e1apiNGy (E + hw)eippp + sin® 0 ) exa p,NGy (E + hw)esppp

af

sin 260

of

Z e1aPL, NGy (E + hw)erspg +

of

sin 260

> epiNG; (E + ho)epa |G- (A16)

af

Then we can obtain the formula of the photocurrent given in Eq. (1).
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APPENDIX B: THE DRIFT-DIFFUSION FORMALISM
FOR THE PHOTOCURRENT

To extract the diffusion length of the photogenerated carrier
from the scanning phtocurrent microscopy, one can obtain
the dependent relation of the diffusion length on the decay
behavior of the observed photocurrent in the real space. The
drift-diffusion equation for a single type of excess carrier én
in the simplified case of one-dimensional transport can be
written as

aén 0%8n aén on

ot _D8x2 +ME3x +G T’
where D is the diffusion coefficient of the carriers, G is the
generation rate, ; is the mobility, E is the amplitude of the
electric field, and t is the carrier lifetime. For the steady state
illumination (dén/dt = 0) with a negligibly small electric
field, the diffusion equation evolves to

(B

3%8n  on
—_— = —. B2
ox2 T (B2)
By solving the above equation, we can obtain
X
dn = 8ny exp (——) (B3)
Ly

where x(> 0) is the distance between the collection electrode
and the generation point, dny is the excess photogenerated
carrier of the generation point, and L, is the diffusion length
with Ly = +/Dt. By considering the diffusion behavior, the
spatial photocurrent can be written as

adn

JPP(x) = —D—. (B4)
0x

Since the diffusion length L; depends on én(x), the photocur-
rent can be changed to

J(x) = I exp (-Li) (BS)

ed

where L¢q is the effective diffusion length. In MAPbBr; single
crystals, the effective diffusion length of electrons and holes
can approach to the order of 1-15 um [56,57]. Correspond-
ingly, in the 17-TiSe, heterojunction, it is expected that the
spatial photocurrent will also give the exponential decay be-
havior. It is deserved to analyze the effective diffusion length
in the subsequent investigation.
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