CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Origin of anomalous enhancement of the absorptioncoefficient in a PN junction

Xiansheng Tang(f# /i), Baoan Sun(#)MR7ZZ), Chen Yue(f%E£), Xinxin Li(Z2fikik),Junyang Zhang(5KkI£31%), Zhen
Deng(*$7Z), Chunhua Du(f#LF1£), Wenxin Wang(F 3 1), Haigiang Jia( % E5R), Yang Jiang(YLVE), Weihua
Wang(7E T24£), and Hong Chen([¥%:5L)

Citation:Chin. Phys. B, 2021, 30 (9): 097804. DOI: 10.1088/1674-1056/ac0791

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Enhanced absorption process in the thin active region of GaAs based p-i-n structure

Chen Yue(&¥R), Xian-Sheng Tang(/#5tlE), Yang-Feng Li(Z=PH%E), Wen-Qi Wang(£ X 7T), Xin-Xin Li(ZEJikJik),
Jun-Yang Zhang(ik3£37), Zhen Deng(X7Z), Chun-Hua Du(ft.#:1¢), Hai-Qiang Jia( 54 5%), Wen-Xin Wang(F
H7), Wei Lu(fiti ), Yang Jiang(YL¥¥), and Hong Chen([%:54)

Chin. Phys. B, 2021, 30 (9): 097803. DOI: 10.1088/1674-1056/abf10c

Localized electric-field-enhanced low-light detection by a 2D SnS visible-light

photodetector

Hao Wen(3(%5), Li Xiong(f /), Congbing Tan(if A\J%), Kaimin Zhu(’kULIX), Yong Tang(/# 53), Jinbin Wang(F:<x
), and Xiangli Zhong(#} 7] )
Chin. Phys. B, 2021, 30 (5): 057803.  DOI: 10.1088/1674-1056/abd7db

Optical properties of core/shell spherical guantum dots

Shuo Li(Z=1ii), Lei Shi(F %), Zu-Wei Yan([=#H %)
Chin. Phys. B, 2020, 29 (9): 097802.  DOI: 10.1088/1674-1056/ab961a

Effects of built-in electric field and donor impurity on linear and nonlinear optical

properties of wurtzite In,Ga,,N/GaN nanostructures

Xiao-Chen Yang(#7l% /=), Yan Xing(Jil )
Chin. Phys. B, 2020, 29 (8): 087802. DOI: 10.1088/1674-1056/ab9291

Refractive index of ionic liquids under electric field: Methyl propyl imidazole iodide and

several derivatives

Ji Zhou(Ji #), Shi-Kui Dong(#& £ 2), Zhi-Hong He (%% & %%), Yan-Hu Zhang (7K J§)
Chin. Phys. B, 2020, 29 (4): 047801.  DOI: 10.1088/1674-1056/ab75cd


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0791
https://doi.org/10.1088/1674-1056/ac0791
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf10c
https://doi.org/10.1088/1674-1056/abf10c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd7db
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd7db
https://doi.org/10.1088/1674-1056/abd7db
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab961a
https://doi.org/10.1088/1674-1056/ab961a
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab9291
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab9291
https://doi.org/10.1088/1674-1056/ab9291
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab75cd
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab75cd
https://doi.org/10.1088/1674-1056/ab75cd

Chin. Phys. B Vol. 30, No. 9 (2021) 097804

Origin of anomalous enhancement of the absorption
coefficient in a PN junction”

Xiansheng Tang(J# 56 )23, Baoan Sun(#MF-22)'3, Chen Yue(F£¥8)1234, Xinxin Li(ZEfkJik)! 234,
Junyang Zhang(7K¥E3%)1234, Zhen Deng(¥Z)"%#, Chunhua Du(At#1£)"%*, Wenxin Wang(F- 3CHT) 24,
Haiqiang Jia( 39 iE58) 24>, Yang Jiang(YLV#) 124 T, Weihua Wang(7E 24)13°, and Hong Chen([454)1234%

! nnstitute of Physics, Chinese Academy of Sciences, Beijing 100190, China

2Key Laboratory for Renewable Energy, Beijing Key Laboratory for New Energy Materials and Devices,
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

3 University of Chinese Academy of Sciences, Beijing 100049, China

4Center of Material and Optoelectronics Engineering, University of Academy of Sciences, Beijing 100049, China

3 Songshan Lake Material Laboratory, Dongguan 523808, China

(Received 19 April 2021; revised manuscript received 13 May 2021; accepted manuscript online 3 June 2021)

The absorption coefficient is usually considered as a constant for certain materials at the given wavelength. However,
recent experiments demonstrated that the absorption coefficient could be enhanced a lot by the PN junction. The absorption
coefficient varies with the thickness of the intrinsic layer in a PIN structure. Here, we interpret the anomalous absorption
coefficient from the competition between recombination and drift for non-equilibrium carriers. Based on the Fokker—Planck
theory, a non-equilibrium statistical model that describes the relationship between absorption coefficient and material thick-
ness has been proposed. It could predict the experimental data well. Our results can give new ideas to design photoelectric

devices.

Keywords: PN junction, absorption coefficient, non-equilibrium statistical model

PACS: 78.66.—w, 42.70.—a, 73.50.—h

1. Introduction

Since the photovoltaic effect!!! was discovered, semi-
conductor materials with the PN junction have been widely
used in photoelectric devices, such as solar cells?”* and
photodetectors.>~71 One of the main factors that needs to be
considered in device design and preparation is the absorption
coefficient, ¢, of the material.’>°! @ plays a significant role in
selecting proper semiconductor materials, designing and ana-

10.111 From the past knowledge,

lyzing photoelectric devices.!
« is proportional to the transition probability and the density
of states available for transition.!!?] In general, « is a constant
for a particular material at a corresponding wavelength. The
calculations of absorption coefficients for a wide wavelength
range have been well documented in the literature.['3-1®) Many
methods were also used to acquire absorption coefficients,
including measuring the transmission spectrum, measuring
permittivity,['*l and measuring photoluminescence and pho-
tothermal deflection spectroscopy.!!”! These data of measure-
ments are consistent with theoretical calculations. Doping and
voltage application can change or,!'®2°1 but the influence is
small.

in GaAs material>!! and Si

material>?! systems showed that when an intrinsic layer is

Recent experiments

inserted in the depletion region of the PN junction, form-

DOI: 10.1088/1674-1056/ac0791

ing a PIN structure, the absorption coefficient of this intrinsic

21.22] Furthermore, differ-

layer can be enhanced significantly.|
ent thicknesses of this intrinsic layer have different absorption
coefficients. The absorption coefficient of intrinsic GaAs and
Si materials in a PIN structure can be respectively enhanced
to 10° em~! and 10* cm™!, an order of magnitude higher
than the commonly used value. This enhanced absorption
cannot be explained by the established theory.[!'?] The absorp-
tion process involves the transport process of photo-generated
carriers, which should be a non-equilibrium process, and the
photo-generated carriers will affect each other except for the
interactions with phonons. The Brownian movement also in-
volves the motion of many carriers, which can be solved by the
stochastic equation theory in the non-equilibrium condition. It
provides us with ideas to solve the problem. In this paper, we
provide a general theoretical interpretation of the phenomenon
of anomalous enhancement of the absorption coefficient based
on the non-equilibrium statistical theory of carriers. We also
analyzed the phenomenon by comparing the time scale of the
relaxation process and transport process with statistical theory.
The competition between the transport and relaxation process
leads to an increase in the absorption coefficient. The theory
can predict the experimental data well, helping us to under-
stand the carrier transport in the PN junction and give new

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61804176, 61991441, and 62004218), the Strategic Priority Research
Program of the Chinese Academy of Sciences (Grant No. XDB01000000), and the Youth Innovation Promotion Association of Chinese Academy of Sciences.

fCorresponding author. E-mail: jiangyang @iphy.ac.cn
fCorresponding author. E-mail: hchen@iphy.ac.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

097804-1


http://dx.doi.org/10.1088/1674-1056/ac0791
mailto:jiangyang@iphy.ac.cn
mailto:hchen@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 30, No. 9 (2021) 097804

thoughts to design solar cells and photodetectors.

2. Method and discussion

Before analyzing the transport of carriers in the intrin-
sic layer (named sample A) in the PIN structure, a reference
sample shown in Fig. 1 with a separate intrinsic layer (named
sample B) was introduced.

(a) (b)
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Fig. 1. The green area represents the N layer, the yellow area represents the
P layer, and the blue area represents the I layer. The blue solid spheres rep-
resent electrons, and the green hollow spheres represent holes. The quantity
is meaningless. The blue line represents the conduction band, and the green
line represents the valence band. (a) Sample A is a PIN structure, an intrin-
sic layer sandwiched by P-type layer and N-type layer. (b) Sample B is a
separate intrinsic layer. (c) For sample A, there are four processes of photo-
generated carriers: excitation, relaxation, recombination, and drift. (d) For
sample B, there are three processes of photo-generated carriers: excitation,
relaxation, and recombination.

When the system of sample A was in a stable state, photo-
generated carriers would go through four processes, including
excitation, relaxation, recombination, and drift. For simplic-
ity, the relaxation process can be equivalent to the recombi-
nation process because the relaxation time is far less than the
recombination. On the other hand, there is an assumption that
photo-generated carriers start waiting for recombination once
generated. When the number of non-equilibrium carriers is
steady, the rate of changing of carriers should be zero. So, the
generation rate is equal to the recombination rate plus the drift
rate(23]

the energy of the single photon, L is the thickness of the intrin-
sic layer in PIN structure, and & is the average absorption coef-
ficient of the intrinsic layer. R = (AN})/7 is the recombination
rate. AN is the number of carriers participating in recombina-
tion, and 7 is the non-equilibrium carrier’s life. D = (AN,)/t
is the drift rate. AN, is the number of carriers participating in
drift, and r = (L)/(2v) is the average transition time. v is the
average velocity of carriers.

By analyzing the three processes (generation, drift, and
recombination) in sample A, we know that the recombination
and drift are competitive. The process that takes the lead is
determined by time. So, we assume that only carriers whose
transit time is less than their lifetime will participate in the
drift, which means that carriers would like to recombine if the
velocity meets v < L/t. Once the velocity distribution W (v)
is obtained, we deduce that the proportion of carriers partici-
pating in recombination is fOL /e W (v)dv. So, the percentage of
carriers participating in drift is 1 — fé‘ /e W (v)dv. Furthermore,
AN| + AN, = AN. Equation (1) can therefore be rewritten as

L/t

dn P —arn Jo! W(v)dv-AN
R A —
(1—f0§W(v)dv)-AN
; 1
= 0. 2

For sample B, when the system is stable, photo-generated car-
riers would go through three processes, which are excitation,
relaxation, and recombination. Similarly, the process of relax-
ation can be equivalent to the process of recombination. The
number of non-equilibrium carriers is steady, and the rate of
changing is also zero, so the generation rate is equal to the
[23,24]
dn
i

recombination rate
g—r=0. 3)

Here g :%(1 —e~%L) is the generation rate, and the inter-
nal quantum efficiency is assumed as 100%. ¢ is the con-
stant absorption coefficient of the material. r = An/7 is the
recombination rate. An is the number of carriers participating

dn in recombination. Equation (3) can be rewritten as!?*!
5 =G-R-D=0. (1) W p A
_ T= s (1meh) — 2o, 4)
Here G = £ (1 —e %) is the generation rate if the internal e hv T
quantum efficiency is 100%, where P is the laser power, hv is‘ By combining Eq. (2) with Eq. (4), we get
_ L/t L/t
|ear [fETwW ) dv~AN/17+(1— e (v) dv) AN/t .
1 —e %L An/t ’ )
. OL/TW(v)dv-AN/H(l— OL/TW(v)dv)-AN/t
a=|——In||1- (1—e @5y | |]. (6)
L An/t
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Now the velocity distribution W (v) is going to be analyzed.
Photo-generated carriers belong to non-equilibrium carriers,
and the motion of a large number of photo-generated carri-
ers is similar to Brownian motion, so we can use the random
theory, [>*! Fokker—Planck theory. The carriers can be regarded
as free electrons without an electric field. In the case of an
electric field, it is in a non-equilibrium state. The electrons
interact with each other, scattered by the crystal lattice, which
can be considered as the viscous resistance. The quantitative
analysis of electron interaction is complex. It can therefore be
regarded as random noise. First, the Langevin equation is used
to describe the dynamics of a free carrier without an electronic
field>4!
L dv

ma=f+r(f)> (M

where f = —7vv is viscous resistance which describes the scat-
tering of carriers, and 7 is the coefficient of viscosity. m* is
the effective mass of carriers. I'(¢) is the random force ex-
erted on one carrier at a given moment, indicating the influ-
ence of other carriers. I'(z) has the following characteristics
(F(1)) = 0. (C(OT()) = g8 (1 '), and g = (29KT) / (m*?).
k is the Boltzmann constant. 7 is the temperature. By solving
equation (1), we know that , which is the velocity relaxation
equation. So, ¥y = m*/1, and 7 is the momentum relaxation

time.
Similarly, the Langevin equation is used to describe the
carriers in an electric field!>*!
dv
m*azF—&-f—i-F(t), (8)

where F' = eE is the electric field force on the carrier, and
other parameters are the same as those in Eq. (1). As we know,

the Fokker—Planck equation has the following form:[?4
daw (V7 t) (9 1 82 2
W __21p 7 p
i av[ W (v,1)] + 3.2 [D*W (v,1)], (9

where D' and D? are Kramers—Moyal expansion coefficients,
and they can be obtained by combining with the Langevin
equation (2). Their specific representation is as follows: D! =
(F+ f)/(m*), D*> = q/2. Now we can get the exact form of
the Fokker—Planck equation. When the system is in a steady
state, dW (v,¢)/dr = 0. By solving the second-order homoge-
neous differential equation, the expression of W(v,f) is ob-
tained as!>4!

Fm*v  m*V?
—_—— . 1
YT 2kT > (10)

From Eq. (10) we know that the velocity distribution of car-

W (v) Woexp<

riers in the electric field can be described as the Boltzmann
distribution, which still includes the basic pattern of the Boltz-
mann distribution. In some situations, we can use the Boltz-
mann distribution approximately to describe the velocity dis-
tribution. From Eq. (10), we can get the ratio of carriers at a

different velocity, which is helpful for us to analyze the carrier
transport further.
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Fig. 2. (a) Comparison of normalized fitting data of fluorescence intensities
in open circuit and short circuit cases with different intrinsic layer thick-
nesses. The original experimental data comes from Ref. [20]. (b) The pro-
portion of carriers involved in the recombination varies with the thickness of
the intrinsic layer in the PN junction based on GaAs material. The black line
and the red dots are the calculation and the experimental data, respectively.

By further analyzing the fé‘ Tw (v) dv, equation (6) can
be simplified. 50 ps is taken as the life of non-equilibrium
carriers in GaAs material to be an example. As is shown in
Fig. 2(a), by comparing the photoluminescence intensity un-
der short and open circuits, the proportion of carriers involved
in the recombination can be calculated.”?”! When the thickness
is below 500 nm, only less than 5% of the carriers participate
in the recombination, which fits the experiment’s data well,
as shown in Fig. 2(b). So, the recombination progress can
be ignored when the thickness is thin enough, which means
fOL "w (v) dv ~ 0. Then, equation (6) is rewritten as

AN

&= —%ln 1= (1= ™) || (11)

T
On the other hand, when the intrinsic layer thickness of the
PIN structure is very thick, the drift progress is also ignored.
It means fOL *w (v)dv ~ 1. Then, equation (10) is rewritten

as
1 L
@=|—7n||1-Z (1-e ™). (12)

T
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In Eq. (12), AN = An, so &t = 0. It means that when the
intrinsic layer is thick enough, the PN junction no longer en-
hances the absorption coefficient, which is reasonable. Fur-
thermore, the intrinsic layer thickness of the PIN structure is
not thick enough to make fOL /Ty (v) dv ~ 1, but the equation
e~ %L ~ 0, which means that the intrinsic layer can absorb
nearly all light. Then the phenomenon of enhancement of ab-
sorption coefficient could not exist, so & = . The PN junc-
tion cannot influence the intrinsic layer in this situation either.
Excluding the above three extreme cases, the specific absorp-
tion coefficient of the intrinsic layer in the PN junction can be
obtained by Eq. (6).

300 @

250»\

200 \
1501 \

100+ .

~m
N
50t .\.\'\'\'*k-ﬂ

Electric field intensity (kV/cm)

1 1 1 1 1
0 50 100 150 200 250 300 350

Thickness (nm)
24

(b)

Velocity (10° cm/s)

0 5 10 15 20 25 30 35 40 45 50
Electric field intensity (kV/cm)

Fig. 3. (a) The electric field intensity varies with an intrinsic layer thickness
of PIN structure. (b) The velocity of electron and hole varies with electric
field intensity in GaAs.

Figure 3(a) shows that the electric field intensity varies
with the intrinsic layer thickness of the PIN structure, and it
was obtained by simulation through Crosslight. Figure 3(b)
shows the velocity of electron and hole varies with electric
field intensity that was obtained by equation.>! As can be
seen from Figs. 3(a) and 3(b), when the intrinsic layer thick-
ness is less than 350 nm, the electric field intensity is strong
enough to accelerate the carriers, including holes and elec-
trons, to saturation speed. For GaAs, the saturation speed of
the electron and the hole is 107 cm/s and 6x 10° cm/s, respec-
tively, as shown in Fig. 3(b). Based on the above discussion,
the absorption coefficient is related to the transport velocity.
It is necessary to confirm the velocity of the carriers. In the

actual situation, to maintain the neutral condition, the electron
drift will decrease to match the hole drift, and the hole drift
will increase to match the electron drift. For simplicity, the
velocity of holes is taken as the transport velocity to calculate
the absorption coefficient.

Figure 4 shows the fitting of experimental data and calcu-
lation data in GaAs material. In this work, different samples
with different intrinsic region layer thicknesses (10 nm, 50 nm,
100 nm, and 300 nm) were grown by solid source molecular
beam epitaxy (SSMBE, VG V80) on a p-GaAs (100) substrate.
The intrinsic layer is sandwiched between a 300 nm p-type
GaAs layer with a doping density of 5 x 17 cm ™3 and a 150 nm
n-type GaAs layer with a doping density of 5 x 17 cm™3.
Then, a 150 nm n-type GaAs layer with a doping density of

3x 18 cm™3

was deposited. By making devices and measur-
ing the current under a laser of 730 nm, we can obtain the
absorption coefficient experimentally based on the equation
of ¢ = —11In(1— (lf;;’)})e). L is the thickness of the intrin-
sic layer, I is the photocurrent, R is the surface reflectivity, P

is the power of the incident laser, e is the electron charge, and
hv is the photon energy. The schematic diagram of the test
system is shown in Fig. 4(a). The saturation speed of carriers
is 6x10° cm/s, and the carrier’s life of 50 ps is taken. Then,
equation (11) is taken to calculate and compare the absorption
coefficient. From Fig. 4(b), the calculation data fits the exper-
imental data well for GaAs material.

(a) 730 nm

g 250 b calculation
v\r\ ( ) ®  experiment
= 200 ’ |
\: I Thickness Calculation Experiment
=] (nm) (10*/em)  (10%/cm)
2 150 F
:'_,% 10 234 200
L‘g 50 46 40
s 100F
- 100 23 20
.E 300 6.8 5.4
S 50t
o
@]
LN i re——
< 0 50 100 150 200 250 300 350

Thickness (nm)

Fig. 4. (a) The schematic diagram of the test system. (b) The fitting of ex-
perimental values and calculation values in GaAs material. The black line
represents calculation values and the red dot represents experimental data.

The substitution of a constant by a variable absorption co-
efficient will tremendously impact the design of photoelectric
devices based on the PN junction, such as photoelectric de-
tectors and solar cells. First of all, due to the enhancement of
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the absorption coefficient, the reduced thickness of the absorp-
tion layer can favor saving epitaxy cost and guarantee higher
crystal quality for heteroepitaxy with a huge lattice mismatch.
For example, it is possible to use a thin in GaAs layer with
a high In component grown on a GaAs substrate to make a
photodetector at 1064 nm. Second, due to the enhancement
of the absorption coefficient, the same amount of photocurrent
can be generated from a thinner material, resulting in differ-
ent carrier transport behavior. In the case of different intrinsic
layer thicknesses, the proportion of photo-generated carriers
involved in escape and recombination is different. The thin-
ner the thickness, the greater the proportion of escaping. The
greater the thickness, the greater the proportion of recombina-
tion. Reducing the thickness of the absorption layer does not
reduce the photocurrent, but reduces the transit length of the
carrier, thus reducing the transit time, making the state change
faster, and improving the high frequency characteristics of the
device.

A related theory of photoelectric devices needs to be re-
considered, such as fill factor in solar cells and the modulation
frequency of the detectors. At last, we have successfully ap-
plied the stochastic equation theory related to Brownian mo-
tion to modeling the non-equilibrium carriers in the absorp-
tion process, which expands the application scope and pro-
vides ideas for solving related problems in the future.

3. Conclusion

The absorption coefficient varies with the thickness of the
intrinsic layer in the PN junction, caused by the competition
between recombination and drift for non-equilibrium carriers.
When the absorption layer is thin enough to be of the order
of hundreds of nanometers, the drift time is faster than the re-
combination time, which accelerates the absorption of light,
leading to the enhancement of the absorption coefficient. With
statistical theory, we proposed an equation to describe the re-

lationship between absorption coefficient and material thick-
ness. The equation fits the relevant experimental values well.
This theory can help to explain the carrier transport in the PN
junction and gives a new idea to design photoelectric devices.
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