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Abstract: In order to achieve high spectral responsivity of the silicon avalanche photodiode in blue band
(400—500 nm), Separated Absorption Control Multiplication (SACM) basic device structure was designed.
Based on multiple physical models, the effect of the thickness on the avalanche breakdown voltage and the
photocurrent gain of the device and the effect of the doping concentration of the multiplication layer on the
optical responsivity were investigated. Comprehensively considering the factors of light responsivity and
breakdown voltage, the results show that the device has a low breakdown voltage V4,..p¢=34.2 V when the
doping concentration of the surface non-depleted layer is 1.0x10" ¢cm™, and the thickness is 0.03 pm; the
doping concentration of absorption layer is 1.0x10' ¢cm, the thickness is 1.3 pm, the doping concentration
of field control layer is 8.0x10'® cm™, the thickness is 0.2 um and the doping concentration of double layer is
1.8x10" cm™ and the thickness is 0.5 um. When V,,:=0.95V;,.4p4, it has higher optical responsivity in blue
band, i.e. SR is 3.72~6.08 A-W™'. The above research results provide certain theoretical reference for the pre-

paration of practical Si-APD devices with high blue light detection responsivity.
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1 Introduction

With the development and wide application of
short-wavelength visible light sources (such as blue
LEDs, blue semiconductor lasers), the application
requirements of short-wavelength visible light effi-
cient detection technology are also increasing. Espe-
cially with the rapid development of visible light
communication technology'!, biomedical engineer-
ing, underwater optical communication” and other
fields, there is an urgent need for visible light de-
tectors with high bandwidth, high gain, wide spec-
1. White LEDs are

an important light source for visible light commu-

trum and high optical response

nication™, Currently, commonly used white LEDs
mainly include fluorescent white LEDs (white light
is formed by mixing phosphors excited by blue
LEDs to form white light™); red, green and blue
white LEDs (RGB-LED)™®
LEDs, blue light is the main working band, so pho-

. For the above two white

todetectors with high blue light response are of great
significance to further promote the development and

application of the integration of lighting and com-

munication!”. Currently commonly used photode-
tectors are mainly PIN photodiode (PIN-PD), Photo
Multiplier Tube (PMT) and Avalanche Photodiode
(APD). However, PIN has low optical responsivity,
short detection distance, and high light source power
requirements, which limit its further application in
visible light communication™. PMTs can detect
short wavelengths, but the disadvantages of high
voltage and sensitivity to magnetic fields limit their
application in visible light communication®. Ava-
lanche photodetector (APD) is a semiconductor de-
tector with high internal gain and high photore-

19 and does not have the above-men-

sponsivity!
tioned disadvantages of PMT, so it has attracted ex-
tensive attention in the research of visible light de-
tectors.

Silicon (Si) can absorb incident light in the
380—1 100 nm band, which is a good material for the
preparation of wide-spectrum detectors!''). In addi-
tion, the preparation process of Si semiconductor
devices is mature!'?! and the impact ionization rate of
electrons to holes is high and the tunnel current
is low in silicon materials!'¥. Therefore, the silicon-
based avalanche photodiode (Si-APD) has the ad-
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vantages of high gain, low noise and good stability.
However, due to the high absorption coefficient of
blue light in silicon, the penetration depth of blue
light in silicon is relatively shallow, and most of the
photo-generated carriers are located in the shallow
surface layer. Therefore, it is easy to cause some
carriers to recombine on the shallow surface, result-
ing in a small number of photogenerated carriers en-
tering the absorption layer and low photoelectric
conversion efficiency in the blue light band. This
brings great difficulty to the design and fabrication
of Si-APD device with high blue light responsivity.
In order to improve the detection efficiency of silic-
on for blue light and to improve the performance of
Si-APD in the blue light band, researchers have car-
ried out the following related studies: in 2010, Cath-
erine M. Pepin et al. of Excelitas Company pre-
pared a UV-enhanced Si-based APD by "buried
junction" on an epitaxial wafer with an avalanche
breakdown voltage of 400 V and a responsivity of
39 A/W (M=150) at a wavelength of 430 nm".
In 2015, Othman et al. highly integrated Si-based
APDs through a CMOS process with an avalanche
breakdown voltage of 10 V and a gain of 100 at
405 nm wavelength™®. In the same year, Wang Xu-
dong et al. optimized the structural parameters of
the device based on Separated Absorption Control
Multiplication (SACM) type Si-APD (n-p-p™-p-p*
type doped structure, light incident from the surface
of the N type layer), and an antireflective film struc-
ture with alternating high and low refractive index
was designed on the device surface. With the struc-
ture of antireflection coating, the optimized device
has a peak response wavelength of 406 nm, ava-
lanche breakdown voltage of 105.9 V, and optical
responsivity at the peak wavelength of 250 A/W!',
In 2015, Huo Linzhang et al. proposed a SiPM de-
tector with a deep trench isolation structure, which
improved the detection efficiency in the blue-violet
region (360~420 nm) with about 90 V of the break-
down voltage!'”. In 2019, Lu Huanhuan et al. de-
signed a SAM-type Si-APD. The multiplication lay-
er of the device is closer to the photosensitive layer,

which can effectively reduce the recombination loss

of photogenerated carriers. The device has a break-
down voltage of about 50 V and a photoresponsiv-
ity of 31.1 A/W at 450 nm'"®, In the above studies,
the blue light detection efficiency of Si-APD
devices was improved. With the increasing demand,
it is necessary to further study Si-APD devices to
improve their blue light detection performance.
Conventional Si-APD devices generally have a
higher avalanche breakdown voltage V. (150~500 V)
which makes the device power consumption larger
and the stability worse. In order to obtain high blue
light responsivity and low avalanche breakdown
voltage of Si-APD devices in blue light band, based
on the traditional Si-APD structure, according to the
transport characteristics of photogenerated carriers,
a structure in which the positions of the absorption
layer and the avalanche layer are interchanged is de-
signed, and the structure is optimized in the blue
light band. The relationship between the doping
concentration and thickness of the device multiplic-
ation layer and the avalanche breakdown voltage
and spectral responsivity is also studied. This paper
provides a basic reference for the design and fabric-
ation of practical high blue light responsivity silic-

on-based avalanche photodetector chips.

2 Epitaxial structure design

2.1 SACM type Si-APD

According to the analysis of the visible light
absorption characteristics of Si (The material para-
meters of Si used in this paper are from the experi-
mental measurements of Schinke et al''") and that of
the working principle of the Si avalanche photode-
tector, a SACM device structure is adopted, that is,
the absorption layer and the multiplication layer are
separated, a field control layer is added between
them, and the multiplication layer is placed
behind™-*, The basic epitaxial structure of SACM
type Si-APD is shown in Fig. 1 (color online) from
top to bottom, the device is a p™* type heavily doped
surface non-depletion layer, a  type absorption lay-

er, a p'field control layer, a p type multiplication
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layer and an n*" type substrate. Light is incident
from the surface of the p"" non-depletion layer. The
absorption layer can absorb incident light with a
wavelength of 0.3 to 1.1 um, covering the visible
light band, the field control layer is used to modu-
late the electric field between the multiplication lay-
er and the absorption layer in the device to achieve a
good transition between the low electric field intens-
ity of the absorption layer and the high electric field
intensity of the multiplication layer. Under the
premise of ensuring that the photogenerated carriers
can be transported to the avalanche layer, the noise
carriers can be suppressed®”. The multiplication lay-
er is used to achieve the number gain of the initial
photogenerated carriers; the surface non-depletion
layer and the heavily doped substrate act as conduct-
ive electrode. When the applied bias voltage is high
enough, the device will be in a pull-through state,
that is, from the PN junction to the surface non-de-
pletion layer, the depletion region not only ensures
the avalanche breakdown of the multiplication layer,
but also ensures that the electric field of the absorp-
tion layer is high enough, so that the photogener-
ated carriers can reach the saturation drift velocity

and move to the multiplication layer.

=

p"* surface non-depletion
_ layer

I n absorption layer
[ p* field control layer
[ p multiplication layer
I n substrate layer
[T Electrode

Fig. 1 The basic epitaxial structure of SACM type Si-APD
Fl 1 SACM-APD JASMELEF

2.2 Electric field distribution in Si-APD
The electric field distribution of the PN junc-

tion depletion layer can be expressed as

qNn

E(x)=Ey—- x (1

0€m

where ¢ is the single charge, N, is the impurity con-

centration, &, is the relative permittivity of the dop-

ing material, &, is the vacuum permittivity, £y, is the
maximum electric field strength in the PN junction,
and Ey is related on the doping concentration on
both sides of the multiplication layer and the ap-

plied bias voltage V,, expressed as

1
129V +Vii)  NaNp |2

EM >
E0Em Na + Np

@)

where Np is the donor impurity concentration, N, is
the acceptor impurity concentration, and V; is the
built-in potential of the multiplication layer, ex-

pressed as:

(3)

KT NAN,
Vbi=—ln( AZD) >
q

n;

where K is the Boltzmann constant, 7 is the Kelvin
temperature (7=300 K), and #; is the intrinsic carri-
er concentration (n7;=1.02x10"%c¢m>>?),

According to formula (1), the expression of
electric field of each layer of the device in Fig.2
(color online) is deduced (the built-in potential of
homogeneous junction due to different doping con-

centration is not considered in this paper).

Fig.2 The distribution of electric field in Si-APD
2 Si%k APD #HIA MM

when 0 <x <ux;,

N,
E(x)=Ey— 1%y 4)
€0€p
when x; <x <x,,
N, N,
E(r) = Ey— 220, 30 (5
€0€p E0Ep+

when x, < x <x3,
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N, N, N,
E(r)=Ey— 220, 34
€0&p E0Ep+ Eo&xn

x , (6)

when x;< x < xy,

qN, qNp+ Ny
E(x)=EM—_pX1 - . 2 1 X3—
€0€p E0Ep+ Eo&r
qu++
— X

E0Ep++

7

l

where N,, N,:, N; and N, are the doping concentra-
tions of the multiplication layer, field control layer,
absorption layer and surface non-depletion layer, re-
spectively. By modulating the doping concentration
and thickness of each layer, the electric field distri-
bution and corresponding voltage in each layer can
be designed and modulated; E\; is the electric field
strength at the position of x = 0 in Fig. 2, which is
also the maximum electric field strength in the
device; €, €+, &; and ¢,., represent the relative per-
mittivity of the multiplication layer, field control
layer, absorption layer and surface non-depletion
layer. The relative permittivity of doped silicon!**
can be expressed as:
N-type doped silicon:
1.635x 107Ny

SiN =
si(No) 1+1.172x 102N,

+11.688 , (8)

P-type doped silicon:

8Si(NA) =
1.5x 107N,

+11.7.
105.3 -4.9496x 10°N,* —3.283 x 107"* N,

9

If the thickness and doping concentration of
each layer are determined, according to the electric
field distribution in the device defined by Equations
(4)—(7), the voltage V,,q on the Si-APD device in

Fig. 1 can be expressed as:

X N.
Vipd =V + Vet V, = j(EM _I% x)dx+
o €0&p

: N, N,
I(EM - uxl _ 4 x)dx+

E0€p E0Ep+

where V. and V, are the voltages on both sides of the

field control layer and the absorption layer, respect-
ively. If E\; reaches the maximum value E,, during
the avalanche multiplication breakdown, the voltage
applied across the device at this time is the ava-
lanche breakdown voltage Vy.apq.
2.3 Quantum efficiency and photoresponsivity
Quantum efficiency QF is the number of elec-
tron-hole pairs generated inside a semiconductor by
a single incident photon®, which is defined as:

]ph/q
Pop/hv

OE = , (1)

where [, is the photocurrent, P, is the incident
light power, Av is the single-photon energy, and q is
the charge of the electron. Assuming that all the car-
riers generated by the incident illumination of Si-
APD under the action of working bias enter the de-
pletion region, the quantum efficiency QF relation

can be expressed as:

QF = (1 -R)[1 —exp(-aWp)]

where ¢ is the probability that a single photon ab-

, a2

sorbed by the material excites a hole-electron pair; R
is the reflectivity of the silicon surface, a is the light
absorption coefficient of the material, and the rela-
tion of R and a on the wavelength is shown in
Fig.3 (color online); Wy is the depletion layer thick-
ness. Equation (12) shows that the excitation prob-
ability ¢ of photogenerated carriers is fixed, and un-
der the action of incident light of a certain
wavelength, the quantum efficiency of APD is
mainly affected by the surface reflectivity R and the
thickness of the depletion layer Wp. For the con-
venience of calculation, assuming that p=100%, and
all the excited hole-electron pairs can enter the de-
pletion layer, the relation between the quantum effi-
ciency of Si-APD blue light band and the thickness
of the depletion layer is calculated by formula (12).
The results are shown in Fig.4 (color online), that is,
when the depletion layer thicknesses Wp are
1.0 um, 2.0 pm, 3.0 pm, 4.0 um and 5.0 pum, the cor-
responding peak quantum efficiencies QF,.x are
about 55.03%, 58.23%, 59.83%, 60.99% and 61.72%,

and the corresponding incident wavelengths A, are
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0.43 pum, 0.47 pm, 0.49 pm, 0.51 pm and 0.52 pm,

respectively.

0.7 200
0.6 150

~ 05 100 EL
0.4 50 )
0.3 1 1

1 1
0.3 0.4 0.5 0.6 0.7 0.8
Wavelength/um

Fig. 3 The surface reflectance and absorption coefficient
of the silicon vary with different incident wave-
lengthes

B3 kI SR R B S AR B A S I A2 e

0.70

=
S g L—#5=1.0 um
—W,=2.0 um
—W,=3.0 um
014k W —40pum
0 —WDIZS.O pm . .
0.3 0.4 0.5 0.6 0.7 0.8

Wavelength/um

Fig. 4 The relationship between quantum efficient and in-
cident wavelength under different depletion layer
thicknesses
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The above calculation curve results show the
variation of quantum efficiency with incident
wavelength under different depletion layer thick-
ness Wp. It can be seen from the figure that the
quantum efficiency increases with the increase of
the depletion layer thickness Wp. The analysis
shows that with the increase of the incident
wavelength, the corresponding absorption coeffi-
cient o decreases. The increase in the thickness of
the depletion layer can improve the light absorption
rate of Si-APD, and correspondingly increase the
number of photogenerated electron-hole pairs in the
depletion layer. The peak quantum efficiency OF e,
red-shifts with the increase of the corresponding in-
cident wavelength and the thickness of the deple-

tion layer. It can be found from the curve in the fig-

ure that under the excitation of a specific incident
wavelength, the OF peak of the Si-APD quantum
efficiency does not increase with the increase of the
thickness of the depletion layer. This is because the
light absorption of the depletion layer to the incid-
ent wavelength is saturated, making the number of
photogenerated carriers constant, for example,
when the depletion layer thickness Wp=2.0 um, the
quantum efficiency at the incident wavelength
A=0.45 pm is fixed at QE=57.58%.

The photoresponsivity SR is a measure of the
photoelectric conversion capability of the photode-
tector on the macroscopic scale, which is defined as
the ratio of the photocurrent /,, to the incident optic-
al power P, and the expression is SR=I,/P,,. The
relationship between optical responsivity and
quantum efficiency is?*:

2
R=M-2-QF 1
S 2%k (13

where M is the gain coefficient. According to the
quantum efficiency QF defined by Eq. (12), the
above equation can be rewritten as:

SR=Mp(-R)[1—-exp(—aWp)] % QLY

Assuming that the gain coefficient M=1 and
»=100%, the relationship between the optical re-
sponsivity SR in the visible light band and the thick-
ness Wp of the depletion layer is calculated accord-

ing to Eq. (14), as shown in Fig.5 (color online).

SRIA-W)

0 D 5'0| Hm 1 1
0.3 0.4 0.5 0.6 0.7 0.8
Wavelength/um

Fig. 5 The relationship between spectral response and in-
cident wavelength under different depletion layer
thicknesses
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The curves in Fig.5 show that when the deple-
tion layer thickness Wp are 1.0 pum, 2.0 pm, 3.0 um,
4.0 um or 5.0 um, the corresponding peak photore-
sponsivity SR, are about 0.196 A-W™',0.226 A-W ',
0.246 A-W™, 0.261 A-W™, or 0.272 A-W!, and the
corresponding incident wavelength A are 0.44 um,
0.50 pm, 0.52 pm, 0.56 pm, or 0.57 pum, respect-
ively, which are consistent with the incident
wavelength corresponding to the peak quantum effi-
ciency.

2.4 Effect of multiplication layer parameters on
gain

The photocurrent gain is the most important
characteristic of APD, and its underlying physical
mechanism is the impact ionization effect of carri-
ers, which is usually expressed by a multiplication
factor. Assuming that the avalanche effect only oc-
curs in the multiplication layer, the multiplication
factor M,,*” defined by Eq. (15) shows that the ava-
lanche multiplication is mainly depended on the
width of the depletion layer, the electric field
strength, the collision ionization coefficient of carri-
ers, etc. In the case of electron-induced avalanches,

the multiplication factor M, is:

1

B " a(xyexp(= [ [a(x) - )] dorydx
s

M

where a(x) and f(x) are the collisional ionization
coefficients of electrons and holes, respectively, and
W, is the thickness of the multiplication region.
Chynoweths describes the effect of electric field
strength £ on the collisional ionization of carriers

as:

b,
a(x) = a,exp [— ( E) )]

b, ’
P =y exp[‘(E(x))]

where a,, b,,, a, and b, are the experimental paramet-

(16

ers of the collision ionization rate of electrons and
holes, respectively, and E(x) is the electric field
strength in the multiplication region, which is a

function of the distance x. The numerical calcula-

tion in this paper adopts Lee’s experimental fitting
coefficients™: ¢,=3.8x10°cm™, b,=1.75x10°V-cm™;
a,=2.25%10° cm™, b,=3.26x10° V-cm™.

Consider the relationship among the thickness
of the multiplication layer in the PN junction, the
applied bias voltage V;, on both sides of the multi-
plication layer, and the multiplication coefficient M
under a certain doping concentration. Assuming that
the doping concentration of the N-type substrate is
Np=1.0x10" c¢m™, and the doping concentration of
the P-type multiplication layer is Ny=1.0x10"® cm™,
combined with Egs. (1), (2), and (16), in order to
simplify the calculation, perform the third-order
Taylor expansion of a(x) and f(x), and substitute
them into Eq. (15) to calculate the relationship
between the applied bias voltage V,, of the multi-
plication layer and the multiplication coefficient M,

the result is shown in Fig.6 (color online).

300
—W,=0.2 pm

240 } —W,=0.3 um
—W,=0.5 pm

180 } —W,”:O.7 pm

=
120
60
0 . e .—J —.J
0 20 40 60 80 100
VIV

Fig. 6 The relationship between the thickness of multiplic-

ation layer and multiplication factor M
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The curves in the above figure show that M in-
creases sharply when the applied bias voltage V', on
both sides of the multiplication layer increases to a
specific value, and Equation (15) shows that V7, is
close to or equal to the voltage V., on both sides of
the multiplication layer at the time of avalanche
breakdown. Therefore, in order to obtain a higher
gain for the APD, the applied bias voltage V,,q act-
ing on the device needs to approximate the ava-
lanche breakdown voltage Vi..pq Of the device. The
curves in the figure shows that as the thickness of
the multiplication layer increases, the voltage to ob-

tain the same multiplication factor decreases. That
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is, at small multiplication layer thickness, the
voltage needs to be increased so that the carriers
have a higher ionization rate in order to obtain a
higher gain. However, the increase of the thickness
of the multiplication layer is affected by the doping
concentration and the applied bias voltage at both
ends of the PN junction, and the selection of the
thickness is also based on the electric field distribu-
tion, which is related to the doping concentration, so
the thickness of the multiplication layer needs to be
comprehensively considered with its doping concen-
tration.

For silicon, the carrier energy is completely
lost in the collisional ionization only when the elec-
tron energy is E..=6.5 ¢VPY, From the perspective
of energy, it is assumed that the collision ionization
effect occurs only in the multiplier layer, the influ-
ence of field control layer on electron energy is not
considered, and the hole electron recombination
mechanism and scattering energy loss are ignored. It
can be seen from formula (4), that let the carrier ob-
tain energy under the action of the electric field of

the multiplication layer 4E is:

Wi N,
AE=e| (EM—ux)dx . a7

808p
For the convenience of calculation, the critical

breakdown electric field intensity E\; is substituted

into the above formula AE, and we have:

Wi, 4x%10° N,
AE:ef ( X T —ux)dxz
0 \1-(1/3)log,,(N/10")  &&,

( 4x10° gN, 2)
e m m
1-(1/3)1og,,(N/10'%) 2&9g,

(18

The doping concentration of the substrate is set
to N,+=1.0x10" e¢m™, the doping concentration of
the multiplication layer N, is 1.0x10"°~1.0x10" cm™,
and the PN junction is set as a unilateral mutation
junction. According to Eq. (18), the numerical rela-
tionship between the doping concentration and the
carrier energy AF under different multiplication lay-
er thicknesses was calculated, and the results are

shown in Fig. 7 (color online). When the thickness

of the fixed multiplication layer is W,;=0.5 um, the
curves in the figure show that when the doping con-
centrations N, is 1.2x10'" cm™, 1.8x10' cm™ or 2.4x
10" cm™, the energy AF is 18.22 eV, 18.39 eV or
18.26 eV, respectively. Therefore, when the doping
concentration of the multiplication layer is 1.8x
10" cm’3,

AE=18.39 eV in the multiplication layer, which can

the carriers obtain a higher energy

theoretically generate a higher gain coefficient M.

—W,=0.1 pm ——W,=0.2 ym ——W,=0.3 um

—W,=0.4 um =7, =0.5 ym
20

AE/eV
=

%__ddﬂﬂﬂﬁ__ﬁﬂﬂﬂ——

O 1
1x10% 1x10'° 1x10"7
N,/em™

Fig. 7 Relationship between carrier energy AE and multi-
plication layer doping concentration
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2.5 Influence of field control layer

The doping concentration () and the thick-
ness (W) of the field control layer are important for
adjusting the electric field intensity between the
multiplication layer and the absorption layer. The
field control layer is located between the absorption
layer and the multiplication layer, and reduces the
tunneling probability of the device by reducing the
electric field strength of the absorption layer.
However, the thickness of the field control layer
should not be too large. The reasons are as follows:
when the applied bias voltage and the doping con-
centration of the field control layer are fixed, in-
creasing the thickness of the field control layer will
reduce the electric field strength of the absorption
layer, and affect the drift velocity of photogener-
ated carriers in the absorption layer; if the thickness
is too small, it will increase the electric field
strength of the absorption layer, induce carrier ioniz-
ation, and increase unnecessary noise current. Ac-

cording to Eq. (5), under the condition of ensuring
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the carrier saturation drift velocity, the appropriate
doping concentration and thickness is beneficial to
the modulation and transition of the electric field
between the multiplication layer and the absorption
layer. In general, compared with multiplication. a
smaller thickness and a higher doping concentration
should be chosen to ensure the least effect on the
multiplication layer variation.
2.6 Design of absorption layer

Due to the absorption characteristics of Si ma-
terial itself®*", the blue light band in the wavelength
range of 0.4 ~ 0.5 pm has a high absorption coeffi-
cient (as shown in Fig.3), which leads to a shallow
penetration depth of light in the blue light band,
about 0.098~0.82 um in silicon. In order to fully ab-
sorb the blue light by the absorption layer, the thick-
ness of the absorption layer W,=1.3 um is selected
in combination with the relationship between the
quantum efficiency and the thickness of the deple-
tion layer shown in Fig. 4. In silicon, when the elec-
tric field strength E>1.0x10* V-cm™, the velocity of
electrons tend to the saturation drift velocity, that is,
v,(Si) =107 cm-s™". In order to keep the high band-
width of the device, the carriers should move at the
saturation velocity in the device. When the doping
concentration and thickness of the multiplication
layer and the field control layer are fixed (W,=
0.5 um, N,=1.8x10" cm™; W=0.2 pm, N,,=8.0x
10' cm™), and the mutation PN junction is close to
breakdown, the field strength distribution of the ab-
sorption layer under different doping concentrations
is drawn according to Eq. (6), as shown in Fig. 8
(color online). It can be seen from the figure that the
field strength of the absorption layer gradually de-
creases with the increase of the doping concentra-
tion. When the doping concentration of the absorp-
tion layer is N;=1.0x10'"® cm™ and 5.0x10" cm, the
field strength has been exhausted before reaching
the surface non-depletion region, and at this time,
the blue-light excited carriers enter the absorption
layer and are dominated by diffusion motion, which

increases the carrier transit time and reduces the

device bandwidth. When N, is 1.0x10" e¢m™, 5.0x
10 em™ or 1.0x10" cm™, respectively, the edge field
strength of the absorption layer is £>10* V-cm™, the
device is in the pull-through state, and the carriers
drift at the saturation velocity in the whole device.
Therefore, the doping concentration and thickness
of the absorption layer should be selected so that the
absorption layer have a good electric field distribu-
tion and the carriers move in this layer at a satur-
ated drift velocity, and that the red and green light

has a certain absorption rate at the same time.

5x10*
4x10*
= 3x10*
f.)
2z . —N=1x10"cm™
E\._ 2x10* _NT:5><1014cm73
—N=1x10" cm™
1x10* | —N_=5x10" cm™?
—N=1x10" cm™
0 1 1 1 1
0 0.26 0.52 0.78 1.04 1.30
X,/pm

Fig. 8 Field intensity distribution of the absorption layer

under different doping concentrations
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2.7 Si-APD initial structural parameters
Assuming that the layers are uniformly doped,
the incident light is absorbed only in the absorption
layer, and under reverse bias voltage, the avalanche
effect occurs only in the multiplication layer. Based
on the relationship among the gain coefficient, the
applied bias voltage and the thickness of the multi-
plication layer, the relationship among the quantum
efficiency, the photoresponsivity and the thickness
of the depletion layer, the selected parameters of
each layer are shown in Table 1, where W, W,, W,

Tab.1 Parameters of Si-APD layers
#1 Si-APD EESH

Parameter  Thickness/um  Doping type Impurity concentration/

(cm™)
W, 0.06 p+ Ny= 1.0x10"
W, 130 p- N,=1.0x10'
W, 0.20 p+ N, =8.0x10'¢
W 0.50 p N,=1.8x10'
W 20.00 -+ Ny = 1.0x10"
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W, and W, are the thicknesses of the surface non-
depletion layer, absorption layer, field control layer,

multiplication layer and substrate, respectively.

3  Si-APD numerical calculation

The basic equations of semiconductor device
operation include electrostatic equation, current
density equation and continuity equation. The gen-
eration and recombination mechanism of carriers is
the key to the performance of semiconductor photo-
detectors. In the two-dimensional simulation of the
device characteristics of Si-APD, the diameter of the
photosensitive surface of the Si-APD used in the
calculation is 10 um. In order to improve the accur-
acy of the calculation results, physical models such
as Selberherr's ionization®>*¥, Shockley-Read-Hall

36381 are used

recombination®** and carrier mobility!

in the calculation.

3.1 The relationship between the field strength
distribution of Si-APD and the applied bias
voltage
According to the parameters in Table 1, when

the V,,q in the device is 0 V, 0.5 Vyrapa, 0.7 Viroapa OF

Vir-apa respectively (the corresponding V.4 is 0 V,

17.1V, 239V, 342 V), the field strength distribu-

tion inside the Si-APD as shown in Fig.9 (color on-
line). It can be seen from the figure that the electric
field strength inside the Si-APD increases with the
increase of the bias voltage V,, applied to the

device. When V4 is small, the device is in a non-

5%10°
-_ apd:()
4x10° | — Vipi=0-5 Vireapa
Vo =0.7 Vo
fg\ 3x10° b — VoV vrapa
e == +E=1x10*V-cm™
2 2x10°
D
1x10% f
0----;-- -l- --l-----l--- 1
-0.5 0 0.5 1.0 1.5 2.0

x/pm

Fig. 9 The field strength distribution of Si-APD under dif-

ferent applied bias voltages
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pull-through state, and the carriers begin to diffuse
in the device. With the increase of the applied bias
voltage, the device is pulled through as a whole, at
this time, the carriers are dominated by drift motion.
Asthe applied bias voltage is continuously in-
creased, the carriers will eventually move in the
device at the saturation drift velocity.
3.2 Further optimization of the thickness of

non-depletion layer on the surface

Generally, the surface of the semiconductor
photodetector has a certain thickness of the surface
heavily doped non-depletion layer (also act as an
electrode layer), and the penetration depth of light in
the blue light band in silicon is relatively small.
When light passes through the non-depleted layer at
the top of the device, most of the blue light energy is
absorbed by this layer to generate hole-electron
pairs, so it is necessary to optimize the thickness of
the surface non-depleted layer. On the basis of the
parameters in Table 1, the impurity concentration of
the surface layer and the structural parameters of
other doped layers are fixed, the incident light is
vertically irradiated on the surface layer of the de-
tector, and the spectral response curves of different
surface non-depleted layer thicknesses are obtained

when R#0, which are shown in Fig.10 (color

online).
7.0
5.6 F
= 42}
<
g 28 —W=0.03 pm
— W=0.06 um
1.4 — W=0.10 pm
0 L 1 L L
0.3 0.4 0.5 0.6 0.7 0.8
Wavelength/pum

Fig. 10  Effect of thickness of surface layers of Si-APD on

spectral responsivity
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The curve in the figure shows the spectral re-
sponsivity under the applied bias voltage of
0.95 Virapa (M=26) when the thickness of the sur-
face non-depletion layer is W=0.03 um, 0.06 pm
and 0.10 pm. When W=0.03 um, the photorespons-
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ivity of the blue band SR is 3.71~6.08 A-W™'; when
W=0.06 pm, the photoresponsivity SR of the blue
band is 3.15~5.94 A-W'; when W, = 0.10 um, the
photoresponsivity SR in the blue band is 2.57~
5.75 AW indicating that the smaller the thick-
ness of the surface non-depletion layer is, the smal-
ler the inhibitory effect on the photoresponsivity of
blue light will be. It is also found from the curve
that the change of W has little effect on the optical
responsivity of the device in the long wavelength
band. The analysis shows that according to the
transmission characteristics of light in the medium,
the light absorption loss A of the incident light in
the surface non-depletion layer with a thickness of
Wy is
Ay =1 -R)[l-exp(—aW))] , QL))

where R is the surface reflectance, and « is the light
absorption coefficient of Si. The drift current dens-
ity formed by photogenerated carriers in the deple-

tion region of width Wy is:

I = g R oy s awi)

A-hvu
Qo

For the fixed incident optical power P, in the
visible light band, the first half of Eq. (20) repres-
ents the number of photons that penetrate to the
edge of the depletion layer of the detector at a spe-
cific wavelength, and the second half represents the
absorption rate of the incident photons by the deple-
tion layer with a thickness of Wp. Ignoring the re-
combination mechanism of carriers, set the quantum
efficiency QFE=100% in the depletion region. Ac-
cording to the material characteristics of Si, the in-
tensity of long-band incident light absorbed by the
material is small, so the light absorption loss gener-
ated by the surface non-depletion layer has little ef-
fect on the light energy transmitted to the depletion
layer. Therefore, the long wave band light response
is basically stable in the process of adjusting ;.
However, on the short-wave side, the thickness of
the surface non-depletion layer has a great influ-

ence on the optical responsivity.

3.3 Effect of doping concentration of multiplic-
ation layer on optical responsivity
According to the calculation results in Fig.10
and the calculation results of the surface non-deple-
tion layer thickness above, take the surface non-de-
pletion layer thickness W=0.03 pm, the surface re-
flectivity R#0, and other parameters are based on the
data in Table 1 to obtain that when V,,¢=0.95 Vi:.apa,
the photoresponsivity of Si-APD in the visible light
band is shown in the red curve in Fig.11 (color on-
line), and the corresponding photoresponsivity SR in
the blue light band is divided into 3.72~6.08 A-W".

7.0
5.6
L 42t
<
~ 2.8F
= 2
“ —N,=1.2x10" cm’
1.4 —N,=1.8x10" cm™
—N,=2.4x10" cm™?
0 L 1 1 1

0.3 0.4 0.5 0.6 0.7 0.8
Wavelength/um

Fig. 11 Effect of doping concentration of multiplication

layer on spectral responsivity
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For comparison, when other parameters re-
main unchanged, the doping concentrations of
the multiplication layer Np are calculated as 1.2x
10" em™, 2.4x10' cm™ (the corresponding break-
down voltage Viapa i539.2 V and 30 V respect-
ively). The photoresponsivity at V,,q=0.95 Virapa
are shown in the blue and black lines in Fig.11
(color online). The corresponding photoresponsiv-
ity in the blue light band SR are divided into
3.02~493 AW and 2.83~4.68 A-W'. In both
cases, the photoresponsivity is lower than the SR
value for N,=1.8x10' cm™ doping indicated by the
red line.

This phenomenon can be attributed to the fact
that at this doping concentration, the carriers can
gain higher energy in the multiplication layer (as
shown in Fig.7), resulting in a greater photocurrent

gain. Based on the above results, the basic epitaxial
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structure parameters of the Si photodetector were fi-

nally determined as shown in Table 2.

Tab.2 Parameters of Si-APD layers
#*2 Si-APD EEEY

Impurity concentration/

Parameter  Thickness/um  Doping type

(em™)
W 0.03 p++ Ny =1.0x10"
W, 1.30 p- N;=1.0x10"
/8 0.20 pt+ N, =8.0x10'
Wi 0.50 p N, =1.8x10"
Wi 20.00 n++ Ny = 1.0x10"

3.4 1-V characteristics of Si-APD dark current
Assuming that each layer is uniformly doped,

the I-V relationship characteristics of the Si-APD in
the dark environment can reflect the electrical para-
meters such as the avalanche breakdown voltage
Virapa and the current gain coefficient M of the
device. The I-V characteristic curves are calculated
qualitatively according to the parameters in Table 2
and the current density equation defined in Equa-
tion (21). The current density magnitude is mainly
influenced by the cartrier transport behavior and is
expressed in the numerical relationship as the sum
of electron current density and hole current density,
Le.

Jo = gqnu,E +qD,Vn

Jy=qpu,E—gD,Vp | QD

Jeona = Jn+Jp
where J, is the electron current density, J, is the
hole current density, J,,,q is the conduction current
density, u, is the electron mobility, u, is the hole
mobility, D, is the electron diffusion coefficient, D,
is the hole diffusion coefficient, Vn and Vp are the
excess carrier concentration gradients. The curve in
Fig.12 (color online) shows the calculated reverse
current as a function of the applied bias voltage V.
It can be seen from the figure that the magnitude of
the current increases with the increase of V,,4, but
the change trend of the current is different. Accord-
ing to different current formation mechanisms, it is

summarized as parts (i)-(iv) in Fig.12.
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Fig. 12 The dark current I-V curve of Si-APD
12 Si-APD REHLGLIY I-V 2k

The dark current density of avalanche photodi-
ode includes®” recombination current density J,
minority carrier diffusion current density Jyy, carri-
er drift current density Jy of depletion layer and
avalanche current density J,. The recombination
current density is expressed as J=gn,Wp/2tp. m=
1/R,.*N is the carrier lifetime, R,. =107 cm’s™ is the
indirect band gap semiconductor recombination
coefficient®, and N is the doping concentration.
Jaitr=(gDyn;/L,Np)+(qDni/L,Ny), D,=kTu,/q and
D,=kTu,/q are the diffusion coefficient of hole and
electron respectively, L, and L, are the diffusion
length of hole and electron respectively. When
=300 K, kT/qg=0.0259 V, D,=12.95 cm’s™', D,=
37.56 cm?s”'. For simple calculation, combined
with the doping concentration of © absorption layer,
p+ type field control layer and p type multiplication
layer in the APD structure designed above, the three
regions are regarded as p type silicon materials with

doping concentration N, and carrier life 7:

— N,+N,,+N,

A=%=3.3x10160m’3 , QD
Tsep) T Tsep') T Tse(n

To= =P =0356s . (23)

where Ty (p), Toce(pr) aNd Ty are the carrier lifetimes of
the multiplication layer, the field control layer and
the absorption layer, respectively.

When the applied bias voltage V,,q is small, the
Si-APD current is dominated by the diffusion and
recombination currents. Substituting the above data

into equation (24) to calculate the diffusion and re-
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combination currents of the device, the results cor-

respond to part (i) in Fig.12.
Wp
I(i)zf0 (Jr + Jam)dx . Q4

When increasing the applied bias voltage Vpq,
the number of carriers subjected to the internal elec-
tric field increases and the drift current accounts for
the major part of the current. According to equation
(21), the drift current density of the device is ex-
pressed as Jo=qnu,E+qpu,E, where E is the electric
field strength of the depletion layer defined by equa-
tions (4) to (7). Substituting the calculated Jy, into
the following equation, the result corresponds to
part (ii) in Fig.12.

Wy
Liy = fo (gnuE +qpu,E)dx . (25)

If the applied bias voltage V,,q continues to in-
crease, the carriers collide and ionize under the ac-
tion of strong electric field. The high-energy initial
carriers collide with the internal lattice to produce
secondary carriers, and then continue to collide with
the lattice to produce new carriers to form ava-
lanche current density J,=o.Jito,J,, Jy and J, are
electron and hole current densities, a,, «, are the
ionization coefficient of electrons and holes, re-
spectively. The collision effect continues under the
working bias voltage and the number of carriers is
doubled. Assuming that the avalanche effect only
occurs in the multiplication layer, the avalanche
dark current /; generated in the multiplication layer

with a thickness of W, can be expressed as:
W,
lo= | (andn+apdp)dx . (26)

As shown in part (iii) of Fig.12.
Generally, the gain coefficient M of the device
can be obtained from the following empirical rela-

tion

1, 1
M=4-_ - QD

Ido 1— ( Vdpd )Vl '
Vbr—apd

where /4 is the dark current generated based on the

impact ionization of the carriers, [y, is the initial

dark current, the constant # is affected by the device
structure, doping distribution and other factors, usu-
ally the n of the Si material is 1.5—4.0. When the ap-
plied bias voltage V4 is close to the avalanche
breakdown voltage Vir.apa, the current will increase
with the sharp increase of the multiplication factor
M, as shown in the area (iv) in Fig.12.

The dark current I-V curve in Fig.12 shows
that when the APD device is at a low applied bias
voltage, the diffusion current accounts for most of
the total current; after that, the internal electric field
strength will increase with the increase of V4, and
the width of the depletion region will increase too.
More carriers enter the depletion region to form a
drift current under the action of the electric field,
which becomes the main part of the total current;
when V,,4 continues to increase, due to the impact
ionization of carriers, there will be a current gain
phenomenon, but the effect is not obvious; if V4 is
close to the device avalanche breakdown voltage
Vir-apa> and there will be a sharp increase in current.

By comparing the variation trend of current
with voltage in parts (iii) and (iv), it can be found
that APD can produce a higher current gain M when
the bias voltage is higher than the avalanche break-
down voltage. According to the analysis, the ioniza-
tion rate of the carrier is an important indicator to
measure the avalanche multiplication effect, which
is closely related to the electric field strength associ-
ated with the device bias voltage”), and the ioniza-
tion rate increases with the increase of the bias
voltage. Taking the carriers in the multiplication
layer as an example, the impact ionization rate dis-
tributions of electrons and holes under different bi-
as voltages are calculated according to Equation
(16), Lee's carrier ionization parameter and the elec-
tric field distribution of Equation (4), Figs. 13 (a)
and 13(b) (color online) clearly show that the colli-
sion ionization coefficient increases with the in-
crease of the voltage ¥V, on both sides of the multi-
plication layer, so when V,,q approaches Vi.opq, there
will be a high current gain, and the electron gain is

dominant.
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Fig. 13 (a) Electron ionization coefficients in the multi-
plication layer under different bias voltages; (b)
hole ionization coefficients in the multiplication

layer under different bias voltages.
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4  Conclusion

In order to meet the urgent demand for blue
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light high response photodetectors in optical com-
munication systems, a SACM type Si-APD struc-
ture with interchangeable positions of absorption
layer and multiplication layer is designed and the re-
lationship between multiplication layer thickness
and device gain, absorption layer doping concentra-
tion and absorption layer field strength distribution,
external bias and internal field strength distribution,
surface non-depletion layer thickness and spectral
response, and multiplication layer concentration and
spectral response are studied. After comprehensive
consideration, the structural parameters of the
device are selected as follows: the thickness of the
surface non-depletion layer is 0.03 pum, the doping
concentration is 1.0x10"™ c¢cm™; the thickness of ab-
sorption layer is 1.3 um, the doping concentration is
1.0x10" ¢m™; the thickness of field control layer is
0.2 um, the doping concentration is 8.0x10' cm™;
the thickness of multiplication layer is 0.5 um, the
doping concentration is 1.8x10'® ¢cm™. The device
has a low breakdown voltage Vi.pa=34.2 V. When
Vapa=0.95 Vir.apa, it has a high optical responsivity of
3.72 ~ 6.08 A-W" in the blue band. The results of
this paper have a certain reference value for the pre-

paration of actual devices.
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