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Design of multi-gain-stage avalanche photodiodes with low excess noise
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Abstract; On the basis of deadspace multiplication theory( DSMT) numeric model and modified deadspace multi-
plication theory( MDSMT ) model, the excess noise of multi-gain-stage avalanche photodiodes with different multi-
plication stage and different carrier initial energy was analyzed. The effects on excess noise of different width of
impact-ionization multiplication layer, electron-heating layer and different doping of electric field control layer were
also studied. At the same time, the results obtained from DSMT model were compared with the results from Van
Vliet model and McIntyre model. By adjusting the width of impact-ionization multiplication layer, electron-heating

layer and the doping of electric field control layer, a structure relatively optimizing was acquired by DSMT numeric

simulation. The excess noise was comparable to the result of Van Vliet model at k, =0. 057.
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Introduction

Avalanche gain of APD results from impact ioniza-
tion with stochastic nature, thus the gain is random and
the randomness is characterized by the excess noise. In
1966, Mclntyre derived excess noise factor formula to e-
valuate the excess noise. "' However, this formula can-
not calculate the excess noise of APDs with thin multipli-
cation layers less than 400 nm, because it doesnot take
the deadspace effect into consideration. Soon afterward,
Hayat et al. established dead-space multiplication theory
(DSMT) numeric models to analyze the excess noise of a
single-carrier injection double-carrier multiplication AP-
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Ds with thin multiplication layers. The results from this
theory fit the experiment results well. *' It makes up the
shortage of Mclntyre formula.

Although the excess noise of APDs with thin multi-
plication layers are lower, an unwanted result exists that
the mean gain will also be lowered because longer impact
ionization chains have been eliminated. The problem can
be effectively solved by APD’ s multi-gain-stage design in
which high gain and low excess noise can be obtained at
the same time. ">’ The same as quantum cascade detector
(QCD) , multi-gain-stage APDs also use energy band en-
gineering. Institute of Semicondutors, Chinese Academy
of Sciences reported GaAs quantum cascade infrared pho-
todetector which obtain low noise and dark current. "’
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The difference is that multi-gain-stage APDs use impact
ionization engineering to obtain high gain in addition to
low noise.

This paper analyzes the effect on excess noise and
mean gain of multi-gain-stage APDs with different width
of multiplication layer and electron-heating layer and dif-
ferent dopings of electric field control layer, and a 10-
gain-stage design is achieved with ideal excess noise and
gain.

1 DSMT theory

Impact ionization can occur when the electrons and
holes possess sufficient kinetic energy. The minimum
distance that a newly generated carrier must travel in or-
der to build up enough energy to become capable of initi-
ating ionization is called dead space. The effect of dead
space on the excess noise and mean gain is determined
by using a recurrence method.

For an electron, it travels in the opposite direction
of electric field and ionize and form two electrons and a
hole after a random distance. Similarly, a hole travels in
the direction of electric field and ionize and form an elec-
tron and two holes after a random distance. Electrons and
holes repeat this process until they reach the edge of the
multiplication layer. The parameters in the DSMT numer-
ic models are as follows.

1.1 dead space

The expression for dead space is as follows

x+d(x)
af edy = Ex+d(x) L (1)

af , ey = Ey(x —dy(x) . (2)

where g£(x) is electric field at x location, E, (x) and E,,

(x) are impact ionization threshold energy of electrons
and holes at location x respectively, d,(x) and d, (x)
denote the dead space of electrons and holes at location x
respectively, ¢ is the electronic charge.
1.2 Probability density function ( PDF) of distance
to impact ionization

After a random distance an impact ionization oc-
curs. "'h(&lx) is the probability density function of the
impact ionization of electrons and holes that locate at x
and move to location ¢ and impact ionize at location &,
impact ionization can only occur when the motion dis-
tance £ is larger than the dead space of carriers at loca-
tion x. PDF is given by,
ho(£1 %) =

3
{a(§| x)e_.L(le(.»)a(ylx)dy, x + de(x) S¢é{<w
0, 0 <é<sx+d,(x)

h,(€1 x) =
{IB(é—'l x)eff?dhmﬁ(ﬂx)dy’ 0< f <x - dh(x)
0, x—d(x) SE<«x

. (4)
a(€lx) and B(€lx) are impact ionization rates at loca-
tion & of electrons and holes that come from location x
without initial energy respectively, that are calculated

by,

B .

1.3 The recurrence equations of gain and excess
noise

For double-carrier-multiplication avalanche photodi-
odes, Z(x) is used to denote the random number of all
electrons and holes progeny produced by an electron at
location x and itself. Similarly, Y(x) is used to denote
the random number of all electrons and holes progeny
produced by a hole at location x and itself. Assume the
range of multiplication layer is from O to w, and electrons
moves along direction of positive x, holes moves along
opposite direction. The random gain generated by only an
electron injecting is [ Z(0) +Y(0) ]/2, clearly Y(0) =
1, so the random gain is [ Z(0) +1]/2. The recurrence
equations are as follows.

2x) =< Z(x) >=[1 -Lwhe(g x)dg] +
[[12:(6) + 9T b (g1 00dE . (6)

y(x) = < V(x) > = (1= [h(£1 ) de] +
[120(&) + 2O h(e1 e, (D)

2(x) =< Z2(x) > = [1 = [ h(g1x)dg] +

[[[25(8) +1(&) +4x(2)y(&) +22() Ih.(£1 )it
x . (8
n(x) = < ¥(x) >=[1-[h(£lx)de] +

[[[20206) +2(8) +47()2(&) +2°(&) Ih, (€1 ) dé
-9
Original values of z(x) , z,(x), y(x) and y,(x) at
boundaries are z(0) =1,z,(0) =1,y(w) =1 and ¥y,
(w) =1, original values at other locations are zero.
After getting steady solutions from the recurrence e-
quations, the mean gain and excess noise can be calcu-
lated.
GDSMT = # ,
z,(0) +2z2(0) +1

(z2(0) +1)?
2 The modified DSMT theory( MDSMT)

Different from DSMT theory, the modified DSMT
theory considers that the carriers gained initial energy
when they go through non-zero electric field region before
entering multiplication layer, thus the energy needed to
obtain from the multiplication layer for the first impact i-
onization is reduced. '*'

If the injecting carrier’ s initial energy is EO, then
the initial dead space d, is given by

x+de0(x)
aof ey = E(x+dy(x) - B0 . (12)

Clearly, if the carrier’ s initial energy before ente-
ring the multiplication layer is larger than the ionization
threshold energy in the boundary of multiplication layer,
then d,, =0.

(10)

FDSMT =

(11)
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In addition, the pdf of the distance to the first im-
pact ionization for the injecting carrier is;
3 Sy
ho(€) = {a@)e—ﬁww L do(v) SE<w (13)
0’ 0 <§$d9()<x)
Z,(x) is used to denote the random number of all elec-
trons and holes progeny produced by an electron at loca-
tion x and itself. The probability density function of the
first impact ionization is h, (£). The following formula
can be obtained.

2(0) = < Zy(x) > = [1- [ ho(&)dg) +
[[T2:(6) + (@) Tha(g1 g, (14)
(%) = < Zg(x) > = [1 —J;tho(g)dg]+

[[122(6) + 17.(8) +42(&)5(8) +

22(£) Tha (€1 %) g Cas)

Putting the steady solutions from the DSMT theory

recurrence equations into the above two equations, the

mean gain and excess noise can be calculated, the re-
sults are as follows.

1 +2,(0
CMDSMT = ”27"() . (16)

Zz()(o) +Zz()<0) +1

FMDSMT =
(ZO(O) + 1>2

(17)

3 Van Vliet theory

If the ionization multiplication processes including
two types of carriers, in low gain, it must consider the
discrete nature of the ionization process for both carriers.
The excess noise value from Van Vliet is lower than that
from Mclntyre formula in sufficiently low gain.'® In
multi-gain-stage APD including both hole-ionization and

electron-ionization, the excess noise is given by

1
F(M,..k.P) =1 <1_MT“)(1_I€S)
( DC » s » e) - + 2+P9(1 _ks)
(1 -kP) (1+P,) 1
[_P° 20 +ksPC)(M”CkS (1-k) "1 +PC)]
, (18)

where P, is the electron-ionization probability per gain
stage, J is the number of gain stages, k, is the ratio of
the hole-ionization probability per gain stage to P,. The
mean gain is given by
(1+P)'(1 -k)
Ml)(j<]> = J+1 J+1
(1+PE)™ -k (1+P,)

(19)

4 Multi-gain-stage single photon ava-
lanche photodiode

Multi-gain-stage single photon avalanche photodi-
odes adjust the doping concentration to change the elec-
tric field profile in the multiplying junction, thus further
control the carrier’ s energy by accelerating it in high e-
lectric field region and releasing its energy in the forms

like phonon scattering. The impact ionization threshold
energy is changed by adjusting the alloy composition in
multi-gain-stage single photon avalanche photodiodes.

The randomness of multiplication process can be re-
duced by means of suppressing the hole-ionization and
enhancing electron-ionization, meanwhile spatially locali-
zing the latter.

The structure of multi-gain-stage single photon APD
is designed as Fig. 1. Electrons can be pre-heated before
injecting into impact ionization layer and holes can be in-
jected cold by modulating the electric field profile. The
low-field carrier relaxation regions in which holes and e-
lectrons lose their accumulated energy by random phonon
scattering are used to separate the gain stages. Thus, the
holes injected cold cannot impact ionize. Compared to
two-carrier ionizations, ionizations only including elec-
tron-ionization decrease the number of impact ionization
chains, furthermore narrow the gain distribution. There-
for, the multi-gain-stage single photon avalanche photo-
diodes suppress the excess noise.

The material of high-field multiplication layers in
this structure is Al 36 Ing sp3 Gag 14y As, which lattice
match with In, 5, Al) ,4As and Ing 5;Ga, 4; As and is com-
posed of 70% In, 5, Al ,sAs and 30% In, s,Ga, ,; As.

15 nm InGaAs(4x10%cm"p) contact layer

40 nm InGaAs(1x10"cm™p

400 nm InC s(1x10"cm™p) PreUiOll
40 nm InGaA: %cm? p) grade layer

40 nm InGaAs(1x10"*cm™ p)

1.46 pm InGaAs(1x10%cm? ) Absorption layer

40 nm InGaAs(1¥10%%cm? )
1-stage 25nm1

(1x10'*cm” p) charge layer
40 nm I 10%cmi)
£ 10 nm I (6x10"7cm™ p)
structure 5l
20 nm I
SmIr
17 nm InGaAs(7x10'"cm* n)

100 nm InGaAs(1x10'cm? i) relaxation laver

10 nm InGaAs(6x10"cm* p) charge la
40nm I (1x10"cm™ i)

10 nm InGaAs(6x10""cm™ p)

5 nm InGaAs(1x10"cm1)

20 nm 10%cm i) mult

5 nm InGaAs(1x10%cm™1) buftfer layer
100 nm InGaAs(1x10"cm™n)
184 nm InGaAs(1x10"*cm*n) nregion

InP Sub(n)

Fig.1 Epitaxial layer structure of an multi-gain-stage single
photon avalanche photodiode
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The impact ionization threshold energies energy of e-
lectrons and holes in different materials are shown as
Tabel 1'"°" where E, are threshold energies of electrons
and E, are threshold energies of holes.

Tabel 1 Threshold energies
F1 BREHE

E./eV E,/eV
Ing 55Gay 47As 1.2 1
Ing 5,Aly 4sAs 2.15 2.3
Al 33619, 523620, 141As 1.865 1.91
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The material parameters A, B and m to calculated
the impact ionization rates in the Eq. 5 are shown in Ta-
ble 2. """ The results are obtained by fitting the experi-
mental values of ionization coefficients to the model given

by Eq. 5.

Table 2 Material parameters A .B.m
x2 MRSHABm

A/em ! B/V+em™! m
« 1.8e7 1.95e6 1
Ing_53Gag 47As
B 2.56€7 2.2e6 1
4.17e6 2.09e6 1.20
Tng 5 Al 4sAs “ i :
N ’ B 2.65¢6 2.79¢6 1.07
9.58e6 2.28e6 0.98
Alg, 336Ing. 52362, 141 A5 ¢ ‘ ‘
B 1.02e7 2.46¢6 0.96

5 Results and discussion

In the process of calculating dead space and ioniza-
tion rates, the effect of phonon scattering is taken into
consideration, that is the energy of a carrier which is re-
seted to zero after travelling a certain distance. >'°! In
addition, the effect on ionization rates results from the
bandedge discontinuity of multilayer structures is ig-
nored. """’ The results below are obtained in the photodi-
odes with each gain stage the same as the structure in
Fig. 1 unless otherwise specified.

Figure 2 shows the electric filed of multiplication
layers and the dead space distribution of a 10-stage APD
at an average gain of M =690. Figure 3 plots the non-lo-
calized ionization rates and the scattering-aware ionization
rates for electrons and holes. Taking phonon scattering in
the energy relaxation layers into consideration centralizes
the ionization events, electrons can ionize immediately
upon entering the high field multiplication layers, mean-
while, the holes ionization rates decrease in each gain
stage.

600 k

Electric field
5()()}\'}—
400 k

Dead space of electron
Dead space of hole

Dead space/nm

0
500 1 000 1 500 2 000

position/nm

Fig.2 The electric field and deadspace profile of mul-
tiplication layer in a 10-gain-stage APD (M =690)
K2 10 HRATIE APD (M =690 ) HL & Fll st B =5
[k 73 A1

The excess noise factors are calculated theoretically
for 3-gain-stage, 7-gain-stage and 10-gain-stage APD u-
sing DSMT theory, as shown in Fig. 4. The result of
conventional InAlAs APD with 200 nm multiplication
width is calculated for comparison. The results show

that the excess noise factor of gain stage APD is better
than that of conventional APD and the excess noise fac-
tor can be reduced significantly by increasing the num-
ber of gain stages.

The effects on excess noise of different width of high
field multiplication layer and electrons pre-heating layer,
doping concentration of charge layer are analyzed and
compared , the results are shown in Figs. 5-7 respectively.

Figure 5 shows the excess noise predicted by the
DSMT numeric model for a 10-stage APD with the width
of high field multiplication layer at 10 nm, 15 nm and 35
nm respectively. The numeric results show that the ex-
cess noise firstly decreases and then increases with the
decreasing of the width of multiplication layer, for exam-
ple, the excess noise of APD with width at 10 nm is lager
than that at 15 nm. In addition, if the multiplication lay-
er is too narrow, the maximum gain can be suppressed.

are ionization rate of electron

are ionization rate of hole

1 000 1 500

position/nm

are ionization rate of electron a(x|0)

are ionization rate of hole S(x|w)

1 000 1 500 2 000

position/nm

Fig. 3 Tonization rates ( scattering-aware and no scatter-
ing-aware )

B3 B AR (5 s UM R I8 RO

Fig.4 The excess noise factor in 3-gain-stage, 7-gain-
stage, 10-gain-stage APD and conventional InAlAs
APD

4 3907 910 9Lk APD FIE ML APD i 5
M7 P 5

Figure 6 shows the DSMT numeric model results of
excess noise factor for a 10-stage, 20 nm-width multipli-
cation layer APD with the width of electron pre-heating
layer at 0 nm, 40 nm and 100nm respectively. Clearly,
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Fig.5 The excess noise factor of structure with
the width of multiplication layer at 10 nm, 15
nm, 20 nm and 35 nm

K5 {2454 10 nm, 15 nm,20 nm
135 nm i e g 7S P 5

the excess noise is larger when the width of electron pre-
heating layer is larger at lower gain, the reason is that
the dead space of electrons and holes are large in this
condition. While the effect of the width of electrons pre-
heating layer on the excess noise is small, because the e-
lectron dead space is small, in this condition the maxi-
mum gain is affected, such as decreasing the width of e-
lectron pre-heating layer to zero, the maximum gain is
lower than 70.

0 nm
40 nm
100 nm

The excess noise factor/F

10

Gain/M

Fig.6 The excess noise factor of structures with width
of pre-heating layer at 0 nm, 40 nm and 100 nm

Bl 6 HUN#ZEE 470 0 nm,40 nm Al 100 nm Kf
ot I 1 T

Figure 7 compares the excess noise of two 10-stage
structures, one gain stage of one structure is as Fig. 1,
the other’ s single gain stage is modulating the doping of
three charge layer in Figs. 1 to 7E17 ¢cm ™ ,7E17 em ™,
8.2E17 em’ and to SE17 em *,5E17 em *,5. 85E17
em . It is obvious that the excess noise factor and the
maximum gain are affected.

Figure 8 shows the MDSMT theoretical numeric re-
sults of excess noise of a 10-stage cascaded multiplier
APD with carrier initial energy of 0, 0.2 times and 1
times of threshold energy, respectively. The excess noise
will reduce when the initial energy is taken into consider-
ation, because the initial energy furthermore localize the
carriers impact ionization.

Figure 9 shows the results from DSMT numeric mod-
el, Mclntyre model formula and Van Vliet model formu-

Fig.7 The excess noise factor of different do-
ping of charge layer( 10-stage)

BT H 7 2 A [R] 45 2 ok 8 I 3ok ) Mg 7 1R 7
(10 )

The excess noise factor/F

200 400 () 800 1 000
Gain/M

Fig.8 The excess noise factor with the initial energy
of 0, 0.2Eth and Eth

K8 s T wIthEER Ny 0,0. 2Eth A1 Eth i fr) i 78
M 7 [R5

The excess noise factor/F

10 100 1 000
Gain/M

Fig.9 Results from DSMT numeric theory ( 10-
stage) , Van Vliet model ( 10-stage, k, =0. 086 )
and McIntyre model( k =0.086)

9 DSMT {E BB (10 4%) , Van Vliet
FEAL (10 9, k, =0.086) 1 Mclntyre #i#Y (k =
0.086)

la. DSMT numeric result of a 10-gain-stage APD is ap-
proximately in accordance with results from Mclntyre for-
mula at £ =0. 086 and M > 100. Furthermore, it is in
accordance with the results of a 10-stage cascaded multi-

plier APD from Van Vliet formula at k& =0. 086.
By modulating the width of multiplication layer of
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Fig. 1 to 17 nm, the width of pre-heating layer to 30 nm,
the doping of charge layer to 6E17c¢cm >, 10E17¢m ™,
9.4E17cm ™, a 10-stage cascaded multiplier APD is ob-
tained, the excess noise factor of which is shown in Fig.
10. It is in accordance with the result from Van Vliet

model at k&, =0.057.

DSMT
Van Vliet

)
7
9]
o
®
()
)
=

100 1 000
Gain/M

Fig. 10  Results of 10-stage DSMT ( by modulating the
structure in Fig. 1, the width of multiplication layer at 17
nm, the width of pre-heating layer at 30 nm, the doping of
charge layer at 6E17cm ™, 10E17cm ™ ,9. 4E17cm ™) and
Van Vliet( 10-stage,k, =0.057)

10 DSMT 10 ZLGIRAFIGHAU (BAULT A AN IET 1, 155
JERIEREDS 17 nm, BUINAAJZ R 30 nm, H17) 2 48 20
43534 6E17cm ™ J10E17c¢m ™* ,9. 4E17cm ™) 1 Van Vliet
(10 2%,k =0.057)

6 Conclusions

The DSMT theoretical numeric results indicate the
existence of better width values of high field multiplica-
tion layer and electron pre-heating layer and better do-
ping values of charge layer to optimize the excess noise
and multiplication gain. By modulating the structure pa-
rameters, a 10-stage cascaded multiplier APD is ob-
tained, the excess noise factor of which is in accordance

with the result from Van Vlietmodel atk, =0. 057 . DSMT

theoretical numeric model can guide the structure design
of the multi-gain-stage single photon photodiodes.
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