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Abstract

Abstract

The avalanche photodiode (APD) is a kind of active device which has internal
gain and can be able to detect the photocurrent that has been magnified. This
amplification can increase the detection sensitivity of the detector. APD has the ability
to detect very weak optical signals, when the operating voltage of the APD above its
avalanche voltage can be single-photon sensitivity of the magnitude. The study of
APD to detect the order of magnitude of the single-photon signal has been a very long
time. Single-photon detector has a very wide range of applications, such as the
communication of quantum key, three-dimensional imaging technology, atmospheric
monitoring, and the cosmic background radiation detection. Typically the
photomultiplier (PMT) has been used to detect weak signals, but its high operating
voltage, bulky, and not conducively to integration and other shortcomings limit its
application. By using different materials, the detection wavelength range of APD can
cover the ultraviolet to the infrared band. There are two interesting wavelength
regions of 0.8~0.9 um band and 1.0~1.6 pm band in optical fiber communication
systems. In the 0.8~0.9 um band, due to its superior performance, high reliability and
low price, silicon APDs have been widely used. In this paper, we propose a novel
mesa APD structure which has a high internal gain. We studied the simulation of the
device structure, fabricated and antireflection coating design. Through the simulation,
we designed a high-gain silicon APD physical structure with a low breakdown voltage,
and the ant colony algorithm is applied to the design of broadband omnidirectional
antireflection coatings for the first time. Besides, the Si APDs have been fabricated
and tested for a preliminary exploration. The main contents of this dissertation were
organized as following:

1. Design of the novel Si APD

By using the ISE TCAD simulation software, taking into account the physical
process of avalanche multiplication, complex mechanisms, the energy band and the
electrical properties of the device have been simulated with fluid dynamics transport
model and thermodynamic model. The effect of the physical structure of the device on

its electrical properties has also been studied. Adding light in the simulation, we
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studied the relationship between the APD gain and the size of the devices. We found
that with the decrease of the device mesa size, the gain has an increasing trend.
Theoretically we designed a Si APD device structure with breakdown voltage of
about 9.3 V and its gain above 10°,
2. Design of Si APD fabrication process and technology study

Combined with the traditional Si technology, we designed the fabricated process
of the Si APD. In the inductively coupled plasma (ICP) etching process, the effects of
process parameters on the etch rate of Si were investigated, and sidewall profiles were
also investigated. We found that ion-induced sputtering is an important factor in the
Clo/Ar mixed gas etching. The etch rate increases monotonously with RF power.
Sidewall surfaces can be smoothed by raising the ICP power. Besides, we also studied
the chemical mechanical polishing (CMP) process.
3. Optimize the antireflection coatings by using ant colony algorithm (ACA)

Depending on the characteristics of ant colony optimization algorithm, we
designed a mathematical model of the antireflection (AR) coatings, and ACA is
applied to the design of broadband AR coatings at normal incidence. Based on
alternating structure of the multilayer films on SiO; and SiN, we designed a six-layer
film with the average reflectance of 3.64% lower than the SiN monolayer. Optimizing
of the ACA model, we desiged the broadband omnidirectional AR coatings over the
400~750 nm wavelength range and the 40°~80° incident angle range with three layers.
The calculated result showed that the average reflectance of the three-layer AR
coating system designed by ACA, 1.68%, is lower than the reported results designed
by genetic algorithm and simulated annealing algorithm, which proved the superiority
of the ant colony algorithm for the design of AR coatings.
4. Fabrication and testing of Si APD

We fabricated the devices with mesa size of 2 pm, 10 um, 40 pum, and 80 pum,
respectively. By testing and analysis of the devices, we found that as the device mesa
size decreases, the dark current shows a decreasing trend, consistent with the
simulation results. Besides, we did’t achieve the desired results of the devices. We
analyzed the problems that existed in the device process and prepared for the further

work.
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Fig.1-8 a) The schematic cross section of a double mesa sidewall SiC APD, an SEM picture of

the mesa is also shown b) Simulated internal electric field profile near the breakdown voltage
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length L
WRIEE IR A, ATEUH AR RIE Ve A

Vy=E,L+[gN,(L,~L) .-"25]+ED{LD ~1) (3-6)
A Ny—n 2GR

-



X Tk FIFHRLFEEL

Ep—HERXAE p' Bl b it i ig s i
Lp—FERRKBE
tHT w8 23K, Ep SAUE 8 8 LAER N F e LR ALE 8,

BILRHL pa
2

0.01 ! :
0.1 1 10
T A FE L (am)
P 3-4 iU R U L A R LB i XM AR
Fig.3-4 Ratio of hole and electron ionization coefficient under the breakdown voltage depending

on the avalanche zone length L

322 HEESHAB-_RERUGSH

EAES LI R APD Z5Ha3ERE L, b T IRAMICE 5 R A 8845, H4E
AG-6)nf %1, wf LA wl /T g X EER Sl (EAE, SRR, 950 XK
o/ ] BRI T M A . EOREF T HUEAAE, PR eI, B M
IR SR X 4 L, (] BRI L. e 3RATTT LA & p KB4,
BB K2, IF H DT X A RE, Eswm F =4 g8 mk. 7%
HEEERE . BRAHEE T b 3-5 BRI N Si APD 2545454

SR TR AR KRN RS AT RES ST
] (RS B i1 2, T LUK 1 98 B ¥ o JLE ek i T . it FaEd R
A5 ) I ROV T2 A0 e R, S R <F ik kL IR MR A
— B AR, AR FE T T 2k PR b 5 B S st Bt . Bk T L
bR S XA RS, RBIET ZM 8. 55, ERSEdid, HBA—
A2 h T2 0 X N IR R R A, I AN B SF, AT LA A
B, HR, XF SRR T8 AR S IS, X
LTS R T B AT A 2 — W B 98 E (R B U A e Bk T



# 3 ¥ BE AL AT AR

B, Mo PRE T S fF MR ). dbAh, GRTEGIAT o REFE, THRYS
p BZ 2 (A1) A R L5 1) R B84 A4 B ) w4 AF T OSN35 5 m A R
DRl it 2 B AR 28 0 5 B (U BB B R Fiu b, AT A L0 7 R T B RS 5 B o [a) 38 43
Wiz, MR TEHMENRTIES.

i Je it
n*lz

SiO, ik
nHET

-------

W X
n FIE

B 3-5 # SiAPD &5 HR
Fig.3-5 Schematic cross-section of a noval Si APD

3.3 ISE TCAD {HE &1

AT THREN RS BB E 4, AT{ER] ISE TCAD Hifil
Bk, 2 3.2.2 Wi HE R Si APD £ T STEIRL. T2 RSB 3L
T ISE TCAD Ji5if ISE(Integrated Systems Engineering) 2} i@ JT A& f) DFM(Design
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3.3.1 ISE TCAD #$l 5%

ISE TCAD F #4465 T 2 RUR A FRUS B e . T 2Rl n LLSE i
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Kk r M f e SR T RS, FFETLSE. ZESHKA
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Fig.3-6 Schematic cross-section of Si APD in the simulation
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Table 3-1 Simulation results of dark current of Si APD with different size under reverse bias

Bimy A (um) B(pm) Bl ifi(nA)
1 2 100 1.3516
2 4 100 1.3572
3 20 100 14173
4 80 100 1.5508
5 4 50 0.7245
6 4 84 1.1659
1.60
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Fig.3-8 Si APD dark current depending on the mesa width under reverse bias
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Fig.3-12 Gain of Si APD with different mesa width depending on reverse voltage
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Fig.4-1 Schematic diagram of ICP etching chamber
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ECL/ArB AR R AL T2, SR AL RPNEH, Ar'.
CL' FICT i A WP B di B 1. M3 Hoekstra® A P9 H1Cheng % A P IHTFSY T 4F,
Cly/Ar%E 8 T2 otk =22 h i F JLA R N ((4-2)-(4-5))-
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SiCl_, +X - SiCl  +Y (4-2)

x(s) ¥is)

Hpx=Cl. CI'siCl’; x=0. 1. 283; Y=Cl. CI' BiAHE; y=1. 2. 384.
1 Mt :

SiCl . +8i

o+ Sig+Z > SICl, , +SiCl,, + 2" (4-3)
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SiCl,,, +Ar" = SiCl,, +Ar, (4-4)
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Fig.4-2 Etch rate and selectivity against percent of Ar in Cly/Ar gas mixture
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Fig.4-3 Etch rate and selectivity against ICP power
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Fig.4-4 Etch rate and selectivity against RF power
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Fig.4-5 SEM micrograph of cross section of Si etched by Cly/Ar plasma with photoresist mask at a)
ICP power = 300 W, RF power = 50 W; b) ICP power = 300 W, RF power = 100 W; ¢) ICP power
= 100 W, RF power = 100 W (Cl, flow rate = 20 sccm, Ar flow rate = 40 sccm, pressure = 6
mTorr)
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TADE S0 58 BE 2% B TR i R AL s e . BT RE R C, JLIADRUMAR
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a)-b) c)
B 4-6 SiO, FEML F Cly/Ar W3 %0 0h Si 240 SEM I a)-b) JE4R: 12mTorr: c) [Rif%k: 6
mTorr; (Cly: 20 scem, Ar: 40 scem, ICP DJ%E: 150 W, RFIJ&E: 100 W)
Fig.4-6 SEM micrograph of cross section of Si etched by Cly/Ar plasma with Si0; mask at a)-b)

pressure = 12 mTorr; c) pressure = 6 mTorr; (Cl; flow rate = 20 scem, Ar flow rate = 40 scem, ICP

power = 150 W, RF power = 100 W)
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Wi, REAWR. WM. SEREORILE R CMP HART,
4.3.1 CMP HLE2 547

P HUBR L P RS AL £ RI AL A I P R LA« 4k 27 £ R 4 i DG eT LA
Y Si0y RAALE RN ERE T KPR, SURERZIEEEE —EMNENTF
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VL 0 e
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T R 5 B O LB PR K 28 52 S B M0 S ) A 48 1 2

SR AN, WA A HLIR R B I 2 B R B T LA 22K . FULIE

T - OB BT 4T TP 2 B3 MO T RO RO b . 776 24 B T ) 3

JEAE T A . VR

(Si0,), +2H,0 < (S8i0,), , +Si(OH), (4-9)
WA SRR T CMP (I EE ] — Sk at.

432 EmECMP BEAE

W CMP TP 22T, S SRR Fh 2 B ) 1 B K] 46

(1) BERHER . LR Z A P R ), R R 238 %
R FERKE Y, RSN, Kbt ¥ .

(2) pH MIEWI. pH {EL5Y WA T B RERDEL 25 BR 2 R R AR . 4
PP, HiTH Sioy /Bt £ it .

(3) WEEREW . SRR EETH YR . fiR TR, &
etk 2, HBEATHRAL LIt o652 B S vy 2 B B, g .
FstiR A B AE IR A, A e 2 S K Pt 2K .
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Fig.4-7 Schematic CMP
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Fig.4-8 Removal rate of 5i0; in CMP depending on polishing machine speed
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Fig.4-9 Removal rate of Si0; in CMP depending on volume ratio of water and slurry
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Fig.4-10 Micrograph photo (*500) of mesa morphology after CMP
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Fig.4-11 Transmission spectrum of ion implanted silicon
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Fig.4-12 Schematic of ratio contact resistance measurement
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Table 5-4 Thickness (nm) of individual layers of the three-layer AR coatings on Si designed by

different algorithms and the related average reflectivity (incidence angle 40°~80° wavelength

400~750 nm)
Wik TiO, (nm) 8i(), (nm) Porous S$i0- (nm) R e (%)
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Fig.5-12 Calculated reflectance of three-layer antireflection coatings on Si substrate depending
on wavelength and incidence angle designed by a) ACA b) genetic algorithm ¢) simulated
annealing algorithm
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Pkl P, LS V- E R R e (%)
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Fig.6-4 The schematic morphology of Si APD by CMP
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