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Abstract

ABSTRACT

Avalanche photodetectors (APDs) have been widely used in commercial,
aerospace, military and some scientific research fields, such as optical communication,
infrared imaging and single-photon detection. The internal gain of APDs can provide a
higher signal-to-noise (SNR) ratio than conventional p-i-n photodetectors, which
results in enhanced optical sensitivity. However, the impact ionization process
responsible for the internal gain in APDs is stochastic in nature, leading to an additional
source of shot noise called excess noise. As a result, finding a material with low excess
noise has been a critical issue in the APD research community.

In this thesis, a series of research were carried out for finding avalanche
photodetectors with low excess noise, includes building an avalanche detector excess
noise test system and a quantum efficiency test system. At the same time, a series of
device performance tests and analyses of AliInixAsySbi.y digital alloy, a new kind of
low excess noise material, were carried out. The main research contents and
achievements of this thesis are:

1. The dark current of AlxIn; xAsySby.y devices with different Al component ratios
(x = 30%,40%,50%,70%,80%) were tested at room temperature. The dark current of
devices with 30% Al component ratio was in the microampere scale, while the dark
current of devices with 80% Al component ratio was in the nanoampere scale. The
relationship between the dark current and the size of the tested devices could be
analyzed to show that the dark current was mainly dominated by surface leakage current.

2. The quantum efficiency, responsivity and noise equivalent power (NEP) of the
device at different wavelengths were tested by using the quantum efficiency test system,
and the cutoff wavelength of different Al component ratio devices was analyzed.

3. The photocurrent of the device was tested and the gain was calculated. It was
found that the obvious gain could be detected in the devices with 80% and 70% Al

component ratio. Therefore, excess noise was tested for the devices with the proportion
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Abstract

of these two components. The k value of the device is about (.05, which verifies the
low excess noise performance of the material.

4. Defects of the device with 30%, 40% and 50% Al components were analyzed
by low frequency noise testing system. Among them, the devices with 30% Al
component have three defects, and their activation energies are 0.11eV, 0.16eV and
0.21eV respectively. The device with 40% Al component have one defect and activation
energy of 0.71eV. The device with 50% Al component have two defects, and its
activation energies were 0.13eV and 0.21eV, respectively. By using the technique of
retesting the device after surface oxidation, can find out the nature of defects in the
device with 30% Al component is body defects or surface defects.

Key Words: APD, AllnAsSb digital alloy, excess noise, LFN, defect level
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Figure 1.1 Explain the conceptual energy band diagram of electron and hole ionization
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Figure 1.4 Conceptual description of impact jonization events in materials with high k values
(top) and low k values (bottom).
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Figure 2.2 Diagram of gain and voltage relationship of avalanche photodetector.
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Figure 2.3 Principle diagram of gain test based on phase sensitive technology.
2.1.3 BRI

BNz AT FIRY, Ak b S A e A MR E RO SRR = . RGeS
5 FOM)M LA 5 3 R 1A B A2 48 22 B0 77 Z2(om), ANJTRE 2-3 PR, FE Al
W BB R BRI S B2 . RIS IR TR RIS A, =
AT 5 k BT RN 2-4 PR,

_ g o :
(W) =to="1 4t (2-3)
F(M) = k(M) + (1 = K2 = ) 2-4)

MIZEE R AP el LA, 12 K AVGE TR AR, TR0 P W G 1 2 Y 1 K
WK BRI, FEWA RSN, SRR 1 e, RE TSN
RIRE . ESEBRE, kEBEFR, 1L 0 R G 18 2 B IR 28 RS
We X -mfEE 23 P LEMMES, BEs TAE K EIFL IR ET
52 FXA.

15



AllnAsSb T At — fR &G AR

100 e
| k=1.0

:O; 80 ; - =.0.8

= i

L 6ol | k=06

0] ]

= ‘ k=04

o | ; ‘ =0.

S 40 |

3 | k=02

Q 20+ ///:

> s

n k=00
0l _ 3
0 20 40 60 80 100

Multiplication Gain
A 2.4 ARAkETHRLHREMNETSHEBHCE
Figure 2.4 The relation between excess noise factor and gain under different k values.
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Figure 2.6 Excess noise testing system.
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Figure 2.7 Schematic diagram of Quantum efficiency test.
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Figure 2.10 Low frequency noise with or without generation-recombination noise.

IS0 75 1) FRLIACIE 5 FE 7T AR 588 2-17 &l

— AiToi B }
S =X EE— + 7 +C 2-17)

KT RIER A - B AN, U M S, PR A B G i e X —
Wirh g T — R RE 2%, 7718 2-27 hS, Fr iRt E, R & tk-
SEPLRREF S, £RIUE, B oY UFMERRIERE K/ . AT EErENEEFH
RN 75 125 o B 0 (1) WL 48 BB A 2R R, 1 A3 2-17 3R b £ DA 11 15 S
FEAREI A 2-187),

fS, =y L& 4 g4 fC (2-18)

1+{2Tf ;)2
HT R MIMHAEARE R B R G RS (LB AR E 2 B E R, MET
AN R B ATAS [F) i s HO (I e 5 et RO 2 g e i s b T A B
&40 22V BEE IR T s AR A Bl A o A B B SR s Ak BE . B, H
NI 2-18 RANEAFNRLEE T RIS IEEAE, Er 538 R B A Tt
SRIG, Hi In(t,T?) 3% F 1000/T ) Arrhenius €, fRET&MERMAE RN
B SHEE, XMAE BT LATHE kB )7 LR 5 47 3R

REFHIANE T E B CRRN AN — LR AR e by, b eREmg R, I

25



AllnAsSh T B e i B AR A A

Aithm, ITRMERE, B AR LN, 05 LA A B BRI T AR oy BEAR .
X LR BE PR AR AR A T — 1 B BRI AR B FE 0, [RIRS B AR T Anfr R IX e P
fRtRE AT E A AT . SIS RERN G, RERSSERST00T, ZRES
FETINA B 0 A, A m N S e, ke AR L
BOR BTG G0 An{e] v 0 HEATHE 2 O X, DA AT F e 7= A 2R G A B 20l
WARSNBE SN 25 X4 15 BRI 225w R, 2055
R AN AT DR . BRI AR T AR e A gt A R i L g
A BT 15 B e B G SR RS — 8 fF P SR BE B IO R 5 2.

26



E3F ET AllnAsSb i APD & RERAE

F3E HT AllnAsSb 1§ APD SEHMAERIE

3.1 #BHNEKETLZE

AlxIng xAsySbyy B F & MBS B HEFRIERIEERT, @] BlEid
T A ALY AL RR 70 B R 23 4 O R A R K MG £ A (NIR) 2R B 21 4k
(MWIR)HE 47 76781 Al Tny xAsySby.y 5 BRI A3 B I TS B SRR E
P, XER T &S MR T AMNIR)F A LT AN MWIR)I B & PR AE 25 A 4700 28
[ —MERTR &R, EAHS A XM ARG A, SRLImAK
AlIn xAsySbry FB— B RGITE Al B thFlh T 30%A91EAL, mERSFE
SR AT LUK Al B LG SIE 80% BT kB8 S H [ A IR 43— HAh
ETE n B Te B0 GaSbOODIIEIE FAEKAIMER, B—E#HU i s T2
WreenAERK HFEeMME 3nm, tRFF05: AlSb, AlAs, AlSb,
InSb. InAs, SbU7. A[E Al Bsr bLF e WA, KM 1.13eV (x = 70%)
AALF] 0.58eV (x = 30%)2,

A 3.1 B AldnixAsySbry T SHNIZ &I RS ET . HREARLEN
—AEA p M IZALE D AllnAsSb/GaSb p-i-n. 434514 15 BI7 {51 X K4
4y 890nm, [E T & 0 H bRt ZDEAR 2 ZI0CE FIREZIG, TE R
HCL:H202:H20, I MR HEHEER GF BT IEE . T REERCRMA
WD BRI R, TEZIhEs B S BITESS AR R iR | SU-8 20005, BR/4x 4%
ARFRAR AT H BB TR AR AR E AR S 5 W L.

27



AllnAsSb T Bt — IR E R =R £ 7

<+—— Ohmic Contact
30nm GaSh (Ti/Au)
SU.§ —» p:1x10%°
Coating

K 3.1 AlLIm_AsSh, §HEMNBAEBEREE

Figure 3.1 The cross section Schematic of an Al,In;. A s,8hi_;y avalanche detector.
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Figure 3.2 Dark current of devices with different Al component ratios.
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B 3.3 AllnAsSb BERHME THRRTAER
Figure 3.3 The size measurement of the AllnAsSb device under the microscope.
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Figure 3.4 The relationship between dark current and size of 80% Al components (Among
them, different symbols represent the dark current of devices with different sizes

corresponding to different columns on the wafer).
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Figure 3.5 The relationship between dark current and size of 50% Al components (Among
them, different symbols represent the dark current of devices with different sizes

corresponding to different columns on the wafer).
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Figure 3.6 The relationship between dark current and size of 40% Al components (Among
them, different symbols represent the dark current of devices with different sizes

corresponding to different columns on the wafer).
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Figure 3.7 The relationship between dark current and size of 30% Al components (Among
them, different symbols represent the dark current of devices with different sizes
corresponding to different columns on the wafer).
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Figure 3.8 I-V curve under different temperature of the device with 70% Al composition,

diameter of 500 gm.
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Figure 3.9 Arrhenius plot of temperature-dependent dark current at -1V,
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Figure 3.10 I-V curve under different temperature of the device with 70% Al composition,
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Figure 3.11 Arrhenius plot of temperature-dependent dark current at -1V,
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Figure 3.12 Dark current and photo current of the device with 80% Al components.
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Figure 3.13 Gain of the device with 80% Al component.
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Figure 3.14 Dark current and photo current of the device with 70% Al components.
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Figure 3.15 Gain of the device with 70% Al component.
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Figure 3.16 Dark current and photo current of the device with 50% Al components.
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Figure 3.17 Dark current and photo current of the device with 80% Al components.
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Figure 3.18 Quantum efficiency at different bias of the device with 80% Al components,

diameter of 500 um.
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Figure 3.19 Quantum efficiency at different bias of the device with 80% Al components,

diameter of 150 gm.
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Figure 3.20 Quantum efficiency at different bias of the device with different Al components,

diameter of 150 gm.
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Figure 3.21 The relationship between current and noise of different light intensity under red
light.
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Figure 3.22 The relationship between excess noise factor and gain with red light.
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Figure 3.23 The relationship between current and noise of different light intensity under

orange light.
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Figure 3.24 The relationship between excess noise factor and gain with orange light.
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Figure 3.25 The relationship between current and noise of different light intensity under

green light.
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Figure 3.26 The relationship between excess noise factor and gain with green light.

3.5.2 Al el 70%8 B e RIS RIS

HRAE E— A E Al f o H A L I BT AR A LR E, 70%Al
R BB 3 AR 543nm [R5 5 L 80%Al B4 ELF] I Ea 4 BEAK . AP
BL R SR BB A IR S A R G AR A SR R, RN
AL OO A X R R AN TEEAS B R SR A 28 M o JX IR R BEAE A ) — it RO
FA5E] FOM), WasTHE A 3 FRIMEE N So = 2ql, MAER- DGR T A=
N S1 = 2qLM*F(My), MRS B9 F(Mi) = S1/(So*Mi?) e M A E— RGN T
gL, BOETHER FOMYE AT B0 5 TR S, MHIX- IS
So e T RIEME ZH TR R AN E, MITEEZKRE, BEREETE
AFATERT, So MIANRASLEN AT LARE K8 25 F i B RIA FODRZ/A], X4
fE15 k EEMER AR . 154 80%Al Ry EL BRI Z3 AFINR 25 AR 15 S A
TER M E T FREATER, T E 3.27 A Al L] 70% 8 kLR AR
TR R S R R A, A DAHENT 2R k(B R 0.04.

44



E3F ET AllnAsSb i APD & RERAE

4 T T T T T T T
e [=(0.01
— k=0.02 ~

5l —— k=0.03 A
—— k=0.04 [ T g

(g
2 .
1| A%a i
o 5 10 15 20 25 30 35

Gain

B 3.27 St THHREE TS mRRE

Figure 3.27 The relationship between excess noise factor and gain with green light.
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Figure 4.5 The measured noise spectrum of a 200pum diameter device at different

temperatures, shown with Lorentzian fitting.
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Table 4.1 Summary of all defects and other physical parameters in the two devices.

Temperature Activation Energy Cross Section
Device Bias(V) Nature of defect
Range T(K) EaleV) o,(cm?)
0.2 7793 0.11 1.4 x 10718 Bulk
S500pm device
0.15 93~117 0.16 39x 107
Oxidized 500pum Surface
0.012 99~117 0.16 1.2 x 107
device
0.1 101~119 0.11 1.3 x 10718 Bulk
200pm device
0.05 119~137 0.21 1.1 x 107
Oxidized 200um Surface
0.1 113~131 0.21 83x10™
device
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temperature.
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Table 4.2 Summary of all defects and other physical parameters in the two devices.

Temperature Activation Energy Cross Section
Device Bias(V)

Range T(K) Ea(eV) on(em?)
500um

No defects were detected
device
200pum
0.1 227-245 0.71 1.6 x 1078

device
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Figure 4.13 The measured noise spectrum of a 200um diameter device at different

temperatures, shown with Lorentzian fitting.
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Table 4.3 Summary of all defects and other physical parameters in the two devices.

Temperature Activation
Device Bias(V) Cross Section cn(cm?)
Range T(K) | Energy Ea(eV)
300pum
0.6 119137 0.21 9.0 x 10715
device
200um
0.6 113131 0.13 6.3 x 1071
device
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