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Abstract

Abstract

Recently, the mainstream low-light night vision devices are mainly equipped with
super second-generation and third-generation image intensifiers, as well as Si-based
devices for their high sensitivity in the visible-near infrared (Vis-NIR) spectrum.
However, their respond spectrums cannot match with the short-wave infrared (SWIR)
band of the atmospheric glow, which make it limited in moonless nights. The visible
extended InGaAs focal plane arrays (Vis-InGaAs FPAs) working at room temperature
has high sensitivity in the SWIR spectrum, which is expected to become an ideal choice
of the next generation of low-light imaging equipment. In this work, the methods of
fabricating high quantum efficiency broadband Vis-InGaAs FPAs and different types
of anti-reflection coatings have been studied to satisfy the requirement of the night
vision imaging.

To improve the quality of imaging in low-light night vision environment, the
model of quantum efficiency and the system of the measurement were introduced in
detail firstly. The key factors affecting the QE of the broadband InGaAs detector are
the concentration of absorption layer, the thickness of absorption layer and the thickness
of InP contact layer. They were mainly analyzed in this paper. Based on the simulation
results of Silvaco software, a structure of the InGaAs FPA with ultrathin contact layer
thickness of ~10 nm was innovatively proposed. The novel InGaAs epitaxial material
grown by DCA equipment was partially characterized, such as Scanning Electron
Microscope (SEM), Photoluminescence Spectroscopy (PL) and X-ray diffraction
(XRD) analysis, etc., which provided for the preparation of high quantum efficiency
broadband Vis-InGaAs detector.

The critical process of fabricating Vis-InGaAs FPAs is precise thinning of ~10 nm-

thick InP contact layer. According to the analysis of the QE and the design of the
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detector structure, the key technologies to produce broadband Vis-InGaAs FPAs with
high QE were explored further. The I-V characteristic curves of the detectors in
different diffusion conditions were studied. The influence of the visible extension on
the dark noise and dark current was explored, and the reasons behind these
phenomenons were analyzed. A 160x120 broadband InGaAs FPA detector with a ~10
nm contact layer was prepared by using the inductively coupled plasma (ICP) etching
technique to control the ultra-thin contact layer. A high QE of > 60 % over the Vis-
SWIR spectrum (0.5 pum-1.7 um) has been achieved finally, which verified the
rationality of the design and the feasibility of the experimental method.

In order to further improve the quantum efficiency of the device, the laminar anti-
reflection coatings of the Vis-SWIR InGaAs FPA were explored in this paper. Based on
Maxwell’s equations, the equivalent principle of multilayer films was described in
detail. The parameters of the multilayer films were designed and optimized by the Tfc
simulation software combined with the structure parameters of the Vis-SWIR InGaAs
detectors. The anti-reflection effect of multilayer anti-reflection films deposited on InP
substrate by magnetron sputtering low temperature growth technique was also studied.
Moreover, this anti-reflection technology was applied to the 160x120 Vis-SWIR
InGaAs FPA detector modules based on etched surface. The films were respectively
single layer (8102 = 107 nm) and double layers (ZnS/ Si02 = 44 nm/127 nm). The
changes of surface reflectance and current response of InGaAs FPA detectors before
and after depositing anti-reflection films were compared, which showed the QE of the
latter improved obviously. For example, the responsibility of the Vis-InGaAs FPA
coated with ZnS/Si0z bilaver was increased from 0.83 A/W to 1.15 A/W at wavelength
of 1500 nm. Benefiting from the anti-reflection coatings, high quantum efficiencies of
66.23 % (@ 600 nm, 95.91 % (@ 900 nm and 95.18 % (@ 1500 nm has been achieved.

The subwavelength structure of three-dimensional all-dielectric material had a high
integration degree and excellent anti-reflection effect, which provided a new anti-
reflection method for improving the quantum efficiency of devices. In this paper, the

refractive index gradient method was proposed for the Vis-SWIR InGaAs FPAs. The
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structure size of the SiNx nano-cone was optimized by using FDTD Solutions, and the
a mean reflectance of 5.4% within the full working spectrum of 0.4m-1.7m was
obtained. Besides, the preparation method of nano-cone was also explored, and the
morphology regulation of the nano-cone was realized by the second etching method.
Besides, a s column-shaped nanoarray (CLLNA) was designed for the traditional planar
InGaAs FPA. FDTD Solutions software was used to simulate the influence of different
size structures on reflectivity. After several optimizations, it was found that when the
period of InP nanometer column was 600 nm, the side length was 360 nm, and the
height was 200 nm, the reflectivity of InGaAs FPA detector was the lowest, with an
average reflectivity as low as 3.07 % between 900 nm and 1700 nm. Combining with
Mie scattering model, the physical mechanism of InP nanometer column array was
analyzed. Comparing the different preparation technology, the 160x120 InGaAs FPA
detector integrated with InP CLLNA was manufactured using electron beam lithography
(EBL) and inductively coupled plasma (ICP) etching technology. The performance of
the signal voltage and the QE was tested and compared between the FPA with and
without InP CLNAs. It was shown that the QE of the InGaAs FPA with InP CLNAs
reached @1200 nm, 88.0 % @1500 nm and 90.8 % @1600 nm, respectively, which
increased by 3.6 %, 11.2 % and 15.0 % compared with the FPA without nano structure.
Key words: Short-wave infrared, InGaAs focal plane array, wide spectrum, quantum

efficiency, anti-reflection.
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Fig 1.1 The development of infrared detector. [3]
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BOEER 0.9 - 1.7 pm, BACI R BIHAN 77 102 o] 7] T B A F A [ 4 I 7 1o S
e B 1.5 () A IiGarxAs PR PRET R R E . 7 LLE | InGaAs t1RA
HIEWERE A, HX. L. TR 2FESE In A x BT R AL, IngGar.
<As B R 0] LUES T H AR 2

Ey = xEgmas + (1 — X)Eggans — Cx(1 — %) w(L1)
C ANFREMN NS T B 1.5 (b) NS IEFEK hGaAs TS5 Bt
T (197 W R ST
(a) Energy s (b) Linear Array Responsivity
. A 16 — (Typical)
X-valley & S 14 )
rvalley b 12
i L-valley T
104
| T 5 '-w: L 08 4
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10 | “llo | > -
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1.5 (a) InsGar-As FPRIRIGERF S, (b AFBALFK InGaAs 23 F7 4 5 A9 07 5 56

5

[35]
Fig.1.5 (a) Energy band structure of the In.Gai.<As material, (b) Response spectra of InGaAs

detectors with different cutoff wavelengths. [35]
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#1& 3|5

T, JEMHE K mGaAs BRIES & (RN F F ESA ENVISAT £ TR E [36]. ‘&
A 1024 < 1 B2BPEEES], B0 RS2 25 um < 500 pm. B2 H HEER A 4 il
1, AR B IngsiGaoarAs+ InogoGaoaoAs. InpsiGagioAs. IngssGaoi7As, M
# 7 1000 - 1590 nm. 1590 - 1770 nm. 1940 - 2040 nm. 2265 - 2380 nm £k

P

Ak, HEB RN D6 & T LMK mGaAs ZRMEZ4F . 40 Judson
AT 2.6 pm InGaAs HRMIA5 (U BT 30 USR] 80 %. =i T, WS E
H1.6-2.6um, {£-65 'C, HUNFHEA 1.5-2.5 um[37]. TR LEREARYE
WAL T 256 < 1 JoHIZRMEERS, AR SO T — &4 64 < 64 Jofl 512
x 256 THETHAR, MIEEEES T 24um. 2.6 um HEUE. EEEARY
B L] & IO IR YR K 2.6 um 19 10 x 10 [FE, F0FEEE] 10 pm, BT

9x9 um?*, 7E-10mV ', ZHEM 22 K I HIRE E 2505 0.45nA Fl 0.5pA[38].

H AT 1R S8R 1 Eik KR 2.5 nm Y 512 x 256, 1024 % 128 71 InGaAs 7M1 23 5

T EERILE 10 nA/em® @ 200 K.
BI6IE InGaAs ZRIAFHG ) — A e 7 1a]« o] m] I3 B A £ T — 15 1.2.2

AT RIT N4l
1.2.2 A W-FK LT 50 InGaAs IRV SRR R
1221 AIREREEBX

RSP FERA . REE . BRERR,, BEEEEPAETR
B ALANE B (0.4~1.7pm). HAT, EfF EERAOEOGR M R &8 R
M=AUEIE RS, HOU PR RIR 6] 1k ya [l F 24 0.7 pm ~0.9 um[39],
5RAMSEAILE. (& 1.e[40D, FMTETL ASGHEMGEFFEER R FitA
TSRO RO R R & B R, AR -FIR LA BRI B InGaAs £5°F [ #R
Iy TR AL 5 N (15 B W1 AT 8
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SWIR Band
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4
10 | | ’I'
”
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E / OH Air Glow |
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= Gen Il 5 -~
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Bl 1.6 = RAF MR F KR E RIE RN R E LR 2 E[40]
Figil 6 Selisimatic dissram:anhis hitd ganptation inase iitensiersid Spsotul imismes e
of the night sky. [40]

SR — 2 B A A B RO B AR AR 28 AR, B vlne 5 36 B AT LA ACRT B4R
WAL, THESHRRMRTINE, 2 hGass FEA LHEBRHREEAE. £E
Sensors Unlimited A& FMEEI-VEREL SR B EASKBE A ELN
InGaAs HRM &R WA RE. E AL 5 RARERA R Y B 7 a5 A
YR T EHT T ERWIE, 24X BT mGaAs EFHIRNMERT WIEERE TR
ZABRER (<10% @ 500nm) [41]. FEth, SR WiEER B 7R ZE G RNER
R InGaAs £ RN 4 71 96 & f R AR MEN.

SEIL =8 TR I-E A B NTE InGaAs WIS, RH B e WA
AR el 2 E A nGaAs RIS TE RGO A, STEREERARGERA
Ef, PGB FEER N, EME. RAETHESIMFTERNATR.

1.2.22 BARFH

i B 1) InGaAs & A LR BHROR ML T 1999 5, Marshall J. Cohen %5 A
RHBEEE mGaas BIEZE FHFEM—MEENT 03 pm HIAKEZEME, RES
InGaAs TP HFENBHEERE, KA HCL: H:POs(3:D)R & A M EIERSY
F 2=k InP AN InGaAs ZIPh AR R, anfE 1.7 FroR[42]- 1 E 2B /G # & InGaAs
FNEEFERA 43 um, WME 1.7 () FixR.
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e coo () [ A
InGass 4 3pam
active
InF buffer J’
InP substraie s |
InGass stop-stch
(@) (b} (4]

Bl 17 Ca) 5 /8 InGads MBS BR: (b) FILER nGaks SHEEMBM &R, (o) 7
RIER InGads R 5 HI[42]
Fiz.1.7 (2] Epitaial s tuchore of the stadard InG abs photodiode array (B) epitaodal shuchire of
the Vis- InFaks photodinde array (e the device stuctire the Vis- InF alis phtotdetector[42]

B3 BB B AS, Laxmy Menon B A [43]E 300 i E#l& T =B HEF

MEE, F FDMS ENEFE m B HEDR InP HE L, fIA Criu Frlieks. H

HD4104 BRTEEAF B ESEM. £ RS RE12100 um = 200 pm. &

AR InGads FERBHEESHHE5 um T 256 im, ME1EHTF. F18
(a) PR FEMBEEAEE G, B1E (b 3 nCads FH8E 606 E iE.

) _— [ e e
I
-'_E:_ — A 1 _5 [nE:]
" N, | =}
= Y\ | =os}
E o1 * h i = |
S ooaf | [ NG R
2] 1 e }
BOCLL N N Foal
é “-\-\_._\___: s 4
Q - 1 z _ﬂ_‘_.-"II
Ld 06 CE 1 . 0,8 1.5
Wavaength (um) Wavelangth (T

[} i

B 12 Fefi Sl InGads 751 AR QI4R43] Cad Si R BISmAa ZEEAE (b)) nGads H
SEERE (0 2REEE
Fiz.]l & Hetemgeneos Iy Intezrated InGahs and § 1 Menb rave Four-Color Photodetector
A rrays [42] 5 mmlated (50lid hnes) and meamied (synbols) wsponsieity for(al sitheonand (b))
InGads, () Schematics.
%11 SRR LI EERIE nGat: FRISEMNARESEEE, B InGabs
BRI EEEE InP A 80 nm, MUTEREN 2000 nm, #iEREEAREDS-1.55

pre BRI LASEER AT L. MELA &R, BEFRERA LM ELR, &
HLHE



BEETHETL-EHOIFAE nCass FNFERF

1.1 HARNIE N InGaAs FRIIES B AR L 15[43]

Table 1.1 Structure of (a) SOI and (b) InGaAs Used for Simulation and Fabrication. [43]

Material | Thickness | Doping Concentration Material Thickness Doping Concentration
si 0.2 pm n+ 1E18em? Ing;Gag 7As | 80 nm p Mid E19 cm?
si 0.4 ym p* 1E18.cm? Ing 5368, yAS | 2000nm i Low E14cm’

i A + 1E1 3
. g i b i Ing 53Gag ;yAs | 400 nm n LowE19cm?
Si 4.5 pm pt 1E18cm”
InP 150 nm UNDOPED
Sio,
1.0 ym Ing s3Gag 4/As | 150 nm UNDOPED
Si-substrate
660 pm InP substrate

(a) (b)
B =FpHik A Abhay Joshi 2 A [44]82 A9 KHF uni-travelling carrier (UTC)
ZEH R LI AR AP- IR AT AMEN . G RAEULECHT GaAs 2EA0-7] RARNI SR R48 K
BCAY InGaAs SR AMEN RS ESE N ENED, nE 19 pPras. H GaAs |
W EANFE AT Ino s2Gao1eAs WU EHIKHA p B4%, AT —F & — R
T UTC b 41. RMEME AR B S T4, BB FERGR-2HE-BkE
W, PTUABMTEATEEER. ZEADXHE AlAs 2| IS E R LD GaAs Ff
JEEIHERR, HENEFAEEET TEERTLUESR 50 %, #AMRERELES
RAEHATER.
o) ;

&
=1

wr = ©
=1 =1 [=]
T p—
——ie g

L .

[

(=]
T

-

Spectral Detection Efficiency (arb. 1 nits)

o a
Lo

200 300 400 500 600 7TOO BOO 900

Wavelength (nm
SR RS- - IR AL MR R (4] (2 MBIERREE (b) L
BETHERUE

Fig.1.9 UV-to-SWIR photodetectors based on UTC structure. [49] (a) Schematic diagram of

H 1.9 &F UrcC

material structure, (b) The simulated quantum efficiency in visible spectrum.

BriUbz 4, PIBHM AR SE SHARFAMKANE MRS, BIERKESNE
0 p-n G LI InGaAs FRMZRAIDEEFR . B FBERBIEHREHT R,
iEZAMEE AT mALAs A1 InGaAs R B E LIE. anE 1.10 fian, BEXAPAD
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£1F 5

B (a0 450 InAlAs-InGaAs np-pn £ f%. ElF 1 7 P FEEHIE, 2 ARE
s InP ZERLE, 3 AERBIHE, 4 15 55050 2 p & Ings;AlpasAs, —E IR
GRS, FRENT LR, 6 An AKEE haAlbaAs BERIEE, Sp i
InpszAlossAs TERE RS, FMEEKASER. 7 8 3 AEEE 0 B
Inp s3GagarAs MEEFBR. WAEHEE pn £ TEERBREBKH®E, XL
AR 8 MEANIE RIS . FEEIRIIAE TIE, MEsr el A mE,; FE, X Bk

S MM S imERT, KIEHRNEETIE, X RTCmm .
hv

Pt

hwv
B 1.10 7] M-55i 4T 4 InAlAs-InGaAs T R NIEs 5 ) B

Fig.1.10 Schematics of Vis-SWIR dual-color detectors based on InAlAs-InGads.

1.2.2.3 EIRSFEFHIKE

H Marshall J. Cohen 25 A 2 4 57 #E InGaAs #MEEM K R Rz HEE R
EASMERET InGaAs T IR RHRE . EiF L —Sa T 8 st i FiE K
LLAMEN ST EAE X T A InGaAs N BAEXFE. £H SUI 44
2005 F bl & [ 320%240 nGaAs/ InP & “F R 28 7 UL 8 HR 0 T Wik Bt (400-

750nm ), FEIEELAMEER (750-1000nm) FREEHE L0AME EE (1000-1700nm), 7E&
HEMAESRETHESEIN 15% @ 500 nm. 70 % @ 850 nm. 85 % @ 1310
nm BLA 80 % @ 1550 nm[45]. 2008 4, fth{1#Y SU1280AC] Vis-InGaAs 2%
FIETRZEEATT 25% @ 500 nm. 45 % @ 600 nm. 70 % @ 800 nm[28, 39,
46]. B 1.11 3 2018 & SUL H 8B5S InGaAs Rl & FR0E KF.
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SUI Back-llluminated InGaAs QE Response
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Figl 11 QE Response of Back-Illuminated InGaAs in SUI
% E Judson A FH SR &% InGaAs HRIM| &5 AT LASLHL A M- G 41 40 58 J6il
Fill, ENHAREEFREHEWE 1.12 Fi[30, 37]. ZETHEHLEZH
B85 5 8 InGaAs BRI &ML R . FTLIEZIFE 400 - 800 nm 2 [A], B
I F 40 % -60 % 2 JAl.
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& 1.12 Judson 2 & # Vis-InGaAs 0128 &9 & F 3R H £[30, 37]
Fig.1.12 QE spectras of Vis-InGaAs in Judson
EEII-VEEET 2011 5 RKIREFTRARE InGads HKNZE[47], HAER
7 15 pm T EE 1) 640512 JuAEF RN 28 . AR RBRE M W InGaAs £-°F
WMHAITERE S, MEEWETHEN10%@500nm. 30 %@ 700 nm. >70 %
@ 950-1550nm. 2013 &, A. Rouvié % AKH SiO/TiO, % BT, IR1G
TR 6%/ R 512, ANMEFR R-FHas InCaAs £ FPHNETRERZL 40%
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il

@ 500 nm- 75 % @ 800 nm- 80 % @ 900 — 1600 nm[48]. 2015 EREMETH
2 7KF 5 2013 FH4E. B 1.13 HEAEEI-VEREE (Sofradir 245 ) BYAI AL
R InGaAs BETHUENKF.

100
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VisSWIR
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400 600 800 1000 1200 1400 1800 1800
Wavelength (nm)

B 1.13 EEI- VERE FR AR B-EEA S InGads R &7 WE K F[31]
Fig.1.13 Measured QE of the SWIR and Vis-SWIR InGaAs photodetectors in III-Vlab.[31]
A W InGads R ZB RS K. 2015 F, = ERAYEREH BT
MFEARIET 320 %256 FHHE InGaAs B FEAFENE, BATWR RN 0.87~1.7
pm #HE R 0.6~1.7 pm. B 1.14 25 B AYIEDE 5T % 61 InGaAs 1R 12574
BT T M8 T AL R[49]-

1.0 | 5
—— T |
~+— 300 ™
= |
0.
& |
L4
(x-3 |
B o ¢
|
I
oz +
)
oo
- T T T L T T 1 L L L] ]
o 200 400 600 H00 1000 1200 1400 1600 1500 2000 2200

Wavelength (nn)
114 LA RMRHEDFR AT HFEAE hGaas FIHEFFEE THETREHLE
[49]
Fig.1.14 The quantum efficiency of the broadband InGaAs detector at different temperatures in
North night vision Science and Technology Group.[49]
1 ER B L i BRI B AT LE5R AT InGaAs BRI 1T T KERY

. 2015 EHES AMIEILL 32 x 32 ¢ InGaAs 15| 28 8] LA S2ER 0.5~1.7
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EEFHET N - TR SR InGass RISEHR

pm BTN, =BT, 1% InGaAs RN HETFLEHN 16 % @ 500 nm.
54 % @ 850 nm. 91 % @1550 nm. 2020 5, LG T Y InGaAs 15
i3 FIBUE R A 09 pm FREE 04pum, FIKENEFAELHI THIM
$EF, £ 500 nm. 800 nm 4t {1 B 3 73R 4 40 %F 60 %, #1HE 1.15 Fiax[50].

1.0

DD T T T T L T T T T T A\ T T
04 o0& o4 10 1.2 1.4 16 18
Wavelength (pum)

M 1.15 ERMMEHRITRIE nGaAs B 28 E T 8 E dER[50]

Fig.1.15 Quantum efficiency of the InGaAs FPAs integrated with InP nanopillar.[50]

1.3 TR B AIEEM R

Br T MM B, @& T2 AR NS 25, BREFRERAMESE
THREMEXREE. Bal, LVARERANEBETEZEPA=ZRE: FHERN
FERRYEIE . BREEAR A AR DL T AR 4E f 10E .

1.3.1 HHRERNTREEENR
EANBERAFREETERNARAL—FHENZTAALLERE R
AFEE, A ETEEEE, EEEE L FRERIATEME, AR
ERMR. B 116 B T ARMSIBNREREE. SRIEE T AELIR
SORIRIBME. AR E 180° B, BLaMTHEBNLR. BELEEER
Rd=m(Z), mWEH 0 ARRERHE. BRI, 2ENFELEE

Prif EMREEE 8H 4.
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s A

\\./‘ AR coating

Substrate

B 1 16 W RAE ) i e S B
Fiz.1.16 hlec hamsm of the ant-reflecton film.

db R R REIE A v E AR E BE MgF (n=1 380 . AIF: (n=1 380,
510z (n=1.524). ALOC; (rn=162). BEEAR (»=1712). 35Ny (n=204) . ZnS
(n=2.1920. TizD; (n=23) %, ATHEBBEMAHELY. ATEREBTE
A B P B AT RS, B0 Walkeim A SHAHEE 21 ((polystene) F%E
B E T HE T Ba(polymethdmethac viate ) AT & HE TEIL T BAR, @it
cR AL R AL PTLLIE Y T 1.0-1.5 2 [AE1eT 8 dq #tie, o o] M
ENEEATERS L.

ATHRBEEREABREOH & EE, LEEEREERAESE —. BEE IR
S ATIRH TEREE M MEEENEE. EEARENERAREERT 1966
£, Twrner 1 Bawmeister HAFEAFASFEHE (ng=23 Fnr=138) A
ARipTEE SR, B 117 REG]. #8287 EEHE SELE M8
HHAEEEMRR LN SRS E.

PR

Erdent medue | Loger 0| Fuper 3

R=lvactivg indes

g
== f Leyin [Legar 55 Mmmiv
8 - " rwvkalrale

== (i) - |
B 117 & B i 5 R B [51]
Fig.1.17 Stuchae of a nalblayver stack. [51]
ETENny —HESNFEE, 1997 F Popov[PHEL i —FHATEHS
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FREET - IR LTS A InGaAs FAARET 5T

R AR A AR . 25 T LR E 0.4- 0.8 um SBIETEE . 0°F] 5007 A5t 0
SR B RE T AR R R RS S T RS A R N R S
(R $ 5, HERENRERE) AT R E M 2B 7S5 H AT LS.

B Rz EN AR A KEARER IS AETESESNER T/
7 B9 - 2009 4F, A. Ghosh[33]2% AfE ZnS #1)E_EH] % 7 — 1t ThF;(n=1.42)
/ZnS (n=2.2) EHBMME 15 00 EEAHMRE & 159EE . B a] LAFE R SEIE
B AL A (SWIR). H AL/ (MWIR) AT LT 4h (LWIR) 0 i Y [ (14 3%
7£ 0.9 - m5m1%%EIW¥ﬂﬁ TEHR 95 %, (£ 9 um AIEITEIERIR A

(99 %). FER, %15 ZEMNHEZEEKNFEEEGIE 0.7 pum LAY, ARG T
IR AR 7 o) R

2016 &, HHEI Moghadam[54)% ASE R EHR 59, #1558 - 12 um WL
HFE ZnS B EHE T Ge/ZnS/Ge/ZnS VU E56 - . 23 &N, £ 8-10.5 um
BT, ZnS HREAIEKZ 4 BHERA -1 R LR IME TS IN T
26 %, HAETFE RS A 98 %. BIAKIZ 4 FEHZERE ZnS # R T 1%
ENET ZELE.

X F InGaAs SRMFBET I, FHEZNZBLZHAZEENFE. 02015
&, Rouvié Fr ACRA SiO2/TiO: AUZIERT InGaAs £E-1 T R &8 14T E [31];
2016 F Kolodeznyi 55 A[551# A A A R EEHY SiNk /i 5L IEXS InGaAs/InP PIN £l
AR EATINIE, BT RIR BAREEIE N 200 nm /Y, ££ 1300 - 1550 nm FEIEE A,
InGaAs/InP £RIIEH B R T S 32 0] PARERE] 10 %LA .

1.3.2 BEHT N REEHRR

JefERIT R T R R R E R T A I RAR . 1879 fF, Rayleigh 72
H 0 SRR A B EEAR AL A G Be bRl RO Bl 2 ORFRAC,  Fidd H e o ond K
HAT THCFRAE . BT SR A MRS, EE 1960 1, A ERGl&d T EAH
I E B . A MO R RBERRS, AMIRE IR £ R
i FERMACR . 1982 4, Wilson 5 A[56]5 L “IRAR” R ML H RS
AN F5 10 22 E 40 B S i 2 0 5 S 0378 S 20 SR A T o et xe s HIR 4 T 1900 S 1 48 440 179
WEAL, AR 2E 2 T T o 0 0 3 AR SE TR S R I PR AR

2005 7F, Stavenga F A[ST|RH @O HELAMEE. BHBREULETHE
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#1& 3|5

TR, oIS RORR £ DUE SSRLHEAT T — DR 9T ROUEE LR 2N A A, [
FE 180 nm - 240 nm, SHF 0 - 230 nm, WE 1.18 F/R[57]. WIiXE™N @IS E
100 %59y, XSWHERNEMBUT ZEREH. FERHZEBRE I A5
JE ™ R EE A B A P S (AR B R R R AT o B, R B S ST A (R AT Y

P 1.18 BRI RGRI S A0/ R AT SEM E[57]

Fig.1.18 Corneal nipple arrays in the two different butterflies, as as revealed by SEM[57]

MR ZEHBRE R, &FE. R, ZAMSE NERMIREM 52 Tk
SRR AE . BLEAE AR, IR AT 77, 7 kAR R PH At F it 2R 1
Fe THER, BT RERWROMENZE, £RA5&KNEBHRERIS
17.6 %[58].

2014 1F, FEE Perl[59]% AT InGaP S48 7 —FH B E &, &
R KPR ER 558 T FF i £ BIRERE &F . SHEaENEERM L
JE R E RURAR L, XA E AUt ) BARE IS 10 - 50 W/m® () AM1.5D KDY
Rt 42 300 nm - 1240 nm KB, EEEMIPREFERN 0.6 %, 5ZEEER

(Ti02/8i02/ Ti02/8102/ TIO2/S102) JAtEE (2.2%) AHEL, FAKT 3.7 f&. 7E 300
nm - 1879 nm, JRHFFM 3.1 %IFMEE] T 1.0 %. TS B A (TR
BOR, Ak, 2ot R A TR S AR (Si02) . XA E & & ME s Bl
NGt F FE AR B L R A AR A EE R

F4 9 A, M1 BI7EE £ A+ ER GaN #HE L4 & T £ ZHA A TYK
MMM ESHEK, A 1.19 () Fin, 35 TIEFEENIURE
F160]. £ ZWRA TiOs Fl SiO #HRL, GIKEERA SiO M8 . R TR, 15 300
nm- 1800 nm, ¥A HER W £ A HHRI TR ER 7.7 %, REAAK Tihos il
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BET WO - A SR S InGads ISR A

Si0; WIEB EH TR EEE 3.2%, MREH#TESHEENEZAHETS
RHEZEILFEAE (0.2%), ME 1.19 (b) Br. FFEE GaN #E -3RE T 24
FIZER . 7€£300nm-1800nm TEEHA, WHEESE. £ FRFEEE. SSEER
HFER GaN AR AP R 5T 34558 16.3 %, 2.4%F0 0.6%, M0E 1.19 (c) BT

e
a C
@) Antirefloctive Nanostructures (b) L B o e e e o H © M7 T T T 3
i Sapphire Substrate so GaN Substrate
£ o £
— «al = NoAR Coafing ] : e
= 12‘ — Wultilayer AR Caoating 4 ; 25k f— :Zlmce?:;‘::wmn
= Hybrid AR Design | &0 i
e W= i - —— Hybrid AR Design
2 1 o 208
= = 4 & &
o 7 T B o4s
H 18
I B
& - - 1 ]
Substrats & . 1 8wk
/! | Wa_=24
zE- _ - , sh L T,
Thin-Film 8 v ] o s & =
D{'-*TI:’.‘J'I: Cﬂs\:'ﬂf} 300 600 ‘S00 1200 1500 1800 00 &00 300 1200 1500 1800
Wavelength (nm) Wavelength (nm)

H1.19 SERMEEEN T RIBES 5 NRaWEH[60]: (a) ZATFEE: (b) BEER
FEMEN R (o) GaN HEMENE
Fig.1.19 (a) hybrid anti-reflections based on the films with the gradient refractive index[60]. (a)
The structure digram, (b) the reflectance for the sapphire substrate, (¢) the reflectance for the GaN

substrate.

1.3.3 £ N RIS KSEHEERE

e TG EIERE, #R B GRRES T A F R4 R EERAER
BEEN FEU Au. AcBREBEBETHE, TEEATHRREL61]. £
YRR (62| UL R A R 63 18 4. AT, EVREETS TR, W&E
ZETRAUEHABHOAGLEE, #MEHE4HERTE, ¢ BEETH
B S RO R R E R 2 I IR ), BT ASF T3k R R (64, 65].
FRECES, &7 AR T S5 B ol A ERRAR R A 46, SO AT LA R B 50l e 3 e 0
BidtHR, AMEZEFREGHFEERMERRE. EHit, P20 TBME (all-
dielectric materials, ADMs) T 3% £5# 1 AL S iR R AUKOL T @ —1

1.3.3.1 SRE ADM IR Ac4E 4+ 89 KH e R At

S TR ATHE it JEmTRIDIE BERREEE AR, [ER PeterN. Saeta ¥
ATRH MFREG H B E AL RNV SR, B LA ZUEI0ERE, AR R
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PREE BRI l[66]. HAT, ERFCEXXAEM T REMF[67-70].
2011 £, Jonathan Z¢ AZES VAT o-Si KPHEESB LR E MBS LES AR,

NE 1.20 (a3 BTAR[71]. EITEHKIRRIERAN 600 nm, F5EN 146, AT
B BR R PR BE SRt R A A KT R R, EE A T B MR SN RERE RS
TARMHAESEM P RER, WE 1.20 (b} R, £RER, EEERSEERD o
Si APHEEBIAE BIRFE A T=13.77mA/m?, STEARBREHMEEL, #inT
12 %. @id FDTD solution fR4, RILEFFrEiFRBmMBIE T ERE TH
RERERFAE B [ARIAE S, TR RERRIE R T E 2 AP KBRS R 2 5 E

400 500 600 700 80O
Wavelength (nm)

PLESTRIER
(a) Transparent (b)
Resonant spheres - front contact — Flat fim
"'_ y '._—'.' - g 0.06 - — Sphere aray B65am
e . . S 004
o L3
o ' £ Enoz
N 3]
-- g
N S
me.r o y x

120 (a) N FEHCKRERMERNTEE: (b) SRS YRR REREMOLRR
EE LR ALE E[T1]
Figl.20 (a) Schematic of the dielectric nanosphere solar cell. (b) Current density in
the amorphous silicon layer with and without the presence of nanospheres[71].
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Fig.1.21 (a) SEM images of the S1 film integrated with nanopyramids, (b) Comparison of the

theoretical and experimental absorptance spectra [72].
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Figl.22 (a) Schematics of a germanium (Ge) nanowire-based MSM photodetector, (b) Enhanced

EQE of Ge nanowire photodetectors.
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Fig.1.23 The thin absorption layer InGads detector with integrating with the InF nanostructured

on the surface: (a) Optical absorption spectrum [75]; (b) External quantum efficiency [74].
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Fig.2.1 Schematic diagram of the photocurrent for InGaAs detector
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Fig 2.2 Spectral measurement system for InGaAs focal plane arrays
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Table 2.1 Structure parameters of conventional planar InGaAs epitaxial materials
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Table 2.2 Structure parameters of planar Vis-InGaAs epitaxial materials.
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Fig.2.4 Flow chart of the fabrication processes for broadband ITnGaAs FPAs.
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Fig.2.5 The influence of the thickness and the concentration of absorption layer on the quantum
efficiency.
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Fig.2.7 Effect of the InP thickness on visible light transmittance.

Silvaco International ¥R — B BT YIEATY, X _4Esk =4S F A
MEFHRFITHENEMG. BB HEEAN DevEdit. T E XA
DeckBuild. T Z4f 5 Atlema. /A E AN Atlas BL K 77 0 {0 B
TonyPlot[79]. ZA&s£H EEHF T DeckBuild. Atlas 1 TonyPlot k. B 47
DeckBuild AEHTEM A, & XEMRT. BB, BRERE, HU75
P, BE R ERERARYE, MRS T URREERRABTER:

3l



& E 1 RUET] UL - @R LN FOEIE InGads RWHTR

HRRE SOMERAY, SRpF B AR TR SR, SRy BB . Shockley Read
Hall (SRH) S &80, Al g i I . 75T Al BRI L) R AR A A T 5 2 b
#, MCMRE O CHREEERA: AERBANEMS, WS BEIITHR
TEORMNBE, X ERIT (A . 1 B4R T 2@ 1L Adas F1 TonyPlot HET
B . TR E R TR A AR, SR RO B AT

AT AT ERAL, A AR A MR B S AW, MRS ER 22
Frd . B 0 B B AR 5B InP 42 A2 6 4RSS 5 TRUCR IR, DRI i)
WA R LU IR AV . ] 2.8 ] AAkA 1) InGaAs TR %8 0] WAR 7T
R 4R,

@

2.8 W[ WLIRFEATJS InGaAs $RM3E (7 BAR A

Fig.2.8 Simulation models of the InGaAs photodetect before (a) and after (b) visible enhancement.
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Fig.2.9 The simulated spectrum response of the InGaAs photodetect before and after visible
enhancement.
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Fig.2.10 Spectrum response and quantum efficiency for the InGaAs photodetect with different

thicknesses of the InP contact layer.

2.4 BEHIE InGaAs IR B[MBEWIL ISR

gt Bibarth, AR WA E InGaAs SMEZEHB S UnsE 2.3 By
, WMWEWRERAT 1EL6 eom®, WIKZEER 2.5 um, #KLS InP EE 2
B0 T InossGaoarAs Z|WFHESZ, H InP #HAE/ EEIES]7E 0.04~0.2 um LA

E3
+ 2.3 WGl InGaAs #R M AZANE E M B A 250

Table 2.3 Structure parameters for the epitaxial layer of the broadband InGaAs detector

Material Type Thickness/um | Dopant Coneentration/cm™
InP 1E 2 N 1 Si 5E16
InoszGaga7As )
N 2.5 Si 1E16
e 2
InP # /a2 N 0.04 ~0.2 Si >2E18
Ing s3Gag47As )
; i N 0.5 Si >2FE18
Z i H 3 2
InP Z 2 N 0.2 Si >2FE18
InP substrate N 3350
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Fig.2.11 Structure characterization of the broadband InGaAs epitaxial material tested by SEM.
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Fig.2.12 Room temperature photoemission spectra of InGaAs materials with wide spectrum
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Fig.2.13 Wide spectrum of InGaAs materials high resolution X ray diffraction (HRXRD) (2/28
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Fig.3.1 Dark current contributions of the planar InGaAs photodetector
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Fig.3.2 Testing mechanism of the seanning capacitance microscopy.
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Fig.3.4 (a) Structure diagram of the device, (b) Optical microscope diagram of the device.
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Fig.3.5 Typical I-V curves for the device with different absorption concentration.
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Fig.3.7 The carrier profile measured by SCM for the InGaAs detector with different diffusion
conditions
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Fig.3.8 I-V curves of the device at the different diffusion conditions.

46



F 3T WA InGass RUBHXRT L SRV HAIE

T EUR A BT B EE S, 5P EELNHREE —E 0K K. Pkt
BREF IR F302-2 2641, XA B B AR M A AT 0, i 3.9 B §TEAL
AR 200 um % 200 pm~ 120 um x 120 pm. 50 pm x 50 pm X 5 B 7 %5 52 45 )
A 14.8 nAJem?. 37.1 nA/em®. 104.7 nAlem?. ¥ BURE ST EFLEAL R B A,
LR R I 5] pn 257 B R RIS B R

10° = 200mx=200um
—— 1 20umx120um
10° | e 50pM*50UM

10°
@ 107
10—10 -
10-11 .
F306-2, 9min
10—12 -

ot e

Voltage (V)

P 3.9 S LT AR A 25 I BE RO R TR

Fig.3.9 Effect of the diffusion area on device performance.
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Fig.3.10 Schematic diagram of the InGaAs module structure before substrate removal.

ME R SRR, B R A DGR B A AR B R B AT R, R
JE KM HCL: PO, G DR EVERE MR, RNEES: H—4 2 HC Al InP
LA, WK 3.11 (a), In-Cl, P-H#E{CH-Cl, In-P#, X ~HBRET
RHEZE, FH A (B 311 (b)) BT InCls f1 PHy &, X —BAE2 it
FEAE A AT LLEI BT [87] . HaPOs FH TS ZIIMIE 2, B HaPO4 BT LLFH] P
JEF R,
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?I/_ H Cl H Cl H
. ||
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B 3,11 4B R 8 B R FE 2R

Fig.3.11 Reaction equation of the substrate removal.
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SR AT RIBSRE Mo 18312 (b) M 64 x 64 JUEFHEIA R R B G 62 B M
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350 um, ARFIFELLE, WnP EAVERE RS 200nm, 7] LLE T E BB — T
XA E

Bl 3.12 #FJE R )5 1) InGaAs FEFEFRMEE (a) SRS E; (b BHE

Fig.3.12 The InGaAs FPA after substrate removal. (a) structure illustration, (b)optical micrograph.

3.3.2.2 #EFIE R AREE R

RIEEFHIES T 50 E B KR
IdTint
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Vo P HIRGE SR, nABBIEA, Ty AN, Cp AR DB BT
B AT TG (55, 7 LAt 8 RS Pt RERE D 1906017 AR B AR 10
EESHATINS, BERIAN 30 um=30 pm, F9EZEHN 50 fFF, NHRERNE

3.13 Fias. HEERIE 25 0.8 I, 1 JEFI B AT R 30.15 A, IR N 3.35
nAfem?: FTIEF S G B A 40.19 fA, BEE R A 4.47 nA/em?.

Va=17 . (3.29)

{a) 015 (b) D18
m Y, of 1806017 with substrate =, of 1906017
014 4 [—— Linear Fitof v 018 Linear Fit of ¥
ds
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) )
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> > 010
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0.08 4 o008
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0.074 Titer cept n0653E o001 0.08 4
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T (®) T8

F3.13 AEMTEE T MGaAs B TFHEHNEGES (o) #EIEAT: (b FERHEE
Fig.3.13 The dark signal of the InGaAs FPA at different integral time. (a) the FPA before
substrate removal, (b) the FPA after substrate removal.
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=2 THERNE InGaAs R R EMEZEEE Rt 4-10nm, EERFAMLE
B, 2FEU TR NARE: (DK E G 8 mGaAs RT3 n BRE 5REE;

) INBMEFERNE, U AERRSD, SHETEEE, 0E 3.14 Fix.
200 InGaAsfEd/E
P |

|
e

[ .a T
B 3.14 BREEF AN TR
Fig.3.14 Large area excessive corrosion caused by defects.
EEIRERE M, Fw KRB TR TARENEFEzRE. ©F
AAZIR W n TR RGP, REEAE RSS20 et A], IR i —
W HE, SRR RT. B3.15 ARMERENENENREE.

(a) Before ICP ctch (b) After ICP etch

n* InP contact layer

N contact

N contact P contsct P contact

E 3.15 n & P A0 IRERTE B nGaAs EF MR EE
Fig.3.15 The illustration the InGaAs FPA before (a) and after (b) high precision thinning of the n-
type InP contact layer.
A AR T2 B O Y IR 0 TG 2 vk Y R T A A vk A TR
T FE R, 4 2 SRR R T, SR ISR E I, SR ERM B R EES.
MALE, 22T ERRNATE THREARTEEERET. 7T WEET
ZhEEHA, ENSHEMERENMZ R, AR E YU SEERR,
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MR HE . FRAERTES, EE MG FMEE, ZRMFZIM—T7H
A LV TH 2o EE ) — 5 T o) LS I ) 22 v e R L o S s A ) et 4k 5 )
LR A R R B AT R TR RO R AT

RSP R AT EZ B R EBNBEEEET (Inductively Coupled
Plasma, ICP) ZIPhFEAR . %P S 44K Clow CHsw Hy, RF I3y 80W, ICP I
9 1000W. P ICP ZI4dh=E 4 1000W. 800W. 600W. 400W ZEZ 4 BH, &
Dz ploR R 2T, AR TRMIES ZIEE, [BRARE ICP IIRIT [, Zh
BREYEE, SHOERRREZNR . B 3.16 2| iR B 3t 2 od R p s . a7 LA
EF, @EEKT 145CH, InP EHEEHZC, WHAFIHEARK.

B 3.16 ZUPh iR B 20 ph 2R R B2 10
Fig.3.16 The effect of the etching temperature.
3.3.3.2 1RMAERCEXT 4 RERYRZ I
33.32.1 M RHFENFE
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Fig.3.17 The effect of the contact layer thinning on reflectivity.
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SRR B AT S o (B I0E R R AN E— R B KR E AT’
W, FTCLESR LAY, 5 BEAE(88]. MHELER, IXFRRIAREIERIME A
FEFLALST 5 TR A . SR Agilent Carry 7000 UMS Il 548 S8 & Bl f5
R RT3, WE 3.17 Fran. ICP ZIVART, InP At 2/ R 200nm, FEEF
PRS2 IR 30 % ZIMHUS, InP 24k 2R E T ~10nm, EEANTIEREEEH
PR ST B FEIR R 17 %L o XRFEAZIL R Y, InGaAs P HRE K
THEME LN, W 318 iR, BT 2.

15,0 rm

InGaAs FPA after ICP etch

E 3.18 L BEHEAT B InGaAs & F AR A

Fig.3.18 Surface morphology of InGaAs FPA before and after the contact layer thinning,
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B 3.10 BEA R E AT S InGaAs BF @ B0 (£ 51
Fig.3.19 The changes of the dark signal for InGaAs FPA before and after the contact layer
thinning.
3.19 2y InGaAs £ 7 I HR N 42 E R 5 RS S o mE, AEHT
LIFF| ICP ZIH AT SRS S2MNA K BE S FEFESRBAA L, FIEL InGaAs
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R 25 B RE BT BORIR T 4845 Ui, RECT By N EERETHRERE AR
AEEGHA. InGaAs BN BBR. SERENFAEREIEHEIRES
B LA BRI B . B0 | InGaAs B P EHMIME BN 2R E TAK, mE
AR E T2 REETEE EHET, FrPER ERE 520K,
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B 3.20 At ERIERT A InGaAs £ PR S AE{L

Fig.3.20 The noise change of InGaAs FPA before and after the contact layer thinning.

& 3.20 AERZRERTS InGaAs EFPEM GRS, ICP ZMET, £FEH
RS S 00023V, ICP ZIMJS&FENFHREFSA 00028V,
b, EMZREEETEPHEEFSHENT 21 %, FAHEESMEREN
B BETeERim EEEAHEE, g R UARZIMIRG 5.

T BAERREE L2 ICP ZIh T 2% P miE SR fom i rT 4%,
WK T 2 MEHRRIERE SN, Wk 3.1 P, 350 um InP AF AR RIB 2 8T,
200 nm InP RFBHERELUS, 10n0m InP /AR ICP 2 LLE. 7 LA EFES
BLE, ETPEERTFHRESHELNTHE T, Mk, TRz &
FEERMHEREEARAR, AEREREFER—L 54,

72 3.1 FIRFE LEA ICP RN L2 %1 £ TR SRR IR W

Table 3.1 The influence of the substrate thinning on the performance of FPA modules.

Sample 1 Sample 2 Sample 3

dark signal {\) dark signal {V) dark signal {\V)
350 pum InP 0.0647 00445 0.0552
200 nm InP 0.0519 003584 0.0458
10nm InP 0.0528 00342 0.0437

3333 EMERCE GRS SN
N7 EAREMBERE T ZERE SN, =I5 ICP 2GR 160x120 JTE
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Fig.3.21 The influence of the contact layer thinning on the response uniformity

3.4 FIHIE mGaA s £ P BFHFIEIE
3.4.1 FLIE InGaAs IR BAVE EiRIZ

TR E T BE InGaAs RN Z 5] & R EE Al L A=AE5r: O]
FOLROSF, R H S B TEE, TEARN B, @4 RRIEEH Sy Gn
B InP $EANE RS ARER S . T REE 6l &, 5EMT A InGaAs &
I H & T 2ME . BT PECVD JEH 300 nm SiNg 8 1 A BikfE,
SRR AT SE A ICP ZI A 7 T Rl TR 208 530°C L 9min, BK
TERH 450 C. 10 min. SRJ54EK AufEN P B, Hilid Ar BFZIH0H
I N . mERFAA SINGE AN, B 20T p FLA o 7L, 4K Cr/Au
fER P BARAT N B AN E et SEROGECS A IHl & G, 9 R S on
DB A AT AR BB, MR InGaAs FRIZ M. HIN mGaAs #2534
Hi InP A RIS N 350 pm, TEERANE 3.22 Bk,
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F 3.22 350 um InP #EEER] 160 x 120 InGaAs TR

Fig.3.22 The morphology of the FPA with 350 um mechanically polished TnP substrate.

SR T InP AUZET5 %R A 1.35eV, 350 pm InP 4 B AT LLKERMC AT Wot. &
3.23 Jy InGaAs £ PR ZE S AT Adn R ISR TR, SRS/ M
LR InP 41K, E 3.23 (b) B, iR AERLL A 3 1 AR R AN
BRI YIRS AR5 K 35°CAGR Y 73k, 15 R B o B InGaAs 3R 22
HEARARSREAK (5. D ®RERT, DBEERNTAHEE InGaAs
ZMFERSE . AR, ATUOEIOG S R TOGEL BT R R
B . S InGaAs #FRMZE A IE 3.23 (¢ frR. B TEEMEEFT
LR RR, i Rbh RS, T2 MRS B iEig. Frb~10nm #
fil /2 [P 1Y) InGaAs R0 25 A2 8 it 4o S 5 B AR A i T AR 25 S sk Y, R 3.23
(d) Frow.

(o] I Vis NIR (0) Vs - NIR o) Vs . NIR () Vi . NIR

InP substrate
EEL SRAR G RE VL

&1 3.23 InGaAs FRIZ A WA RHETEE
Fig.3.23 Schematic illustrations for the fabrication processes for the broadband InGaAs FPA

module

T IR A B R B (R YR S Tt R A2 2 A, BT RLR P 7 ikt
T, — MRS SR EN A DLAMOEEH BB TARY, 2R R LR L1
TR FATIRE ., AR H &2 H A Engis /4 F] 3 ETW-400IFN, 0 3.24

55



BT RET A -SRI M nGass FNBME

LR =R P #E. 51— M7 R LB FLASE S B E A LA
i, ETAEER, ERFE-EHNE, ESAFEMEHEE. BLES
BB,

Bl 3.24 InGads FR0185 71 R4 BRI 0 BT A {3 25
Fig.3.24 Instrument for mechanical polishing of InGaAs probe substrates
SFNE WP EMENEREELZ, 2P RETBEBEEE T
FtiE AR, FiSES Clh CHy. Hy, FHEEA145C. B FWHEE#IT TR
BfrIZ, A7zl 2 A= B RE AR Mt A R 25
~10 nm #4012 E ER) InGaas 128 FAERINE 3.25 iR,

B 525 ~10 rm InP A0 2 EEH 160 « 120 InCads HFHBHE

Fig.3.25 The morphology of the FPA with 10 nm InP contact layer.
3.42 FENE nGaas SRNEE T AR

3421 REER

FH Agilent Carry 7000 UMS, T 160 x 120 % 5Lit InGaAs IR0 25 74 Rk
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A& RS AT . & 3.26 Pior, RERARTRFER hGaAs Fll#
HOFZ TR S 22, 05 (0 204 U A R 30 B Jm O T S B 28, 20 (A 2 i 2O, BIT ICP
ZIM S InGaAs FRMEFHE D AT InGaAs FHFES T EEIR AT ATHLR I
It PR EFI B AT InGaAs ZRMAIREAMLHE RE. &R Ex, E£8ILLT
TR BEE W, 2R T InGaAs RN IR F R T 30%, HHAKRFET
S0 FEF T SO ZERE A K o 11 ICP 2 i s R T A R B EE 0 T R R
TEE, HT RS FENAED 12.8 %.
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Fig.3.26 Different surface reflectivities of the FPAs at different stages. (a) mechanically polished,
(b) wet etched, (¢) ICP etched.

AT I ICP ZlUE RN B R FRGER, T =MAERE TS
PR RMESR. 327 AR T HEME (Atomic Force Microscopy, AFM) iz,
gE 5. 0] LU SIS AR E R i S ST R A MO PR R T AR
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Fig.3.27 Surface morphologies of the FPAs at different fabrication stages. (a) with 350 pum
mechanically polished InP substrate, (b) after wet etching of the InGaAs etch-stop layer, (c) after

ICP thinning.
3422 BEFHER
InGaAs/InP PIN 2= °F TR M Z8 F & F % 2 0] DR L e 57 28 1+ 15 2.
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R HEALE PN nGaAs TRIZE, XRTE 3.23 (4. ATLEEA DGR
JE AR BV Y SR R A B AR, ABLE 1S pm BT, ERISE AR
5, AIRMEZAT, InGaAs WA R A HFEAINEEREA W, n]RinfE
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Fig.3.28 Relative responses of the InGaAs FPA before and afier visible extension.
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Fig.3.29 QE of the InGaAs FPA before and after visible extension.
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ERME ARG . & 3.29 (b) REA MRS THIE GaAs £ T MR

(~10nmInP) FIEFHE. A AR/ TIERBOEAEFHE N

59



i3

8l

FREET - IR LTS A InGaAs FAARET 5T

LT HENEFA, £ 600nm. 1200 nm ASEFHESHIEE] T 63.6 %F 75.4 %,
SCER T A5 AT W-4E 0 4T AR B 500 nm - 600 nm TN, AR E TR 60 %
1 5 S BT KT

3.4.23 S

RAR -BNR RS, X o] W RETE I nGaAs P HEAIHGHAT I . W
WRGENH T 2.4 Eoyo WAFH N ENEE 296K, BARRE 900K, BAK
S5EFHZERNGRES 50em, BAEFLEIEM 0.6inch, FIrIfE 0.3 ms. Wl
LRNE 330 fir, B (@), (b (o) HALARES . RS LR BAkm RS
SR E

@) (b) ©)
3000 SWIR | 6000F swir | 3°00F SWIR
sgo0k - 2800}
1800} 000¢ <100
1200} sooek 1400}
E 600 | ﬂ 1T 700
=] 0 [ [0 L 8 . .
[ . 35008 F )
S 3000} Vis-SWIR 6008 Vis-SWIR Vis-SWIR
- 2800}
1800} +000¢ 2100
1200k — 1400}
600 a a 700}
0 Ml 0 1 EEPHDH—A.-._ 0 1 " fi,
0.0 0.1 0.000 0.002 0.004 0.006 1.0 1.2 14 16
Dark signal (V) Dark noise (V) Response signal (V)
K 3.30 InGaAs TR 7] WL RATIS A1 EFEMEARZM: () BES (b) BHRE (o B

RS B
Fig.3.30 Performance changes of the InGaAs FPA before and after visible extension. (a) The dark
signal, (b) The dark noise, (c) The response signal.
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Fig3.31 Imaging contrast of the InGaAs FPA before and after visible extension.
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Fig.4.2 Anti-reflection mechanism of multi-layer anti-reflection films.
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4.3.1 T InGaas HM BB RIET

SH T IE ImnGaAs FIEEHEIE MmN TERE (400 nm - 1700 nm>, B InP &f
RARER, #HTHEEANER. WITEMR: 7E 400 nm - 1700 nm HEEBEA,
FHIE AT 2ET 10 %.

M R R v RHEEE N (DTE S iEre E B P R X S R b @EE
S5REZH., BESHEZ AR ERT: GOREN AR/ LI ET .
FERT -5 I AT A ERC 400 nm - 1800 nm ) , & F3 LS 5 RS f4 Bl MgFa(n=1.38) .
AlF3(n=1.38).8i0:(n=1.524 ). Al203(n=1.62 ). L E A (n=1.712). SizNs{n=2.04) .
Zn$ (n=2.192) BLJ Ti20s (n=2.3) %.

#[EF ZnS MEE 04 038 - 14 um, $i0; K AR BT £ LI HELE
IMEEL. EEERRFEKEME, ARITFEA Zns M Si0; fEAEFEA K. ML Inp
fERER, LA soonm fEAREK, BEGE: 400nm-1700nm. KA TFCale
FE R AR, B AR (Zns/Sio) HATHL. REER 4.2.2 R,
g RinE 4.3 FiR.

= @ | (b) = ©

Ha3 FRMERT WP HEMRME: (a) REE (b) EE (b) £ER
Fig 4.3 The reflectivity of the InP substrate with different coatings. (a)signal layer anti-
reflection coatings, (b) dual-layer anti-reflection coatings, () multi-layer anti-reflection coatings.
A RE R, F A ZnS/ 8102 XE M ZnS/ 8102/Zn8/ $i0; VI = FEHAT 18
1%, InGaAs /TR BP9 R 51 S5 7] LIS = 10900 F, =& 5914 7.25 % 3.3 %.
V] ERE R R 5 R E 4T, 7E 400nm - 1700 nm &Y E R, & S ReE2TE
10%LL T, FMERNSRERELE 4.1,
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Table 4.1 The film parameters for different anti-reflection coatings.

7nS Si0s 7nS Si0;
BEBEE (nm) - 10736
WEREE (nm) 44 127 - -
ZEBEE (om) 67 34 24 118

4.3.2 InP 7 KI5 IR LIS

PR IE RN 156.6°C, InGaAs AL B RN A K FEAMRE T HIT. &
FiR 41 P2 ZEMBESH, 84 WP AR 3T T EN T ERT .
S5 Ay BICR P& B IS8T JCP-350M1 FI JCP-350 (KA (<45°C) ZnS Fl
SiO2. ZnS AR AIREH 185 scem. [JEA 0.25Pa. L1%F K 300 W SiO2 £ K
SERER 8.9scom. KA 0.3 Pay IEER 300 W, InP 1 JERIGIE AT 5 (9 S 6 23
XECINE 4.4 B, SERMMEMLL, SEN R FRIERAR, BP9 RN E
RFRERME. 28 ERE ZoS F Si0 BFRIED B & A K, ZRE R
IR 2 BTARAY, S EUE 2 5 A DARS SR o (8 5 1 0% A0 4 TR B R 5 3R A
bL, 22 2 13 FE B S S A BB IR T I AT InP o] JR O35 S 5 28 37.6 %,
3% o T Y R F N 9.6 %, MELETTIE T 28 %.
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Fig.4.4 Reflectivity of InP substrate with 4-layer anti-reflection coatings.
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44 BETFHERERNREN hGaAs R P EIBEM R

WIS S M RAIERN B S, MEERBHE T AEN InGaAs &£
FHEFEME, FERNEERETH WP 324 = 8RB E- N TIER BH400 nm -
1700 nm){E B AR ER L. BEREZ 42 BRAFEMEZEFEEMN43 THE
EREE T, ER L hGaAs FRBBEREFE S HEK TRENRENRE
K. BEEESBER 41 PR, HAEBERESAFERHEENE
45w, B () NSO REHERE, B (b) 7 ZnS/Si0, MEMERE.
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B 4.5 HMEEN hCGass EFEREPRE (20 B2EE (b)) NEE
Fig.4.5 Morphology of the InGass FPA module with different anti-reflection coatings. (a)
single layer film (b) double laver film.
KA 3 Cary 7000 UMS X185% 510 InGaAs #RMl S48 0 2 & 24T
Met, MAERNE 46 fim, RREERNNE S ERFFHRE 2550
2054 % 921 %, 5& % REEN nGaAs £ FHT RT3 (32.04%) HEL,

AR THEET 11.5 %7 22.83 %.
(@) = (b) =

— R —HR
—EEEF — T EEE
an

20 H
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Pl (o0
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Fig.4.6 The average reflectance of the broad band InGaAs detector with different anti-reflection

films.
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FHE R R P IE FRCR IR R, AR S I Y6 InGaAs TR
ST, ZARWE 47 Bor. B8, TUSHERE F SR KR E R,
LA 1500 nm Ak f5], 582 1037 i S0 395 i) J £6F I (¥ 0 57 2 9339 29 0.71 A/W A1 0.87
AW, TUZHFEFALFER RN E 0.83 AW TS 1.15 AW, HANHET
RAEWMR 42 FiR.
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s | WWW”\ &

®) 12

08 -
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Fig.4.7 The influence of antireflection films on the responsivity of InGaAs detectors.
4.2 DRERE TR

Table 4.2 The improvement for the QE of the InGaAs FPA with different anti-reflection coatings.

7n$S Si0, W% RT QE W% 5 QE QE #&H

@ 1500 nm @ 1500 nm @ 1500 nm

SD-6-1-1| 44nm | 127nm 68.46 % 95.18 % 26.72 %
SD-6-2-2 107 nm 59.01 % 71.89 % 12.88 %

22 b, 7E ZnS/SiOx AZ AT i %
TR IS 47.16 % @ 500 nm. 66.23 % @ 600 nm. 85.95 % @ 700 nm.

F T, A W-FEHEA AN InGaAs RN 25/ &
87.02%

@ 800 nm~ 9591 % @900 nm . 97.56 % (@ 1200 nm . 95.18 % (@ 1500 nm.

4.5 IhgE

AEHELGME TGRS

pi A OE /S VI | BRE e

AT HREREE

BEANTR AL F L. T2 BIGEME, AR T2 AR AR U, VEad
R T 2R R SRR . 255 W InGaAs RN 25 S5 K H] e #2

At IR T 2 EIEZ A MR BEESHRRA K TR, EETE InP #E
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EHATETHERLS, B]& T ZnS/Si02/7ZnS/ Si0, £ EHER, H H R FEHT T
M. SAENG 2 EWE BN A T %61 mGaAs TRNEE, /- RI7E SD-6-1
SD-6-2 PIAT] -4 04N S6TE InGaAs RIS E TS % 1 8 A Z 155,
ARG T 0719 20.54 %A1 9.21 %I AT 2 . REEAE ZnS/Si0: XZE A/ A R IEE
(I T, LI T BFHEFEIE 66.23 %@ 600nm.  95.91 % @ 900nm. 95.18 %
@ 1500 nm FY 5501 AT W-HE K204 InGaAs TR 25
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dielectric materials, ADMs) M5 &5 #4163 R4 2 90800 7 32 A — 1

\\\\\\\\\

5.2 IR KEHIGENF
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Figures.1 Schematic diagram of the anti-reflection structure with gradient refractive index medium
REZRNREIL, — TR ST AFR RS — 0 R . BT LA
AR HSE R E B RAREHOEE, 8RR ORI LIE S—
EE5) R, KL AT A B EAMRERIIT BTN 2, B IR AT 2R 1.5 <ny <4 I,
BRI Bonyp B LT 243K
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R T . (5.7)
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5.2.2 Mie HHR/RIE
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V-B=0 . (5.11)
UxE=-28 5.12
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yxi=j+ 2 5.13
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(5.15):
D=¢gE+P .. (5.14)
— 1 . _
H=—B-M ...(5.15)
Ho
H1 T PAIM T D43 B 22 ik
P=(c-1E ..(5.16)
M=u-1DH . (5.17)
FiEA,
D= egef ..(5.18)
B= ,uo,uﬁ ..(5.19)
j=oE ..(5.20)
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Fig 5.2 Spherical polar coordinate system centered on a spherical particle of radius a [91]
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n=1

HeP, any ba 2 BI45 ULEE IR SR BTSSR B AAR DS I R AL
_pmZj () [, ()] = py (%) [maxf, (mix)]

W= .. (5.34
umj (m)|xhSD ()| = iy P [mac, (mx) oo
p, < O] = i ) [majy(ma)) L (5.35)
Hajn(ma0) | xhS) ()| — y A ey, (ma)]
523FDTD {FEFRHE

AT 22 SO 77 AR AL AR HH DASR, AT % S5 1 7 BRI R 5 AR
Z ST T R A RS AR AN R A SR I AR T 2K, XAE f] AR ] RRLAFT SR
SR AT LR AR AR T8 26 HE R I e B R AR 4 . DRk, R A 2O R AR 22 T
T RAE BT ERC AT FUR B A XA R R E S, AR T E A,
BREEED. ARSI ERARE S, K, HEARZESE (finite-
difference time-domain, FDTD) W] LUI§ & i 7 A g, @it EoliEsT
IEAC, i SR E AR A A R AR

ZR A FHAREERN P OENH, FEIAFEA. FDTD BiEFH Yee 7T
fskHid, wE 53 fis. 1E Yee suidh, & Mkinor 21 A FEE M55 A
BiphE, FE, £ - ERSENAREETSENNEarE, b5
W A ERA LK

H= H'l

Hx

& 5.3 HIpFIHES PRSI
Figure5.3 The recursive distribution of electric and magnetic fields.
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Fig.5.4 Arithmetic of the finite-difference time-domain.

5.2.4 AFM iR R 38

BT PR, 5 BRERIEE QRS 2 MATR R, FrELE HH4
BT BMENR T BREREATENEE. B 55 NETHREME (Atomic
Force Microscope, AFM) MIARFREE. SEESEMEFESNE—2 %
EiE, BTANERSEZE LT, AFM AT B R EHEH Z 2 E T AR
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KSR AR . WA 5.5 Bras, EHPIREFEE cantilever FIERET tip B T
AFM R4 F )RR 7. &9 SRR RS2 e fE e /i AE 45 25 cantilever &4
BH, WL laser beam T 2B cantilever FrER RS RAT L, &
M Z5 photo diode 2= idx F A EIFHIR K AGYS, B—& 7y AFM (L&A
Wy mEHERNNE S L R RIR AL, EHIEREE, (ERE AR g i
—AEiE e L G sl it B, PURZRRTEGE TR R
o ARSI PR e R 2 AR R 20, W s 1 A 23 id pifid B

&l 5.5 AFM i R 20 &

Fig.5.5 Test schematic of the atomic force microscope.

5.3 IEACHEHIEEE

PR REX — MBS ALRABR IR, &FAE 1959 FHHErH N
B2 EREENJLTFER AR, PSR AR TAT L AE AT
TARAERRAE T RIRE AN . GOREARICE T HCRHERI A 77, T %
AN AR PR . S E R R EA LR B IEM MEMS R4 810%
4 8 T BAT ML, AR AR [E 5 2250 R A1 [E B i diiie & EREEAEM .
[ ol 7F 0K — AR Y R AN R B B, R — R R AT A 1A . 9REAR
FEA JE B[R] o RAE H AR EZ A EN

R ] 9 K A 97 ] 7y SRR T KN L L2, AR L L2 B Rr e T 44
KBRS IRBIFRE . —BekUE, mTLUS AR THE AR g —Fh R
MERTFRE, FIFARZG B HERAREHRAARNTTE, —HKEXHTE
OB T ELZ: A—MLZ52MK, LEMEAETARFEATRE#
£ H a0k LSBT R B AK A, ZR T ZMAE B F TE, A W
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BB TR - TR AL I B nGaAs MR R

HEZNANGK i AR

5.3.1 GEREENFZIFAR

R E UK B AR — S R 2 5 OB A B Z AR (Stephen Y. Chou),
H7E 25 FERTAT 1995 R . ZHARRE N FRAERA ERmME] & —FEt
FEENIRAD, MIIEHER L ATEEETH—E PMMA CEFEFREF
M), SREIGH MM, 15 PMMA BRI R iR Te, fFHAGWSN
MG R & B PMMA b, REE—EREAMEY), BT PMMA AR
At e AR AIE S, LR FERE R A B i AR 8 52 Fe R £ PMMA 1, XN
HRERARE Tg LA T, f PMMA AUTIREE, SHEERI S, FEH RS
T2 (RIE) HORGHRIENRZIM ., SREETRE, WE 56 fix.

Transparent template
" (moid)

el e’
————— Planarization layer
P .. < bstate
Step 1: Orient template and substrate

#<«——— Resist dispenser
—nnorenon oo il

_______ «—————— Imprint resist

Step 2: Dispense drops of liquid imprint resist

- v
| & -—.'{—Imprlnl fluid fills
e M e
Step 3: Lower template and fill pattern

e UV blanket
baindadudas o
[ P S

Step 4: Polymerize imprint fluid with UV exposure

- Y

i L _
v e e Exact replica of
template pattern

-

[ = ——=sara =]
Step 5: Separate template from substrate

Fig. 3 Process Schematic for step and flash imprint lithography
K 5.6 GARHEN T 20AT A
Fig.5.6 The flow chart of the nanoimprint process.
ML 2R RERE , BUK BIRRS & B Jo6 2067 3T BR 600 AT, 29K 5
BN 20) it A R R A1 o A B e T RS AR B0 B, OB R A4 ] AR F K R
L AR B 2R T2 AR[92,93]. At #UKE IR FEUC AR B B, IF
AILZd R, LA A B2 HoA T 2R ME M R, Fih& AR
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Tk, TEZMATSRBETAN LA,

bEE BB R, AT LI &M S MPPR B TZH 3% 5 6 &m
JiE[94]. WIS, RTRUARTE L EDRE I [E A Al 7 30 A LU R =38, BHAE
B ERANEEVAR AR R ED, A 5.7 iR,

[ K EEDSE ]

5.7 WUOKHE Eid R 428

Fig.5.7 Classification of the nanoimprint technology.

5.3.1.1 HIEED
BHYPR RN AR AN MERNN T Z, ST ENRER: BilinkfEs
BERATEN R LN RS MEIT RSB IRRE Te, EMENRES FEAHEERD
B, RERdERERETEREAES Ty, MESERESER, L SR
EMEERETEEEIENESY L, FETAMTZREBRRNENR. %
TZF R RET I YREMEMESWCEARNREIPES, B AMER.
BHEFENESRE T, N TERINMEENER, ENESDIEAaRES T
POERLIRE S S AR s = e AR, mMAETEmAIET,
FIIE R ENESAER R MR 48 RO R, (E8 R 2 A WER /),
FoMEENRR . AUy, 7EEENTAE R SR S R RS T TR,
A T HEERUZ B R B AR .

5.3.1.2 ZAMNEED
9T R IMEENT RATIRER, 1999 B ER Willson 2 T RIMNEEIT
o BLZMAL TR ELTEL, M ADLEURR BES I E R . A8
JCEUR I G IRIR AR, AT, BRISTE NI S R B R AR T I RS AR ) E
B, FHEGHER I FIER TERE L, IFATREINRMEEREI A
BB E, ZERED T FAFR . S DA R IR A — 20 R B A .
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TR SR E LR InGaAs TN B 5

i
2]

A, BT ARBREREENE RS, FATEFRMERTRE, 5T
SRR EEGa R, I8 T D20 o AR i Ao Y A S S R R 288 m] 0 D R ASAR
ZRANPUK R ERAN BRI SN AR R D AR

5.3.1.3 f{fERmEED

B L TH PR K R EDEAR LAAE, YEARPAIAL 22900, e A K BT A )
A ZEARREA 1993 47 Whitesides G M 32 Y, &7 EE %&fil4& H
FIF B W B AR, SR 5K A N BN B IR TE MR R T, MBI S
PR MR AR, MEEER R RIS SH R A RMN, HiBdsT B4
BRI  EERER . 2L AN EAA TR, AR B4 2
s AHR P AE 53 F A I 0 9 P R ED L 2B A ) B8, SEIE A F A Ak 5
B

]ﬂ

g-l

53.2 BFRERIFEAR

TR A R E TR E R L2 AR GO B RO R A 5 4
AR R, MR ED 2L B, SRR fUR A %, 4= Lift-off T2
FEH ELRI B, MR RESTAR E TR BT A B R b JXRh o2 IR M s 2
B2, H5zMk, SR ZIRAE 2R BN B o A AR AR, MERARE B, T ARHE
SEHMERER I AUFIAITE Lift-off TAR KR, W LUS SHERR I T & WA R 7
HEIFHE b

BT EAMEAT S BN, 2IRRS E RS, gL dRstifm, Fit
MATTHE Y T B HBES (Electron beam lithography, EBL) 1A [95]. HHiEE A%
R R, TR e, BEAHEAMRE R, F kel B
A BT ORI 6 . R RS ) S i A2, o T IEME ez,
PR RO S B H AR i 280 SO ot 2 A tE, ZR1E A B 8:00 Lift-off T
LB, EREDERER. X TR, BT RN R AR, T ok
JEEER Lift-off T2 XM, MMERSEFRAFMRNEERE. 5EIM
e, BERR, B TR TREARENERK, BT RN R E o) LA
FFRE], ERT RIS IR R ED M, MM T L2 E 47
. T HRBELE TERAEME 5.8 Fix.
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Bl 5.8 #FRBARN LZERE

Fig.5.8 The flow chart of electron beam lithography.
BT REBEA L AZ AR TS, EATHERNALE. RIESRK
SrPRiE, TR AT UL JLEK:

B FREA TR
BFREEILIES mEEn ARIRRFIREVRBEAAR
fept || mER s | | mrn | | sy | ey | | mese | | Ty

B 59 BFRERTE
Fig.5.9 Classification of the electron beam lithography.
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FRAHBGF A E, MESAHEFRERNAFE LR 2UREER 6 #HF R
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JEZNEE BT 3R RAE R K AT, Mz P AT 7 A R B RE. B A
BIFCZN B FL T HOR BEA XS AT 45, 18 e heds ) R e BRI A IRk
PR M AT R . R AR A S T SRR B R AT T RR 4 L E
2 ALt P v

REATHIBARBOEZFZAEUTEAFE: — R ETF AR E
HRRE S AMEF IR, BB AN HFEAZIRRE N ASE D,
RSB ERNEE: =, BFRIOILERMRE T ASEFHRER R,
LR AR TR A M LRI R =4 B A HIRER, 4458 LI 18] By RIR
WG| BAZEENRE: =, FTEAZIBHELNENFE RS -8, FZRE
BB R ZIEA . B HNBLERATR T RBL RGNS, AMEENE
FRZIT T H . 450 R D A 1 B S R A B R EBL B, RedE M R~ Ele
JE AR K R OV R R PR A = A
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533 BEirambi ez A

Mk fe b k2B (colloidal lithography, CL) S£2ER3— g4k A BE 47 6
FEFEREL TS, PR T &) & B AT B E . anE 510 BraR. Shagufta
Maureen & A BT HEMHE. 7 P Galnds P FREIAF AR R
Wi, FAT ICP-RIE ZilthE A w18 050 S T s i 1 i, e 3
InP # A EEM96]. B T CL B E A it mHl & TR P, sTLUBET R
KA E RS B AR R T TR M AR RRTHTEER
Z%)&. MHuang FAERR LIMFLEEREZR (PR AL, #ATRE
B 2l L T AT, SRR A SRR P TR S AT
iR, B 5 EE 0T EEHET CL ERHETRA T
Bl Al B A RTHEFREEE T 8T EE[0R] .

B 510 BHEfmA Al A bl g InP T e 0 b £ B[R]

Fig.5.10 The process of InF sub-warvelength struc tures fabricated by colloidal lithography: [96]

Wit EEEE, RN ETLLIERE A R ML) S a7 (9 55 8 H17
Fi. 5B B E S8 E E R ERE AT 2 B T s A M A . B
AT I, o b R S AR 656, #fEmE T
SRR ST R .

iFE PIREIMEATZDEE S, BhlEEEEERFELA, HTRiE
FEESARMES. ETREAERARETREREFFATESE, B EHS
ZHEEEHE. BEENAHEAERTEABRNN N EFRERLTE. ETER
FHERE, BUHS RO TERNEERES. Sl bath, F2ERERT
EBL A ZIE AT WP XS T EHEE, 50T ARSaEL.
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5.4 BEHTHNREEZENR
5.4.1 HRHEEIER RIRH

B 5.11 RERHED ESA . DRI RS R AZE, ¥ A FDTD solutions
b B A AT RS M RST AN BT AR A LA R EE AR HE NP T A P M &5
1, BARIINE 511 FiRFFIRE ) EAEAT R4 2EAK.

FEH 5.11 EF Bruggeman B 2R IILHI AT RIE L

Fig.5.11 Simulation model of the nanocone based on equivalent medium theary.

RIE R InGaAs LRI TR, W EAS LKA 400 nm - 1700 nm,
SEZ AN, RIWAE S PEELEHERT N RIEKA T um, HIIKRN
200 nm, TFELZMARN 1 um 7, InGaAs FMBHRIRETHREK. AT —
SEIERNRESE, EEERNEKMAR, TlsEnaE, B3T7ES
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Fig.5.12 The reflectivity of the nanocone with different height.
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FREET - IR LTS A InGaAs FAARET 5T

M 502 T LU HAEHERTE A 900 nm B IR R SRR, U RO SR 4%
0 5.13 Pos, R TAREBIEE WA A LUR LT 10 %, H-PH RS
5.4 %,

0.5
— 900nm = HEM T B 4 3

0.4
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Fig.5.13 The reflectivity of the nanocone with a period of 1 um, an upper side length of 200
nm, and a height of 900 nm.

AT T APRER TR BRSNS AERRR, RAL45° ANGGERS
AR, WIH R AR . B RNE 514 s, TRER, WTHE
NG, REEBAKHER InGaAs FR W23 7E A BB A B 35 7] PARFFEURA R
G, HRREFEAGLAERNE R, /£ 900nm-1000nm Z (8], R R HFEHh
MR, LAEATE 45° B, RIFFEZIET 30 %. H2ETHBAAT REFE
— AR R FR T o B A, 47 5 AR BAAR A 4 KR £ AT DA A B Uk
BT A P I N (R FE B SR 28
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Fig.5.14 The reflectivity at the wide incident angles of the nanocone with a period of 1 pm,

an upper side length of 200 nm, and a height of 900 nm.
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Fig.5.15 Schematic diagram of the preparation for SiNxX nanocone arrays.
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LB RFFARARAMRZBTFHREEBEN (electron beam lithography. EBLY,
Zb R AE A 2R AR 5% E T (Inductively Coupled Plasma, ICP) Zlid. &
TRELHEREANAEERENEERSTEREATRRANEEBERS BiF
EIFEARTTRI S, kT FEB LRI A RIR[99-101], R AT LA B AR,
EHFHERWER, N TRERTLGKEGN, EERARZRIENEER, Tk
B ZIRERE, XRTESHEAEBENEERE. B4F P #HESHIHFE. 4
B BTSSR T . A5 KA 0K HSQ BEMEREMREE . 135CTHRIR
BEATHET . 4 T R F 10kV A0 B E M 500 pC/em? F Rt E#AT BT RIE .
FlEETHEREFRAMNEN. R E XA ENEREER-BaF/F
R, B FRERFRTHEE AKTEE Cr BEFHAFEMEEW 5.16
BTaR.

KCrhi

B 516 A& BEEDHAAREREREE
Fig.5.16 The microscopic view of the nanostructures after growing a metal mask.
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Fig,5.17 The principle diagram of the etching based on ICPCYD.
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Fig.5.18 The difference between isotropic etching and anisotropic etching,
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Fig 5,19 Morphology of the Silx nanocones tested by AFM.
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AR T A AR EE 1 5[5 AR S SE Do i) & 1R 0t 7R

Bl 520 B TR FER A InP FPRE MR InGaAs FR 2B HE,
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5.20 (b) AERYEKE .
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B 5.20 RIEDHEA 0P FOREHIF InGaAs BFEER: () HBHREN, (0 i
AR
Fig.5.20 Schematic of textured InGaAs focal plane arrays. (a) sphere-shaped texture, (b) column-

shaped texture,
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AR B A R PUR ST RO £ Bk e TR MR ER, EaT LA
I Mie FLHER BB B R AERE[102, 103]. DLE BT ER L4540 A B, B
S A LAR A N .
o
Cscar = k—fZ(l Ay |2+ by 1%), s (9:38)
n=1
an 5 by N Mie FLIRAT 2, BA15 T2 R BB (o) R 5w /R R B en(a) A <

_ a0, (me) = mg,, (@)gn(me)

.. (5.39)

" e @e, (ma) —me, ()@n(me)

:nwﬂﬂ%ﬂmw—@;mMAmM

b, . (5.40)

me, ()@, (M) = &, (@¢@,(mo)

KA, a=nD/A, D ABRETAFIER, m M. o] LI gk
M PR S BOR SRS MRS B EMIS. RA LA FDTD Solutions, X il
EEAGPEREHHT I « RO SN E LSFTDUIEAAGDGE, XY J7 mR A i
R, 7 FRHRERLEZE (perfectly matched layers, PML) AR %4.
FELRT InP Mie B B IS H AUE, HEEN 400 nm I, InP 0KER T HL4R #h 28
[EHTH4E nGaAs SR BN BLE . Bk E a3 £MERERE AN 400 nm 1
KA 360 nm 1) InP 99K A R AT InGaAs £2-F TETREEL A0 ST 26564 T T 8.

RTLE SN UKW PIURSRA, B 521 PN 5 saLis
&N EA G W EH B IR 3 InGaAs ZRMBEMIE XL, BT bare flat
surface fARITA L FE W InGaAs SR AR St A28, optimized AR coating Ay
TAERIEEEE, Bl 134nm ZnS Fl 212 nm SiOx ¥ . £ 2 183% FRAE
Wit IR E P& N 2. Hybrid SPNA Al Hybrid CLNA 43 H{8# 150 nm SiNy 78 75
MUERTE InP GRTUR FIAR G RIBUR . o] LAE 21, A S B - F T R -F
B R E R 25.7 % WERER P R 3.7 %, H-RZRERERRTE
) B0 B SR B B A RS NI, B0 ] DASRAS Bk B B R R
HREEPUREEHAS N, 2N, FE GG a8 8iRT, 3
15 s PERE T . ML, HA InP 9REEHE v] LIYEREA TARE B0 A {2
Fr REFIPURST R, Hybrid SPNA P34 U558 2.6 %, Hybrid CLNA P33 fz
B A 0.53 %.
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Fig.5.21 Reflectivity of the nGaAs FPA with different anti-reflection systems.
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Fig.5.22 The changes in the reflection at varied incident angles.
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Fig.5.23 Scattering efficiency in InP nanostructures at different conditions

B 523 AAFERET WP WK MEGT L. BPRHZRER, 7
AP RGORIRTRAEAZ R, FEELT InP JUKREA InP 90K 54 A1
BT ST 243 . T DA 22 B 45 ) (nanosphere in air) BOTST 203 4R F 7, £ InGaAs
PRI 28 CAR B B o B L T A0 A A e R . R 4R 5.2.2 Mie BB 4E, W]
FUIE AR F R 5 T AT R al MEEHK TR b, 55 A=A
XTHL, nanosphere on substrate FI nano-cylinder on substrate ftFLRIEH BB %, I
HYRAE LB XIS F R BT InP YRS M AERBIEI =4
AR RIAERR S, REEE SRR S, TR IR B8 IE T AR
[104]. 5 oAl LLE 2R A0 GAEAE R S5 P EE B . A e S5 iU e B
Wiz arAi s Mie RUBRISAHX RN, BERTHIRMBEER T IR 53 KL
I TR A [74,75]. M ELES, BRI LUREFIIE L RIEBERR F, BE5H
BMORBE, RWRE 521 PEEYIRIE SRR AR TR R .

fR4E Mie B4 =1, KHZ M P PKIK (nanosphere in air) AL, XT InP
AR BB R HAT YT, B 524 (a) Fn. B EAREES N InP 44K ER
(B RCR, TR AR . B EDR. MDR. EQR. MQR 77
& Mie BUM LB T AR al . BLEAR T3E4R b1, o MM SL4R a2 AL TIHK
B b2, WFESTTA LAEE], X TRMIRT LA, 215 Kerker %, &
al = bl PIRE, GURIR AT A SO IE B . WEE al = bl M EMIE (1450
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Fig.5.24 the scattering properties of an InP nanosphere with a diameter of 400 nm in free space.

{a) The calculated scattering efficiency of an InP nanosphere and their multipolar contributions.

{b) Energy distribution at the wavelength of maximum transmittance (al = b1).

5.5.2 InP HHAKIEE R ~THL

ZI8 5.5.1 #ig#EA, FH FDTD Solutions Xt InP MV i K40 K4+ 1 258 R ~F
AT RS, 2 RIE 5.25 FiR. InP YURAER AR IE S8, 1Bk
A 360 nm, B IBHECAGURMEISE, SRS, R IA
InGaAs FMAHH AR . ERBaAERIE, BiEE, RFFBE. 7]
LI £ InP 9K A35 24 100 nm - 300 nm Z I, BEEFEHEA, W
FAT R R HE B AT 500 nm B, InP g4 R B R ST R N 4
AT E. P EEAA 600 nm BIEHE, WP 99445 FE AR H0 R G 8RBT .
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5.5.3 InP KM [EFHIZE T ERE

5.5.3.1 HEEMRHRE

e 53 T2, B TESREME, B TRELEREALEESHESH
B, FALRA EBL HARBIT L ZFR. M 526 4 InP g0k M5E4& T2
AR AESER AR, SRR T AU RL, 2 A ZINE . &8 UL R EALEE,
mE Cad. (). () FiR.

(@) (b) resist ©
el S
—substrate substrate _

— — Cr —

l

A 5.26 InP YUkiER S RENER

Fig.5.26 The flow chart of the fabrication process for InP column-shaped nano arrays.

5.5.3.1.1 FRIBR{EARIMIBIE

N 5.26 (a) Fias, B5GHE InP WREFAER HSQ Huidil, & HAERRE
A Z200 30 nm ERIFIMANIER, KRG RHABTRESRS, RETRR
STRENHAIEEZE. BIRANIEEEAN 10 keV, BEEHIEN 4000 pClom?®.
NIRRT R, AR5 DL HSQ HUim e kL 10 2] h i A L

SRR T HRIESGUASE, SRR AR &S TR B AR InP #ORHAT Z 1 .
%l % #7055 Oxford Plasmalab System 100 ICP 180, ZIMS kN Cl/CHi/Ha.
ZIv i fE T, ICP SRR Z A RY LhE2 70 A5 B 9 1000W A1 80W, Z| i 141
SURYERFAE Sx10CFERLF o Zlphss i 5.27 Fios .
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B 5.27 S6RUARTE AR MANE ) & £ InP FUK R
Fig.5.27 The morphology of InP CLNA prepared by photoresist as etching mask.

ME 527 TLLE SR, DEAZIME, ZIMoEERE2AE. 35s @ SITP
2min @ SITP & LIS HARYE I 5T BT ICP 180 ZIthEE AL . ZIVhRS A4 35s S, InP
AR E A 62 nm;  ZPRE F) Y 2 min B, InP 49KEER0 S ERN 180 nm, H
HE— Az P 8], BT NS 2 min @B AR —HERI AR B, BOTR RS n e
ZI, AR R REE TR

553.1.2 €RBIEARZIMKEER
B 5.26 (b) K RBEAZIMERIG &RAEE, &5k 4k mp ¥33 705
£ InP % JERFE [H1 fig v B P 77 HDMS A0t (8 UVS, S35 XTH 135°CHTAL 1min.
SZEBSERIEA T R R, BTWAE 5.28 () FIRRE. RERHMIE
Wbt A K48 Cr30nm, BT AT lift-off, ERYCKILLIMIERE. BRN
©E Cr 2HRHERES, & 528 (b) Pias.
(b)

i ot i S = mEm e e
P— M ALY

T R T T AT T e T mee
- —vrs

T T ]

B 528 £BEAZIMAR () X25; b KEsBEE
Fig.5.28 The preparation of InP CLLNA using metal as the etching mask. (a)after lithography,

{b)after deposition metal.
103

s —



i3

8l

FREET - IR LTS A InGaAs FAARET 5T

SEMCER T HREESE LASS, SRR RS & 5 S RZ R InP APREEAT 201
ZIhZHFE Fo 2SR B AR, P 0RO EE EEY, TbE
Z e TR) R B AN T 20 AL AR AL o {E 2 & TR TR 2 [ AT IR A SR S B e, i A
T E LR InP PPREERTRIRA Cr. S@MEAZREMSA, TUELRE Cr kRE
KRB AR T RAmRARBREN O WA, ZRHI T P GOl
MRS, A 5.29 Pis.

600.0 nm

0.0 nm

Bl 5.29 SERERETALIE 5 00 T ek f T AR

Fig.5.29 The morphology of InP CLNA after etching mask removal by potassium permanganate.

5.5.3.1.3 BALREIERZIMMIEIR

B 5.26 (o) FRERAFAZIMARE NG & REE. B KM ICP CVD £ InP
IS A SiNG EE, 1R E ICP 34 750W, RF N334 OW, Nu/SiHs KA
BRI 0.867, EEAKIEE RN 75°C. &K SiNg #8/5#1T EBL 6%, &
FE1E InP AR M BRI HSQ HUMA], (f HAE A RE W — Ehpohd e, 2
FRAETREBCRE, RE\TER T E XM T REZRE. ZRETRELUE,
FH R A A S5 B AR Z DR AR SE I, InP KA E (R &

ZIS RS AT AP — R EARENZI, & InP M EHZI. F—
BEALTEZ WL FE S, KA SFe 45 scom, RF INEEJg 40 W, ICP T 2000 W.
B, 2R TA R EER SINGEEZIM, BRI IUA SiNg It
T RO B, R SiNe MR EAZEN R, KRB TRE HSQ # il )ik
2 IE, STEEN SiNg R R ITZI M.

F BB R SiNg SPRAEEAHRL, SR Cly/CHy/Ha 1R AZI .
Zlm L AEr, ICP SIARIRLIZEA REF THEE 7051 ¥ B 79 1000W 1 80W, ZI[r i 14 1Y)
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SEHEFFE 5x10°FLL T ZIMUa B8R A 5.30 Bron, ki s RS Z]
MiE InP 9K RIIEI BA R KA.

P9 5.30 SiN:/EAMRER % 80 InP 9K BHR

Fig.5.30 The morphology of InP CLLNA prepared by SiNy as the etching mask.
5.5.3.2 BB IRRIFNT

AR T S AFIE (03 -0.7), SRI7E 160X 120 5 F3ez TH
A9 800 nm. 700 nm. 600 nm [ InP A K4E S48, WHE 5.31 .

A 531 ANEBEXFEN B R T

Fig.5.31 The effect of different exposure dose on the nanostructure morphology.

SR IR P SFe 200 SiNy, AN 5.32 B #EiE. LUA A 600 nm J9%5), i
7T AFM RAE. HTR&RAAKIRE, Frbl SINg PR IH I 7 #0210
R .
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Fig.5.32 The morphology of SiNx CLNA after icp etching.
SRIGTIERE, M Cl/CHyH, Z10h InP 99K, MREAE InGaAs £5 T [ 5k
LBI AR InP GKATFES . X EEAS BRI B RO 20 il 2 3L, R B0 T A #1959 600 nm
AL, FIEHN 0.6 B2 A RIT.

5.5.4 REEM InP PR EFIE) InGaAs RN FHH

fRAE LA BRI R T 55l T2HRE, FLHl& T B4R InP 40k
FEFEFIEF] 160X 120 JC InGaAs R ES . Wit InP 44 KR 51 # E #5124 600 nm,
A 360 nm, = E A 200 nm. HBIT ZRZN, REFRS T nE 533 iR InP
ARSI . & 5.33 (a) 9 InP 9K4E AFM SR A, & 533 (b) InP #K
FEFE 160 X120 7 InGaAs FRN AR E 179447 B .

@)

20 & & K 00 20 W

wmand ] 77 =

533 F RAER InP FUKEERFIE) InGaAs ZRI Z8 50
Fig.5.33 The InGaAs FPA module coated by InP CLNA.
X ZARMERIATEF IR, HESHEEWE 534 fix. B2, REERK
InP #HERAFREFIB X OhiR 8D E SR E. 90l BUE S A TGS RS T
NS5 BIEHAT T4, RILRIAER InP R XIS FIE S B EN
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Fig.5.34 The signal distribution of the InGaAs FPA module coated by InP CLNA.

TE— A X R B O m AT IR, JEREH G T RIS REE S
WEFEFIRINSR 5.1 B, AWM AT A EInE 535 BBz Hhaa
ke A YRR O E TAE, 11 1200nm. 1500 nm. 1600 nm At &
FRHESH A 445 %. 88.0 %. 90.8 %, LLECEHKEH (EEMmL) Mt
JLETHFERIT 3.6%. 11.2 %. 15.0 %.

* 5.1 REEMMEA LN P FUKEVIAT InGaAs £ FE RN L
Table 5.1 Comparison of the performance between the FPA with InP CLNA and without CLNA.

s 5% (V) BW (V) BE5 (M  GHT IEEmNE
oG H 1.25 4.42F-3 7.85E-2 82.17 1.02
HHEH 1.46 4.46E-3 7.69E-2 82.62 1.19
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Fig.5.35 Comparison of QE between the FPA with InP CLNA and without CLNA.

5.6 N

AREEHEMNE T 2N AEE SRS, Bl 7/ B RHE
WA EAG I E R B SR 55 . BRI R IR AC AR HE % R B . Mie 8L
SRIEE . EEGRIEERESEED L AFM WWEE . R RER,
AL T B8 InGaAs PUKHEEMRT, FFRIBHER T YRS & 75 B st
X% Gt B A% PLEL A InGaAs ££°F RN, R H 7 RIERSSFAE InP T
KK A1 (1535 77 R AE ST [ A InGaAs KX 1 pm InP 182 .2.5 pm InGaAs
AAEWWCZ BA S 350 um InP AHRAG L, EHEIEAH InP o IRAE T BACH KRS M 1Y
AR A SR e & 1R T EF

N EH oK A FDTD Solutions #£% | InP L KGR SHIEHNE, RIE
1 R#I7 400 nm ZE A RIRAL, HCLHRHE 2R IESF 75 TS InGaAs PRI &8 TARR RIS
(0.9-1.7um). FHZ# InP KBk (nanosphere inair) A, Xt InP KR
OB B AT AT, RIAILIRTE 2 MR 8 T Mie BUM P ER T IR al.
BEMRFIE4RE b1, HaxM3RRigERR S, KRG8 SHEMAE, TBRELUR
EHLSEE T M T BE AT JB AT S8 350 A0 B IR « 2 R oRARAL T & T84 InGaAs
TR AH InP FURAFFEA IR T . RILD InP K453 N 360 nm . B HA N
600 nm. 5%y 200 nm i, InP A KAEFEFI IR S S 3 R A, HeP I R 32 3.07 %.
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H—IEERE T InGaAs FRIAS T EAE R InP KA 006 & T2, WA R kL
Mk HE. BOLHIE. ZIMAI S mET T ¥ R E.

MERJGAE 160 x 120 ¢ InGaAs £5T [ R0 5 7 18] K Iifr B AR Ak 1 R AR
() InP URAEEEA . FE HAE-F R PEREREATINE, XTE T A G InP 44K 4% P51 1
SEBRESETHRE. FRIET, RHEMR InP JURHEMESS, ImGaAs 570
HIMBHETHESHN 44.5% @ 1200 nm. 88.0 % @ 1500 nm. 90.8 % @ 1600
nm, SEAFHMHEE, 2N 3.6%. 11.2%. 15.0 %.
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6.1 EXRE

AL InGaAs FR0U 23 77 LAFIR $800 7T A5 5 MM 5, ERCEBT
HIEEAEENNANE. 20 CES 0] W-ERL 5L InGaAs FRMEE, *T
HH &7 PRSI LA R — B AR T SR AR RE AT T T 7. BAETE. &
SEFEGHE InGaAs TR EEE TR RINA T IRt BT AL
AR, WATEIE InGaAs FINHIF AW SE. FRETHIE InGaAs HINFHF
sl & LA RSB B AEMIEET %, BAIMBHTAKREFES:

(1) MG T @A R ALA 54 TE InGaAs HRI %

ST InGaAs FRIIES o] Wi Bt E TR ER, RIEE THEMT, &£
H 1 ~10 nm BEEALZ EE AT - A T 6T InGaAs FRIFRE5 G, Hal

R AHE R B AR ICP KRG A, ST T InGaAs ZRINES7E 1] W- K 41 4h 58

JEIETEE RN R E T RN EAAEERRT, A3 T REETHEET 60 %
[ ik BT A E A

(2) WL T BTG InGaAs BRI 5] & T 2% a2 MR (K 2 0

AN 43 T U 35 00 InGaAs BRIBEFRENRETZ: T2 4
JRFE TEMNIEAERRRE T2, iR T T2IAES S RN BN, HN
AT T 0] AR B T2 AR RS2 SR LSS RS E IR R IE T AMECR R AR
7y T BIFE R X, iR = A p R IR 7 () AT (X gk DT ek
B 5l R A = A - A R A PG M BN PR 2F B . 4 AR TE 6 B (3R 2 AT 58
i, FTUAER IS EIA AT LG RE AT HE R IR A K

(3) BRET W mGaAs RN G E ik

BEXPR G InGaAs 2RI, R 7 PIAMGE T B RRA R ZERAN
Il R R AT T . 45 B0 InGaAs TR 2345 B0, SR Tfc BTl
Bk AL T 2 RS, R IR A KR, X TEEE MmGaAs
BRI FAT ZnS/Si0, AEMEE, G TIE 9.21 %M-FHRHEFE. B 1500 nm &b
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R, BAE A FEE AT S R R 0.83 A/W A E 115 A/W, ST &
MEFIE 66.23 % @ 600 nm . 87.02 % @ 800 nm. 95.18 % @ 1500 nm K %%
B R A0S InGaAs BRI o 55 S AR SERG X 3 5 S beh AR A DU 4T 14
LRI, K FDTD Solutions B4l T SiNy AR HEFEFI IGIE R, ik T4
WRST, T 7 hls T2 R, REFEH Rz 77 20T TSR

(4)  SEEL T RAERCAA TR K1 nGaAs - FTIRNE

BT BN P B RS S, A FDTD Solutions #RZ | InP 1%
KUK IGIENL I, BT HESAEITICH InGaAs FRIES, MRALIEB T InP
FURAEFE AL R, B InP 49 K4354 K24 360 nm. AR 600 nm. =&
4 200 nm R], RINEK InP FURAEFEIH mGaAs BT [ FERK KTHR
B2 3.07 %. ZET EBL JGZIHEAR, AWARMBAREERE. BLHE. 2%
HEZFHIFRER T InP WEKEK F EERGI& T2

A 160 x 120 70 InGaAs £ (1 480 #5% 1 [8) X 300 B 6] & 7 KA K Inp

AURAT RS o FF AR TR PR REREAT I, X EE T A 8 InP 44KAT RS RIS 5 B
ESEFHE. FRER, FWER InP TG, InGaAs £ [N
M TR 54 44.5 % @ 1200 nm. 88.0 % @ 1500 nm. 90.8 % @ 1600 nm,
S5WAa MM, 23N 7 3.6 %, 11.2%. 15.0 %.

6.2 FHIRE

BRI SR T s BT A ] R ALA R F6iE InGaAs FRIIE IS &
AT TSR S AR T K A1 InGaAs B P HH] %, ETEE S EE
BT EERIR AN BT A

(1) SiNy ZAK HEIE 3% (12 TH 46 1iF

B 2T B 6TE InGaAs R A%, BRAEGUEARA BRI E 41, A0 H A H SiNg
R4 IGE . A FDTD Solutions X & 2 AT THERL, AL TEMR
S HEAE InP AR ERTG T 5 RT R R HEAE 1, H R fil 4 B il
InGaAs TGS [, FETEN B LK FIGIEIRHERE S BT S M RUR .

(2) Wi mGaAs SR IR R E

InGaAs BRI SE LR ROV RE A 9 5658 — 77 (0 e Sk EA T TR -0 vk 20 4 38 v
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HM, AW - AL AN AR R 4, SEDRIN R G nMAUE: 55— 77 R FEIK
AR A S, THSRERE. AT LI T ol - R LA T B
HN, HEMRNSEBRAEADAESNEFHE. B4 TRATNKRERE,
EREHE—BRITMBRNERKRE. RICEFEG] &I, A SRS
I HRIRATIEE S

(3)  SZH 0.4 - 2.6 um FIGIE nGaAs TR 2R 5]

O-H. C-H. C-O. C=0 Al N-H 5 Iyt f-I R BRI 48 72D
HME B (1~3um) B9 —2F LA b, Tz e e E(S B 2 AN T 1.7-2.6um B,
RS2 InGaAs ZRI 83 AR s i R IS . KA TR . mREHAH
B S AR SCHE A BT - AL AP TR TE InGaAs SRR Sl &
B, X T SEHRE (IR InGaAs MBS AT WnERE ~EHEEE . 04-26
um FESETE AR EIRIFHTE o 1 0] Wik BL . A0 A B VA S A a0 AN B, b
LI InGaAs TR &8 = 5 B R BA EEE L
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