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Abstract

Abstract

Deep space exploration and infrared astronomical technology need
high-performance long-wave infrared detectors, but China is relatively backward in
this respect. With the advantages of wide response band, high response rate, fast
response speed, easy to prepare in large scale and casy to be read out, the detector of
blocked impurity band (BIB) has become the first choice of infrared detectors in the
past 30 years. The silicon-based BIB detector is compatible with CMOS technology,
easy to be prepared on a large scale and easy to interconnect with readout circuits. At
present, the silicon-based BIB detector is still in its infancy in China and has much

room for development and improvement.

In this dissertation, the optimization of the performance of silicon-based BIB
detector and its cryogenic readout circuits are studied and explored. Through
experiment and theoretical analysis, the manufacturing process and physical model of
the silicon-based BIB detector are optimized; the optical absorption layer of the
silicon-based epitaxial BIB detector is designed and optimized from simulation and
experiment to enhance the optical absorption; the basic structure units of the
cryogenic readout circuits are designed and tested. The innovative research results are

as follows:

1. Ton-implanted Si:P and Si:As BIB detectors have been fabricated by using
integrated circuits compatible process. Both detectors reach the detectivity of
1013 cm- hz!? /W. At 5 K temperature and a dc bias voltage of -2.3 V, Si:P BIB
detector shows peak response at 27.3 um, detector response band width of 2.5~
40 pm, and dark current of 1.12x10"" A, The blackbody responsivity of the
device 1s 4.59 A/W (800 K blackbody, 277 Hz), corresponding to a detectivity of
4.89x10'% cm-Hz!"? /W. Si:As BIB detector presents peak response at 23.8 um.
The blackbody responsivity of Si:As device is 3.65 A/W (800K blackbody,
277Hz) at 5 K, corresponding to a detectivity of 5.22x10" cm-Hz"%W. The
detector fabricating process is compatible with that of integrated circuits and the
detectors can be integrated with readout circuits on one chip, resulting in a
remarkable reduction in produce cost and a significant improvement of the

imaging performance.
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Abstract

2. The bilayer metasurface structure is used to reduce the reflection and increase the
absorption of the BIB detector. The transmission and reflection of different
epitaxial layers are measured by customizing the epitaxial BIB structure and
other epitaxial layers. The optical parameters of different doping concentration
epitaxial layers are obtained by using the Drude model. Combining the bilayer
metasurface structure with the BIB device, the bilayer metasurface structure with
polarizer has no observable transmission in the peak response band of the
epitaxial Si: P BIB detector, and the reflectivity is less than 3%. The polarization
information obtained by the detector conforms to the development trend of the

fourth generation focal plane arrays.

3. The cryogenic readout circuits are designed and the chip is made. The basic
structure of readout circuits including operational amplifier are fabricated, and
the cryogenic temperature characteristics of some circuits are tested and analyzed.
The test and analysis lays a foundation for the further investigation into the

readout circuits used for focal plane arrays working at cryogenic temperature.

Key Words:Blocked impurity band, infrared detector, ion implantation, antireflection,

cryogenic readout circuits
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1.5 BIB {Zg%

PEL 44 2% B 7 (Blocked Impurity Band, BIB) #R3l|#3 /& T 3E A St o S 400 25,
R FHEHES (Impurity Band Conductor, IBC) #EMZB S iy— A, 448 BIB
MG AT, Sk 7R — T HEARIERNIAR .

JE ARSI 45 ) H 2 S P 28 51 BE BRI i e T AT RN B 7
AAEZRAZE 06 TR EE — A2 R BB R0 2B ROR BT L BRI A DL R R 28
B Z B s U,

AR AR SRR R B — R0 AR LG AR AR E S BRI 2R,
JE 2R T RE AR R R R, AR S W R AR D R H T i A R AR S ) K T
FUEPHFEY (FPA) . HT CMOS FH TR & #3 CCD AR kg, wEAIE
AAEZR W BEAH b b BRI 28 B 5 1 tH L BR TR AT AR 1, M JE 38 T ik B AR AR TR
MR PR R R

FEARNEN BRI B R RO R GG FEEXE, EXENAIIRCEES
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JE AR B B4 S5 7 o' RS AT A BRI AS AR I 2T ST BHR IR RE R I, AR
IR EZA R IO o SR LA ERI SR PR IR R e T R, R
SIS R IR . BRI IRERESIHER, BRRbafs. Blgerk
WER ST —ER, &RAEHE SRR R, BT ] LAE T 48 50 18 T
T BFREE R DI SRS S A AT, 284 1 H A IR R EE 2 W)
FEM LA

A T S, [E R R T R AR PR G M RE S PR R 23 A1 ) e
B Z R LS, A K E Petroff I Stapebroek Z5 ATE 1979 SE4RH T M
Z TR AR AEIRUY, 3 B EMINGIE T Si:As BIB #Rilll#5. 12 ItAE b
AT TR EE ST 1 BIB R 45 ' B e S A0 B 1 06 7 iR SR IR AL . AR % BUH R
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Figure 1.7 Spectral response diagram of extrinsic silicon detectorl’
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Figure 1.8 Device structure of (a)front-illuminated and (b)back-illuminated BIB detector!””

BIB |38 12 L2 47 ASMEE BIB M1 TFEA BIB. HENXAS TN, £H
f4h3E BIB Mo AR AT R AT, wE 1.8 Fix.

R BIB REHH. fiRAEMNLIZHRESE, ERAR I EE
KRG RIS R, ReE LT REKFERIT . S ERTTEREEWFTE
LS (CVD) | ST HR4ME (MBE) FlffHsbEE (LPE) 7, BHRAME
BERZESHEN, ARSAE EEEKBRE . REZEFIASER RIEL B,
V BB - RS RMIN T R, L EREFERLE FEAN RS,
EFHRIALERE2R. MIEXEEEREBLIRELS, BIBENESE;
BEBT RN BT AR T EE. TRAEUEEESR, EHEFEE
ETFETR, ISR EEENRE .

HAE BIB BTREED S HBRRTHEERTWRFLIMEE ERDH
HATHELT 102 cm?, FHAHEE BIB B4 ER B ERSHNERM, X
BRI T 43R (4 A9 R R FIFH 57 . Beeman % A 2007 F B JeiR H T 578048 1\ A9 A
EREHMBRELEAC, HERTEFEA Ge:B T4 BIB £ 028 A4 &I /EF0
1w, FREAI3KIET, SEEBEENER0I2A/W MERLEEIEA
523X 10 WHzY2. P EBRAMEFAMNEFABLELERM L, &%
HEE BIB #5085, 7T S FEARE SiPBIB HBHIT, EFEESSKHET,
PR BN R 2R 41.2 mA/W, BAARRER 7.6X10° cm-Hz"HWT,
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Figure 1.9 The schematic of BIE detector
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A, BEEMAELTEEGIEEER BB RNIEMIEEHE . SAmEdEFEAR
BHREELRE, BeElEgnts, SRR RT. BERE, EFEA
HEMTUMAKEER R ZEEMERIRE. R ERASAITRREY,
TZMHEMEE. AAEFEABRBRAMNZELZALS CMOS TEHE, MKRH
AR EZEEEREERERE T EMEE, (a0 LIS S5 5 2#
— R H.

Si:As BIB # il 88 & & B8 2 0 5 MR BIB #0285, Houm £k S8
m2~30 pm, [TEMAEEFRVERFEMN AN IE b, M EAKFEEREFE
#LE., st R eMEHETEERRES . P sb 1 EB#EH TH % BB
FiNEE, PSS TE Si PRIRFEESRE As %, SiP 0 Si:sb BIB HFMIBME L F
AT L4 )15 249 35 pm 1 40 pmP487,

R’ 1.3 =5 SiAs BIB (TAMEFIIMEFIE E AR
Table 1.3 MMain performance indexes of high petformance 5 As BIB infrared focal plane array
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WA RAIIRER BIB PR £ Si:As BIB #2025, F# 1.3 511 T Si:As
BIB 4L 4MEF I FEA IS SRR, B R, TERE. RBER. 5
MR TR R T AR SRR AR EE AN AR R S TR ST
128x128 {2 7oHY Si:As BIB f5°T (1], MEBHFHA RGP ELE S I MRZE
£ 1024x1024 {F70H Si:As BIB £-F . 3£ 1.4 514 T JLAK L L E RGN
R H R ZE BIB Fh2EAIFRS K/, BEE DRI AR, JUACREE: BIB R & 1L RE K
RBRET, HI—REBEFHORTEZSES T EMAHIOILIMRNRE, B
A BRI BIRTF .

R 14 KX TPRES R REE BB 67

Table 1.4 Launch time of astronomical satellite and silicon-based BIB properties!®’]

Satellite Launch Date  Silicon Detectors
Infrared Astronomical Satellite (IRAS) 1983 PC Si:As
Cosmic Background Explorer (COBE) 1989 BIB S1:Ga

CAM: PC S1:Ga (32x32)
PHT: PC Si:Ga (1x64)

Infrared Space Observatory (ISO) 1995 WS- PC Si-Ca Si-Sh
BIB Bi:As
TRAC: BIB Si:As (256x256)
Space Infrared Telescope Facility (SIRTE) 2003 IRS.BIE Suhe{ 26128

BIB Si:Sb (128x128)
MIPS: BIB Si:As (128x128)

1988 £, Watson S54 {5 Al SRAT R BRMIB KT8, 44 2L BIB 2L AMEFTH 1Y
H& BATEES SR, R R R T IR R R &1 3232 BT
Ge R Ga LHE A BEFIEME, N AT 40~120 pm, 2520 HY Ge 548 Ga &
AT REF A 7 3% K AT A 150 um 38 1.5 156 7 1y B 5% 7 [9) S 0 % H s 4 4R 1

— Ui EE
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F 1.5 BRMETERTEAETE (SST)> Mt B AHR N 251k se]

Table 1.5 Typical detector properties in the background limit spitzer space telescope (SST)H

Detector Material A A FON 5 QE Laar BG. Read
(um) (um) M @AWy (%) (e/s) Noise (¢)
GeBe 40 16 3.9 0.5 7 40 30
Ge:(Ga 60 24 5.8 6 10 40 60
Ge:(Ga 100 40 97 9 20 80 60
Stressed (Ge:(Ga 150 60 14.6 12 10 100 80

Tl L R R BIB 2RI 25 B2 10 i R gk A BEACIR90), - RAB IR 1 GaAs FEAMEEZ,
HiEEEB AN FIREERER 108em? HEFIK. BRICERIEBXIRE
KT 102em™ FURLBRE AR A1 L 2 1] LB AR KPP GaAs £ BIB #3128 H ATHR
ERE D, HFHLE. MBS FH—PRE. IR RTELH
LLAMETEACP 23 TIR B A FZEAN Ge/GaAs i BIB R, BHATLRER
Ga. B. Sb. I Te Z£[7881, Hh GaAs 5% Te ) BIB £ 25 vik 300 pm A0
W

SRR, FEE: BIB TR 5 540 um KT E LT 4 E BIB & % 40-200
um JFKTEEP2R], G R BIB £RI183 B S KA 300 pm B2,

BIB & & 7& /¢

B & 1.8 #1 1.9 B7nf BIB #3445 f4 W1 &0, BIB ZRill#8 B WOZE . BEEEE L
KA R MR BATER N 2454 (1) BIB 28028 5]k ik B BIB #8125 14 T
TEIRE, A& 1.10 BoR.

BB 1.10¢a)y ] LA 22828 = Bl EiZ B HERZE  (top transparent layer) .
FE 4 2 (Blocking layer). WY Z(IR-active region)F1 1 B % /2 (back contact) 4 .
A2 2 R LU, BIRZE BRI T 2% BT RE 2K B 40 B I 2 0 2 Jo ol
21, S 2R AR, BEREEDBE. HEE—miRERNIEN, TRIE N
ATl — 1 E, BEAAAME 1100 R: BFELIsTHAREE, B
BT RAWKITE WM HENREEN, ek RRET H T 239 LA
FROE . BRG] LA, RAHN IR &S A 2 G A 5Tk,
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A 1.10 BIB RIS @& GHEE 0 ERETHEAWE (OQEWEMewEn
Figure 1.10 RIB detector (ajcross section,(b)electric field, and {clenergy-band diagram of a
positively biased detectorl!]

ERZEFMARIL, Si:PBIB #Hll& A RA — P mEE. BEArEETER
SHAISRIRISIE, H R EB L8RS 1 BIB E N S0 R BUR AP,

A E A E R A, R R R THERS, RmEREE D, FREREMR
HERBRT AETT. MuwaMewAELER, SWAETHE. BB Hill&+
RILESHBEZEBRREA—F, EMERELSHRATE 2L (Interfacial
Barrier) .

HAFmHL2HTFE, RERERIREE T B BT Al i /i M R AT
BoMERRI AEW TR E TR T REERT BliESET, EHEBEMATE
AL EEIEL, BB MR RS AW P E T RIEEXT RS, ERERE
HTEISHWE, EHER iRm0, AR TR E L ERRRE
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L), UM TR A EEWE 1120 f~. BAER (Basic Mode) Wi
JEE A 11200 T A BTN, RREA (Extended Model) WARIEIENEE B
fheFrn. PIMERIEEER, BT ZFNERERREg. SRR E
2, HEEE: BIB HRII2R R A B2 A0

Top E Blocking
Contact | Layer
1

Active Layer == i Bottom

1 Contact

1
1
§ e 1
E Thermalization !

m Wavelength (um)
5 10 15 20 25 30 35 40

1.2 Basic Mode Extended Mode

PC (Normalized)
]
=

100 30 20 10 7.5
Frequency (THz)

B 1.11 ()& T RE 2300 HUH RN RER (bR B8 Bkl
Figure 1.11 (a)Band diagrarn at positive bias illustrating the photodetection processes with
consideration of the effects of the interfacial barrier. (b)Normalized photocurrent spectra arise

from the basic mode and extended mode.®

16 SREHEES

£ -FHIfE ¥ (Focal Plane Array, FPA)RTE MG &40 S MR BT
CIRE) BEST, QARG . PPy EE — 42 SR 4
i1

1.6.1 4THNMEEMERES|RIE
K112 2R E IR R NS e BTN TR R
E, il ssfermd il L2 St i E 112 R AR L Z 5 &
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AGTEIERIE LN, R8s iR S, Dt S SR iR AR
PR, SEBES R HAEOR, RN R AR A, B HRE TR NE
BIEE.-

Bl a2 SR RVE O IRIR A AR RhE R e BRI AL AT B A1)
DEENE OFLLIE o WG RBTAE 5E
Figure 1.12 A typical infrared focal plane array with backlight detection and integrated silicon

based readout circuitl™’! ajindium bump technique, b} loophole technique, ¢) detectors and the

circuit are comnected via indium

1.6.2 EXmEEHBET
5t EREE S A N S5 B S A 4 HAI(ST) - JELER [ 25 1 A\ 45 #41(SFD)

N

A RMEHPI RS (CTIA) . HEFEANWALEK (DD | RGssam g
#) (FEDD) . HiEEHmALEH (CM) . B AR (RL) M6 H R

PEFHAT A RS (RTIA) Z01,
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Figure 1.13 Detector and CTIA circuits*!

I — M ERITEE — MR AU R8I H # 8%, LA CTIA R4 A
Bl HTEFREFITHENA. B 113 BRNES CTIAG M BERfREE.
B REIER S (CTIA) BTN BB ZEESHEE: ®ISEHRRM R
E(vbias)/F, JeRES TR, MBRERE L ETHEAERRERE, £
BT R SRR EREE, BERRBREESHIEmE, EEFXITH
ARG FIEIERE BA, TEA— DA IERR, AW M RINEEE S0,

CTIA BBESEREER RGN RMERIIA T —MREEE, FRN&ES
ERYEEERBBE FH 0, MAERNERRS BE LR, ZFaEmNEE
PR E B EEMEE, ATREERKEELFHNESHEREP), FypiRig
mRBE RIREEMARRNEFA RN EERENS, CTIA BB ELHE
HHHEATE TSRO, XM e e B A ELRE CTIA BEELE SIH SFD A & B H
2N

TR B (Readout integrated circuits, ROIC) 3£ - 0 & F Th gk
FRTER—FE AT AP S ERE RO, RHER BB THIRNE. K
REMEZBETTRFE N EHEMRBE —RASEERERE T ZHE, CMOSTE
HERFANLE. EHEREHESRNEEFEZEAERERS LA, B
WA BRI 454 2R s ) R B S5 33 ol
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PLTHERETT

FOCHFER A (CDS) @4 fCMOS LB 7 3 A CCDHAL B, fIKIR T CMOS
B PERERESF . o HLAETS 5 2 DI BT S B (5 B B B, (2
Bt AL AME T i — 2P AR o 1 H R B B PR BB O RS AL SR T R R
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FEARLLAMRN E D201 20904E A, W 1 2R 3w . B =4
SPRFREBIRMENER R, BEWEE, BUrAoHE. L0088 EESA
BL) Bt S = P BE SRR LIRS «

1.7 FERIXHAREBHIMEZEAS

BIBRM#H 2L HEI R R, USEEAE AR ER O S MR it R B
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B A RlaE. BRI E B S S R AL MR B R V) R R (R R E
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& 5.4 (a) EHFRY BIB RN S EME, RIS A A0 152 H g 2 ) it
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B RS TN TR E B HI{E 5 -
F 517 FEEFEMARL AL AT (Raytheon Vision Systems) ITLZEFE Ny

IBC (BIB) #3250 18 H He R i) — He o 250
# 5.1 EWILE ZEAF) 4 IBCBIBRN 23 2 il A KM 7

B

L SRR

Table 5.1 RVS ROICs designed specifically to support IBC(BIB) detectors and provide for low

noise and high pixel densities"™

Parameter Si: As IBC Aladdin Phoenix MIRI Aquarius
1024 x 1024,
Format 320x 240 1024 x 1024 2048 x 2048 1024 x 1024 1024 x 1024
Pixel Size 50 um 27 um 25 um 25 um 30 um
ROIC Type DI SEFD SEFD SFD SFD
Fill Factor >95% >95% >95% >98% >98%
ROIC Input <11‘8‘0";C§‘§S
Referred <1000 e- RMS 10-SOe-RMs 6 - 20 e- RMS 10 to 30 e- S
Noise High Gain
<100e- RMS
Integration 5  20x105e-  2.0x 10°e- 3 x 10%- 2x10%-  1or11x 10%-
Capacity
Max. Frame
Rates 100 to 500 Hz 1to 20 Hz 0.1H=z 0.1 Hz 120 Hz
Number of
Outputs 16 or 32 32 4 4 16 or 64
Module - 2 side
Packaging LCcC LCcC Lcc Module bhuttable
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