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Abstract

Abstract

Infrared photon detection technology has been developed for nearly ninety years. At
present, the development directions of infrared detection system are smaller size, lower
weight, smaller power consumption, lower price and higher performance, which is
often called SWAP3. In this context, the new generation of infrared detection
technology will focus on preparation of high sensitivity and high operating temperature
infrared photodetectors. And it has ushered in an era of rapid development. The
synthetization and fabrication of mercury cadmium telluride has significant influence
on infrared detection technology, for HgCdTe has extremely high photoelectric
conversion efficiency, excellent carrier transport properties and advantages of the
tunable response wavelength range along with the Cd component. Another more
important thing is that HgCdTe owns large electron-hole ionization coefficient ratio in
the mid and long-wavelength infrared range. For this reason it can be used as one of the
most ideal materials for high-performance electron avalanche photodetectors. However,
the researches on HgCdTe avalanche photodetectors in our country are still in its
infancy: the material growth and device preparation technology are under development;
the dark current and associated noise are very large; the avalanche ionization
mechanism is still unclear; and the device evaluation has not yet formed one standard.
Therefore, the research content of this topic is to study the influencing source of dark
current and associated noise of HgCd'Te avalanche photodetector, the optimal design of
devices and the method of device evaluation by experimental measurements. In
addition, for the future applications of SWAP3, the detection mechanism of novel two-
dimensional materials and extrinsic silicon-based infrared photodetectors operating at
room temperature is preliminarily discussed.

The specific research contents and main research results of this topic are as follows:
1. Researches on the dark current avalanche mechanism of planar and mesa avalanche
photodetectors. ITon implantation and in situ doping are two important doping
techniques for preparing plane and mesa HgCdTe electron avalanche photodetectors.
Through the establishment of two-dimensional simulation model and compared with
experimental results, the impact ionization phenomenon model was precisely proposed.
The results show that different performances between planar and mesa HgCdTe

avalanche photodetector should attributed to the doping and structure design of
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multiplication layer. The electric field intensity in the multiplication layer shows
significantly effect on the generation rate of inter-band tunneling and impact ionization
at -8 V bias. The results show that when the electric field intensity is 1.5 times larger,
impact ionization rate could be more than 4 orders of magnitude different. In order to
optimize the design of HgCdTe avalanche photodetector, it is necessary to avoid the
local electric field. Only if the electric field is totally acting on the transport of photo
generated carriers, the high performance and low noise devices could be obtained.

2. Researches on the influence of non-uniform local field on avalanche photodetectors.
Non-uniform local field is one of the main reasons affecting the performance of
avalanche photodetector. We set up a laser beam induced current characterization
platform, and measured the electric field of HgCdTe devices and InGaAs/InP avalanche
photodetector with guard ring. The measured results show that 80 °C 96 h annealing
treatment can improve the carrier life in the etching arca of HgCdTe material. It also
shows that the guard ring can effectively suppress the transverse electric field
introduced in the diffusion area and significantly inhibit the non-uniform peak electric
field under the linear operation mode of InGaAs/InP avalanche photodetector. The
characterization and suppression of non-uniform local fields can provide one effective
way of reducing the dark current gain and preventing the pre-breakdown of avalanche
photodetectors.

3. Researches on the guard ring designs of mid-wavelength infrared avalanche
photodetector. lon-implanted HgCdTe avalanche photodetector has simpler process and
shorter preparation cycle. In this work, one anneal-related graded junction model of
mid-wavelength ion-implanted HgCdTe avalanche photodetector is proposed. The
results show that the device bandwidth is mainly limited by carrier transport speed in
the absorption layer, and the device bandwidth can theoretically reach 3 GHz.
Additionally, we designed HgCdTe avalanche photodetector with shallow, medium and
deep guard ring structure. The simulated results show that medium and deep guard ring
can effectively reduce the dark current, reducing excess noise factor and improve gain
to noise ratio. Compared with the device with no guard ring, dark current under the bias
of -8 V decreased 1.6 times and 2 times, respectively. And gain to noise ratio is also
nearly one order of magnitude higher than the device without guard ring. This work can
provide basic theoretical guidance for the preparation of mid or even long-wavelength
infrared HgCdTe avalanche photodetectors with the high signal-to-noise ratio.

4. Study on the modeling and mechanism of high operating temperature two-
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Abstract

dimensional material infrared photodetector. Based on basic analysis mechanism of the
dark current and associated noise of traditional infrared detectors, the new concept two-
dimensional material infrared detector is theoretically researched. In this work,
absorption characteristics of two-dimensional materials were calculated. The results
show that high-performance infrared photodetectors can be fabricated when the
absorption coefficient of two-dimensional materials is larger than 10° ecm™. Taking BP
with 100 nm thickness as an example, the calculated results show that the peak
detectivity in mid-wavelength infrared range of BP devices could reach 6.3x 10! Jones.
In addition, through TCAD modeling we obtained the advantages and disadvantages of
mesa and plane two-dimensional materials devices with asymmetric characteristics.
The reasons for two-dimensional materials devices with easy regulation and bipolarity
characteristics were made clear, and at last some experimental observation phenomena
was explained by proposed models.

5. Preliminarily studies of high operating temperature extrinsic Si-based infrared
photodetectors. Si chips represent the most mature semiconductor industry at present.
However, limited by the intrinsic energy band of Si, it is not allowed to be used as an
infrared (>1100 nm) photodetector. Therefore, Si based ultra-bandgap infrared detector
based on the photoelectric effect is a significant work. In this work, the deep level defect
band was introduced into Si, and then the limitation of Si intrinsic energy band was
broken. Though the designed block impurity band structure, the extrinsic Si infrared
detector with the ability of ultra-bandgap infrared detection was fabricated. The room
temperature experiment results show that the 1000 K blackbody specific detectivity of
fabricated device can achieve 4.5x10% Jones with 1.1 um filter, the 1550 nm quantum

efficiency can reach 6%, and the cutoff wavelength can reach mid-wavelength infrared.

Furthermore, the microregion characterization of absorption spectrum, reflectance

spectrum mapping and infrared imaging were obtained by the fabricated devices.

Key Words: Infrared detectors, avalanche photodetectors, HgCdTe, 2D materials,

extrinsic Si, high operating temperature
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Figure 1.1 The history development of infrared and its detection materials
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Figure 1.4 (a) Schematic diagram of electron impact ionization; (b) Gain of near infrared and mid-
wavelength infrared HgCdTe APDs in DRS; (¢) 128128 HgCdTe APD focal plane arrays in

DRS; (d-e)Distribution of gain and noise equivalent photons in the arrays; (h-k) 3D Lidar systems
based on HgCdTe APD and the active imaging target at 8.9 km.
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% HgCdTe & BARMALIRA F 407, 53] © HeCdTe B Cd H 70 AL B AL 7
BRI a s v, BrHExt HeCdTe APD BT 7+ 2 25 U4 /NE B, mlee R
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e
Figure 1.5 NASA Goddard Space Flight Center evaluates the mid-wavelength infrared HgCdTe
APDs: (a) Profile of HDVIP APD;, (b) Top view of HDVIP APD; (¢) SEM of HgCdTe APDs focal

plane device; (d) Measurement of single photon detective ability; (e) Packaged HgCdTe APDs in
Dewar; (¢) Response mapping; (f) Measurement of the bandwidth.
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fHEE R 1E | O 5IAY 320x256 HiEZLA HegCdTe APD £, #5445 H 7] DL
AT A BN TR IR, 5 e B AT LA TR DA R 25 X r), £E-FTHIAE 9OV fhi
BN EA 174, SRIGESFFEEDSTERETEHNF 15, dTds &
T 3D HIEHAE B4, LU T3 ARG X 3D IR EA R 2011 fEE R
415 HeCdTe APD i 215 75 R F BAR A 52 36 B0 52, Rothman E257 7 1 S A5G HY
(History-dependent ) i M p5 (R TRIAY, M R Al g4 RIS IR T i, Xl
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SO, R HLSEIGEE RAAIE TAHOCE AL I AR M, MOCE R SRS R A 1.6 BT
s 200 EBR B R HeCdTe APD R 5T ey st i i B R 38 B AL L Al
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R, EE. EE. BEEEF B 7 HgCdTe APD AL 18 M IS SL G Y
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Figure 1.6 Calculated (a)Gain and (b) excess noise factor based on history-dependent avalanche
impact ionization; (c-€) Active and passive imaging used HgCdTe APDs in Sofradir, (e) is the
video capture based on the 3D Lidar systems.
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HgCdTe APD 23fF, 3£ H 7 HgCdTe APD 5z s L EE 7 T thEL /S T — 2
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AR, FH AR IICHEAEA e, AR T B8 2 R S A R L AN B,
T HgCdTe APD il 4% FE — 2 1) 5 TR = JE Rl B0 30 44
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Figure 1.7 The operating temperature of common infrared detectors at different wavelength.
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Figure 1.8 The specific detectivity of common room temperature operating infrared detectors at
different wavelength: black dotted line represents the bulk materials, red dotted line represents the
low-dimension materials, the legend means the 300K background limited performance with 27

field of view.
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BEIROM B B, N EEE AN
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ERXAF, Iygne M RITERGRL P NSGEIE, q ATLEM, n)NETHE, bl
HRE L E A v e EE S e BR AN D e AT DA A A E B S B,
TX AR R ARG 0 R EE 1 7 i R b U o n] DA B R 23 A N ZE 1 B Uk
BT Fy. ETHENRDNEEALNE B8R T A p)ERERRTH
WRER B EE yOORIRER %5, BV S AR IR R AR IRER, vyOO SRS T
PO B Lo OCEL . B H T RACA RSO IO 2 A BRI R B a(h), BT
BRI SRR T B EAAT R K TS84 80t 58, B LRIEM R R
A a(ER LALLM R AR FA . IR BN EE Bk, WE AT E AR
BB L TR, SRR BT MM BT RS, R AR B ARG X, R
BHAE TP A0 BEAT LA R 10%10° em?, WK BRI G B R B N EZER
HGEE, —MIBRT, BRI R ERT BT R X T IR
TR B, BNCRECEA B, I8 D RO B 45 28 0 3 TR BRI AR &
VLT T AR A TR AR AT DA A H i B . SRRl 1t AL AR B
W REHIR, AT LS RIS BT R S TR R B K &

n=00-r)(1—-e%) (2.2)
A, r BB, [ RONMRIER .. AT LUEE BA0RH O R A
K, MEREXEER, H& RS ETREERBRK, ERAEEHELT,
AR TAEASRT 1 BT SRS EE 5 S A RN, &
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Rzﬁﬁ@E:%Gﬂ] (2.3)
TRIMZE (Detectivity, D) EFRRF = EESHTETREEARE SN
BrohsR g, B AZEAThER (NEP) MIEIEL IR EARA:

p== (2.4)

In

EAH L AR, o B g R L SUE TR LA 25 . R EFT A A R Jones
RN AT Fen it — 25 U N L BRI 3 (Specific detectivity, D*)

D* = D.JAAf (2.5)
ERHF, AAFRINAR IR, AR R G E . S%FE DU 7 HERIIES AR 104
=, HUEAT LA T BTE SRIA AP RT L, LRI B B A A em - HzOSW L
HAEFRA Jones® .

RS L, R AR B RS, AR ORI R RS S E, X T
MR — D EE EERNR . W TR S BRIN G, SEBRNGRESS
M 7 (Thermal/Johnson noise ). HUAL M A (Shot noise ). A -H &M
(Generation-recombination noise). 1/ MeFE Fyus 4, BFE— PG E,
(B o e AR AR L - R R AR R R A R A, MR P ) DU 2 e e vk
KER

WIEFE: L, = JAkTAf/R

BRI L, = J2qIAf

PEREWE: L, =JcAf/(L+ (f/fo))?

VW Lyyr=a/f®
EAH, REFNAGATHRE, T HEEER, a. b M c A Rlh Uy WEMPEELE
EIRFE AL, B B AKX UGS, AN E RS B EEAER, Rk
TLAEM e A R B B S R ORI M (S A s O, W F e AYek
£ -EIRE R IEMSMREESEER, TAEESRESHRRIE . 8RR TR
MR, c RRARERE, WIRER LE, HEEERFSEMERS —x
KL, B fofm R, 1 WX Bk, SR, RIPIL SR
£, HHRNE LR, 1f R LAEZEN DMER. TAGHERNECE
FEIS R, B2 R AR R S R E AR S RN, JBTSE4
— PRI R . B S RIS E R B AR E T, AR N
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Figure 2.1 The spectral radiant exitance with variable blackbody temperature.
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Figure 2.2 Background limited specific detectivity at different background temperature of
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-
EA o RGBTSR EEIR T, ¢ BAIEABRNE, oS- BURY
250N 5.670 367(13)x10°° WimK', L A SERMNEEE &, T ARKEE,
To AHMEIIRE, A AOUHEA. WEn, HERGFENSEFEER, BESmts
A BN, BEYMHRARTRIAERES, BRI 2S5 v H 52
(S5, R 32 BB A 7 B8 B HR I 2 I — A EEAR v IS Sl

T AMTE W 5 S I T AR B OB AT 8 B B M, (H TR R
W IR RE B LIS, X T IERE A B S R AR BE 5. PIL R 2K
JEOGIR B F IR AT St S R . St IR A CREE AT,
BINPESE F R RGALHE, RANRG SRR AN E Bk AGR = BT
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— 1 T

Ty = Ffo v, (t)dt (2.10)
5 = onlD — 5 =2 [} [9(0) - T2l .11
Vrms :m: J%f;[vn(t)—v_n]zdt (2.12)

T RIS (6], HARME v s TR A e, X A FRD M = (RE
PR . AR AMRE. UFIRFES), TEAKLEMM. X2 IBEE
HIRE S, TEAUTE R, I E S R A MR &L

ca(t) = lim = ffﬁz v, (D), (¢ + T)dt (2.13)

RIEHEHN-EE0EE  (Wiener-Khinchin theorem ) *° 0] L) 15 51| 14 7= (1 Ty 3¢ 3 28 1y
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(Power spectral density, PSD ):
PSD = N(f) = Flc,(0)} = [ co(D)e 2™ d1 (2.14)
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F S AL REL I A A5 R AN 18] 2.3 P, AT DU B A PR S B R SR oK Y
TAMEFE (RS2 RR T A B RO A A AT IR S, B AT E REEEIR
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Figure 2.3 Schematic diagram of noise measurement systems and the corresponding measured

results of variable resistors.
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Figure 2.4 Schematic diagram of one-pixel imaging system.
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FIELERE LR . R T AL HZRIIES, AATRE R, B30 RO B PRI,
HEcIEER, THRSFEIEZMW, HERIESHER. LA GRERNE 7 2R
O TS L2 — SRR AR MR, M H S ot &SR gk it 5T A 2 i AR
fEH, RIS EFENHMEENFE TR . RS ERESHNE
Comsol. ANSYS. Sivaco & Synopsys TCAD %5, AT HIH 55 THEE T Synopsys
HEFE Linux B40 FHFRH Sentaurus TCAD (K CFRFR TCAD). X4
TE2FRAFMTZMGE. 3D RATT RS, ENEENL, BiRE 7 E2EME
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——=-*t (2.18)

o = —qunE +qD,Vn [, = —qu,pE + qD,V, (2.19)
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Figure 2.5 Software interface of TCAD
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1Ce,y, 2) RGBS, L 3R A NSRS . % T HgCdTe A1k, Wil Raka it fE
Cd #pA i, S 7 M Z8UE, AT AR 2R R, R g oL
PR R AT 06 FE R ) T

HHT, HgCdTe FRMELIN &N BE Cd Hor A b2 TR A T 90%2
F, 0 HgCdTe s#FIERES S B R BUNMMEFEH, Bk HgCdTe a3
FE I A T M VR I A A A — IR 22 T4 . HgCdTe a3 ML FE I & H5H

25



WL 2T S 6 v R 8% R 1 ARAIE S R i A ATLEE S A

R L (Diffusion current , Diff), 4 & & M fii(Generation recombination current,
GR)~ {7 [ % 5l B 28 HHL 7T (Trap assistant tunneling current, TAT) LA R 78 8 K 5 AR
JETAE APD 2344 0 H7 [7) B 2F BE ffl(Band to band tunneling current, B2B)F1T A Fik
% F Jiit (Avalanche tunneling current, Ava) 1%,
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]diff:qnfﬁ(\/i——:-%a+\/f_—:-%d) (exp (%)—1) (2.21)

EA i ARMERFTRE, Vo AIMNEE. 2007 F, Tennant S5 7 K&
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7 2% 18 H A R

TCAD XA 5 & RS 5 SRH. Auger fIERFTH G418, SRH /"4
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B EBHEA AL, EATFamlEl, EAERIR, SRHE&FFRRN 1%

R = o — (2.22)
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B, E R BRALE, 1, B TRERK G40, BT EE B EZESE
S5BRIRE. S TREERSNNEZ KR £ TCAD HRFEHEEIRE ZF H R
WfE SRH B &8, R yHm D75

_ _Tnp
Tnp = —1+an (2.23)

FrPn, , R0y /0T 22 BRI RE 22 B8 2 AU MG A A T

_ BEnp AEnp 1.5
Loy = — fexp( —Fu - Ky put )du (2.24)
4 2Mirap (AEn,p)S

ERF AEp RO TFBEHREE, My, BT RHE.
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HeCdTe ¥ AT RS —AEBEF2ZAME/ER. TCAD F, 1 Auger E&51HEA
AWML A5 i E AR R EF R .
Rt = (Can + Cyp)(np — nf) (2.26)
Hie, , A 5EARHEE & /5 BESIELTE HeCdTe S4HEEE S0
BT
WA E AT EETRAM B L, [HX%TF HgCdTe MR, 5T E & %M
PLH A B A HLRIEAR, 72— SoRpk B T A BT i e, MR SR MRILL
Hopy 108,
Ryqq = Brag(np — nf) (2.27)
HAB o NESTE & FREL
XA AR, B CARTEROAN AR EE R T RO APD 284, i W) B& 27 HR 2
WAE RIS, B EMEASEEA AR, BEENE, WHEFHRS
il & T 25 AWAE S RIga % I %, TCAD F7 Schenk. Hurk %75 [A]fi%
TR, fhxf HeCdTe #1E, AT LA R RIAL iy ] o iR AL B 109110,
G52 = AEZexp (- 2) (2.28)
Hib A, B AWRBEF AR
HegCdTe APD &5 A b B9 A0 B LLR B R L /Y, 72 TCAD H 3/ A RIAEEE =4
LR IR, BT Okuto 5 Crowell $2H L RFA R (0-C A0 1,
G = anv, + fpv, (2.29)
a(B) = aggE exp (- g) (2.30)
EX A afIpR A THE MR BRI, a,p. b ARSHREBELH KN
FEZEL ¢ R—PMERBERL, BFERE 05 1 208,
afl B & L Foon ATE AT EEES T R SRS R R AR AR AL
R, 20l dx IS, MRELEENRETRE A
dn = andx + Spdx (2.31)
MAE S GORBR— M T X (A w) x AR =4 rH
B TEH , o A BTy, 15 R0 AR ik
G(x) =1+ [ aG(xdx' + [ pG(x")dx’ (2.32)
FFXF HeCdTe #18L, S5 EI A0, TSRS - (B Ta, Wa]
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L7521 HeCdTe ¢-APD 1528 i A N:
G = o = oWaaE exp (-3) (2.33)
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Figure 2.6 Comparation of simulated results of HgCdTe APD using 3D and 2D simulation models.
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AR HeCdTe #14), ZnS 1R AR, @I B B THFEAERK o BN, FA
REEN 150keV, 2R G HEAPGEIB K EME X HEH, LR p-i-n 44, 8
A CdTe/znS H4LZE, BLIEIRST Sn (30 nm) /Au (50 nm) SZHER G fa il
B 1E AR %

H 4L HeCdTe APD [U5]& 2R H MBE Jrik, B eAEK CdTe M E R
A R AL, EEHIAERKEE . Te X CdTe AL Cd 4150, MR EES IR
5l RH In FABREH N N ERER, HBRRKETEHEAELE In
WORFE SR SC In FURAOEES], FRE In B4 ERRE AT In B AIREIEHER E .
AR FTER T S EIER K, SERB R TR IEIE RED . MBE A K AR

31



A LA e R RIS = s SR S RS AR A LR 4

AR P A, EENREHTEMEERE, BRETLEE, BREKRR In £EE
ETZH &AM,

KA LA EFR T ZH& T H 44 HeCdTe APD 234F, TSP RER
0k 3.1 Frm. ATLAEEISAFEA 0T pin B, BRI p X FIEX n EAE
WAEAE X n' R

p-contact n-contact Passivation

(@)
Multiplication layer p-region

Substrate

n-contact

. =T
e ‘ Ry Passivation
(b)  Multiplication layer

p-region
Substrate

B 3.1 FHE/ S HE pin 4544 HgCdTe e-APD £ 2 B
Figure 3.1 Schematic of (a) planar homojunction p-i-n HgCdTe e-APD and (b) mesa
homojunction p-i-n HgCdTe e-APD.
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Figure 3.2 Total dark current and dominant components in the HgCdTe APDs. The structure effect

on the I-V characteristic of planar and mesa 1s shown in the inset.
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Figure 3.3 Effects of doping process for planar and mesa APDs
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Figure 3.4 Simulated dark current for different radii of curvature of the n™-type junction comer in

planar APD and different thicknesses of the multiplication region of both planar and mesa APDs.
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Figure 3.5 Comparison for the measured -V characteristic and simulated [-V characteristic of

HgCdTe avalanche photodiodes (a) Planar, (b) Mesa.
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Table 3.1 Key structure and physical parameters used in simulating HgCdTe APD

n-type i-type p-type
Ln=2 im Lyi=0.6 um Lp=8 um
T 4k
Ng>1x10% cm Ni= 1x10% cm® N,=3x10%*cm™
Lp=3 pm L;=1.8 pm Lp=8 um
G4 Ne=1x10%¥cm Ng=1x10'* cm N-=3x10'cm’

N T BEE T4/ G 45 HgCdTe APD PRREZE F¢, B IR fU0 AR L 04T
B PHE AR R -7V I 8B FE 3R 9015 o A 5 Rl B A0 iy (T8 57 7 AR
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Figure 3.6 Band-to-band generation and impact ionization of (c) planar and (d) mesa HgCdTe
APDs under -7 V bias,

313 FHLZSEAMEE HeCdTe APD NEE

KM LPE BB THENERIR A MBE RIRA 54 /5 4] & pin 25 1028 ARy
DA & "0 4k HgCdTe APD #545, MBI K KU T 25 Tt Aar il &
JTREAE, ZRFER]E HeCdTe APD I TZ2RE LA RL LK. HEXNT
HPERE HeCdTe APD HIfil&, HBEEBHMEARLES. FIMNGEFGRE K LT
SRIL. BRIEHIENBE o IR SR, T LB 2 A A (M) B 2 HEL R AU A RS AL RO, E
TRAEA SRR A, PERE IS — PRI SN2 B SR A D & AR AT,
G T ERTIG & T I S G LS HgCdTe APD I v i BLAHEAL 2 57 (10 )R A
AR A BIFENA G, TR TR X EE R RE AT —
BUE B, A2 TARR (518 X 3738 5 SRR RO o 1 Oy () B8 2 7= A Sl 4
e, EREIEERIZREIN 15 FHFRT, SEREEAES 4 M ER
PLERIZESR . XA HeCdTe APD it Bl S Rk L%, i e 5e AR A 308
AR AL HURE A B A 22 3R19 R PR R HeCdTe APD 54+

3.2 APD S#HHEBHNFESZE
bR, S & E MRS HeCdTe APD B4 HIR MR E R B EE
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Ry, BRI M S A IR IS T A — B HSR IR B
FLME], 05 BB T 100 um=<100 pm,  AATFRAEE S0 8344 N s 37 40 A 2
—HAEFEEAAR LM I BOLRIESHERE (Laser beam induced
photocurrent, LBIC) /&M FRIL A4 — MBI TR T % 8 i
A SRR AR AL B, AT DAWCEE S B S FIAL B ALK G R . X B RETHAES
2 F n ] (RAE RS AR i i/ F 8844, 5 SMEEE(RAIE S D881 5 30 SR A A A
FoAEHE TR 4% AT M A0 2 1) LBIC W & XM 22 88 R Hdz i 3R A TR,
BFERIRIE K L 23 HgCdTe #4 R J2 X InGaAs APD #%1 F il R 1L

3.2.1 EfEE 4E34 LBIC RAEF &

LBIC Jlli& T & FH I E RN BOLR R R AN E, £2
SRR MRS R, BREMGSIWERS. MERARSEM 2%
FOGEE, BOLTESIEEN Thorlabs 24 F] ITC4001, A] AR BOGRS AT E I 3
AR RS, AL BRI A 400 nm ~ 2 pm, BOERR AT DA S A1
P SRR T BB S Bt AR nT LASE IR T Aa s A Bk O S AR
2 0.2~1000 Hz, BAHHBAEHEBZEHHEEY, BRSSO
ARG XA R AR AR R, AfIREES
L. — R RATEA—EERE, ROTEE TRyl i s, o DSl b
TEA SRS, BREGH T RERE R ERE . Xl AT DL st s
B, SORCEERRE NN 4R . Bt aRRE 2SN rHa K
FEYIE (20, 100%) SEPNCE, e JoLhE R B Y0 [ w] LA A F RO AT 5
WR. E5WEARGEEHWA L. WEPCKE SR570. BHBKE Signal
Recovery 7265 AR REIE . BREZRG LG LT WAL INEE . T3 ES:
AL BEPEEREATH IR . EE 77K 2R RIS AR NG S, BEF
BRI S #5 3. SEE 4B LBIC RS WE 3.7 .
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Figure 3.7 High spatial resolution 21D scan LBIC measurement platform.

3.2.2 fIRIRIB K L ZX HgCdTe #E} B

il % w4 HE HegCdTe APD S5 B 6 W BERER R MEMERE RIF. B FEAT
ZERNERNE T REGEEMRETTEKERE, WSS — 5B KM
XHEREA B — R . HAl, —Frsrf i o X Hl& L2 EEER, RAET
REE T, e He B S8 p B HeCdTe ML #l & X, HENE TFiE
ANSEI n*-n-p 4544 B HegCdTe APD B & 14 R H BB F I 5L A 18,
FHEEHIEESEBEEREERTME, BT HgCdTe M BRI, ZIMuTHE ™
£ RKE He BF, RFahiE He FAsiEERY He B, AR s i 3= 3
Bk, Ehp b, BB FRZMEE S, e ERE MG, AR
BAHBIT T —SHRETEALZ, TS G B R X P& B A A L R ED
AR F LBIC 77 1E0 881 il st Bt bl 4 & S 1 47 3R AT .

LBIC FAE HgCdTe # 8l I EH 22 T N EHIGXT AEBIR FRIIES, wE
3.8 FR S, R B AN R ERUEE BB, SMEERSZENBEEM pn
g, fEpn GRS, BFETSY EBOERAR . SEOCREET pn &L
i, NE 3.8 (a) . MERARFENEEGEER T4E, M T HgCdTe # £}
HETHEERHE TS TEN, BTRE 0 MXNRERNISSI0M, p Bt
B B R, SBETHE SR AIERBHER, —HMatETRe
MAFIE MBS RS, GMRERke e T 58 F 8, ZEMSBR
—AFEEEERITE LBIC 5 ABOCREET pn 6 M, RS
pn A= A0 A A R AN ER ] B, IR AR 5 A0 LBIC {55 M R BT H
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Tifds SBOCHRRE TR FEF RN, G4 R T 52 R AP B,
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fir Q224 T RALN G NS 5 LFF M AL BRI 2% LBIC {55 B RN FoR de b
[ BB (1) RN, T HLIE 8 S Mo AR i 1Ak o (9 RO B DA Rt — PR )b
TAFfr. i LBIC WHARM FEBL T LA MR F 2. W EAE L ZT
ARt ) Rk R Yy, S ML X Ar B AR o B 55 ] A
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Figure 3.8 Schematic diagram of laser beam induced current measurement of electric field at

the edge of junction.
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B 3.9 57zl mhF HeCdTe 28 4181 HRE
Figure 3.9 Layout design of HgCdTe devices fabricated by ion beam etching,

N T FAEBTRA M E DRSS A n B XKRARIRIR A T ZA R LR B R,
B — A B it i A4 HeCdTe £PELA 1T T LBIC Uik, XALEIET
TARIR IR AL IS 73 AT T LBIC M.

20 pm 40 um LBIC
- Sizaal
1a

80°C
96hs

B9 3.10 1B KIS LBIC 4 5 il es 3
Figure 3.10 LBIC results before and after annealing process
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HgCdTe # K Cd B8 03, p REBIRIREL N 110 em?, BT HRAIME
H & T R HIA 20 pms 40 pm A 60 um FILEFIEEAE, SR EME 3.9
Fivs. BMOMEREBXERIL, EOLERNZMX, FAREXMNNT P IETE
A—AHETEZ X3 . B SR ARIB A RT HgCdTe #4547 T LBIC ik, #HF=t
AT QUK HMRIEAL LI, @HARE A, KA 520 nm BOGGI, MR
& 3.10 Fine 203 LBIC AT LR R], EFizlimpsas p K B4 7 A
E, A E S5ZdX—8. E25E0 LBIC 55 RAER, R LE TR
Zlh2: SRR T4 — 2 R, RERRmEFRN 78R FHg: T2
AT T 80°C (KRB KALER, 72 48 /N fE, BXE X E8F EHEAT 7 LBIC M
wl, FTELAZ #4494 (mapping) Z5RFFFEMREC AT, ZIMhIX A E5Em
AL TXSERAR3EAT 48 BN KAGER S, 153 T {EMELLSE 4T 1T mapping 755

m Before anneal
30 °C' 48 hs
80 C 96 hs

0 20 40 éQ _ 80 100 120 140
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B 311 3R KA S % B A 40 um HegCdTe 284 LBIC 5

Figure 3.11 LBIC signal of the 40 um HgCdTe device before and after annealing process.

LA B E A 40 pm HE SRR LBIC 15 S3UE, B[R4 FRwE 3.11
77 o LBIC {55 BRIV AE B BE A 150 pm, AT HIEITIE G, WEAHE LA 70 pm,
I BB R K A — 58 KR tass . aT DN A M ¥R R E S 15
um BT . MG HLIR mapping XA LBIC (554 HEFH, 80°C 96 h KRRk
T2 5 1% mapping 25 BLHU(S WM EL RS, 7T BE TR R 2 221 v 3l #2 v 51 N I SR 6 72 AL
BJGTRER A He i 548, 5 VSR b7, XLk st
HeCdTe APD 2344 LA I (iR [ 7 2 B 2 v IR0 T 91 N 0 P B R I 115
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3.2.3 BOLRE oL ETVERIE InGaAs APD /i 37

InGaAs 5 HgCdTe AL, BTF=nit&¥, BHEEROERLLARTEL
SEOLELT SN BRI, BE R InosGacarAs HINB R 1550 nm I 4T
SMIES . InGaAs/InP #HEH| & APD HEE KIS, InGaAs 5 InP [ E&EH S
IR, ] & 5 R4 SR KECEVD, InGaAs 7T BATE InP 448 B3R MBE 3 MOCVD
HMIE, InGaAs UKLTAMES, InP TIRETFHEN ZHLIE KT 1, XEMIERE
EEHEEITGEAR APD #4F 1'91%°, InGaAs/InP i & 1T 4T 45 B Bk 7 55 B
JCEHENES, TERERAREEZR T HEEEIN (Geiger Mode), a1 MK
BB AR AIIMOESE, InGaAs/InP APD BYFIRMBEARRMEER T H KL
4k HgCdTe APD21122, JEEER, InGaAs/InPAPD iy S MR Hitk EiRIE,
XX IR AT 4 HgCdTe APD 234518146 B A 12,

InGaAs/InP APD & KR EBIEZE 7 B 45 H) (Separate absorption grading
charge multiplication, SAGCM), ZHREEME 3.12 R, By AE Ay n £
BHBRE InGaAs, HHEXXHA p WRBR InP ML, ERWESHEEEZRE
Z 5| A InGaAsP M Z LU/ InGaAs 5 InP 45 KRB, n & InP HAEZEHE
LR R STRE 2 B i, 20 EL AT 2 51 R ABCK I e Bl m I
i, XE SR ROGE I T A L B R R R DR X AR FE R s
R DERARMEA TG T ENEEEAMAI T SAGCM %1 InGaAs/InP
APD AREXMBIERERIEN, KRBT ETFHRE. RFHRIE ST EE AR
KF, FRERH 7RIS IR RBR R Wi T i 12120

P*- InP diffusion layer

P- InP multiplication layer

n- InP charge layer

n_- InGaAsP grading layer

i- InGaAs absorbtion layer

n- InP buffer layer

InP Substrate

] 3.12 SAGCM 4514 InGaAs/InP APD 545 R
Figure 3.12 Schematic diagram of SAGCM InGaAs/InP APD.
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InGaAs/InP APD A PP TAERA, 77 R4t (Linear Mode) 2%
A A D THFRERE AT RFAE (B XY R E InGaAs
WS BT BN A R D B, BRESAE TAE T 2R B0, e AR e B A Bt
TR A VAR SR, I BT I AR N B SRR RN s BTSN
fEm T E (R aREET SN S M D, B T2 A& TEi%
H VKRS B AR, PR R AR A, 8 SR ] A R A T R T B TR
. ST InGaAs/InP APD FLILRRIE M2k A& 3.13 Fras.

Current(A)

Voltage(V)

&l 3.13 #AL InGaAs/InP APD MBI 5% F i
Figure 3.13 Dark and photo current of one typical InGaAs/InP APD.

TES PR Bt R & B, TR G LECEEMRRBRET, B4
SR AR ST, {ERHRP TGS S Bis, KA
InGaAs/InP APD &% i T2 3t %7, FEB AT REGEEXMEE, T EFE
BE#HTHESTV M LERERAREME . FMXUERPHT. AT RIE
InGaAs/InP APD P35 5 85 AR IX U T2, &AM LBIC Wi HgCdTe
SRS, BEL P 8L 25 ERF I &S T WA Bk, T FAE InP
RIMAIRATOR, HIEEREEWE 3.14 i,
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Contact
Ciuard ring Cruard ring

P- InP multiplication layer

Contact

n= InP charge layer

n.- InGaAsP grading layer

i- InGaAs absorbtion layer

n- InP buffer layer

InP Substrate

B 3.14 AT if nGads/InP (RFFF ST ER
Figure 3.14 Schematic diagram of InGads/InF sample with guardring designs to be measured.

EHITRENTEEIT 56E M, BF nP EFEBEHR T REESS T
ERERPITEEEEK, B3 mapping & FIE 3.15 Bim. A A3/ CCD
BH, A AMEE A E K mapping Bl A, TTLLER(UEEB AR T B F FAA
ERFANHEFRESE. K AEEEEEFRPRARITESA 12 um, HEPEET
InP F T i T8 & B EHEIE.

B 3.15 B T 7 AR IR AR 834 CCD BB K B4R mapping B
Figure 3.15 CCD image and photocurrent Mapping of the device with wide range contacts,

BT InP FESEAFE T HEL, BEERSFRPTNSBTEERITA
5pm, FEE AR IR B R ERET, ATLLSEILA (RAPER IR AL . Mapping 45 R 41
3.16 Bin. AL ERRE RPN B IHESGEETEIN T —EMa B8R, &
ITHEUTES, FPFRITERH 68 um, WMEEEN T4um, BEEERTS
50 pm, ICANEEEA 56 pm, BIAXRERL 3 um, FHEBEIIX LBIC #IR{ES
BTG, BEITHEE P F#HERNN 24 um. ZHPEET P FEEHOBE
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%, fEdt LBIC S RACAARE R Iy, B 2T v B R X AR
FlL, ZMOTEAE S AR IR TR InGaAs/InP £E-FE#1F.

(b)

200

(¢) d=74pm 10} (d) O Measured data
160} Dy
P> P3 -~ 08} —— EXxponential fit
120} i
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o 8f &
= i 2 04F
Z w} | =
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O
: 00} 000 TToeeeeeac >
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B 3.16 (a) 834 CCD EUMR: (b) 234 Mapping & (o) B LBIC 55 (d) E&5F
My rRE

Figure 3.16 (a) CCD image and (b)photocurrent Mapping of the device; (¢) LBIC signal in vertical
directions; (d) Fitted diffusion cocfficient.

: Contact .
Guard ring g Guard ring

: l_| P*- InP cap layer I_l i

i - InP multiplication layer

n- InP charge layer

n_- InGaAsP grading layer

i- InGaAs absorbtion layer

n- InP buffer layer

InP Substrate

Contact

[ 3.17 M RIP L InGaAs/InP APD 234425 3 B
Figure 3.17 Schematic diagram of InGaAs/InP APD with guard ring designs.
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1 RIET bk B AT 28 el i A AR 5 B R LA o) L EE oA

PR AR MR ik R BE R A i, XA 3.14 Prmsl ik irin g sk
B, RIEEEFIRT InP 2 FH InGaAs #EHY 4 B, X2E A
EBIR T AEE R A R HIAE A T AT AR R, IR 2R InGaAs/InP
APD ST ) mapping MR TS &5 A BB 0. InGaAs/InP
APD &M R E A 317 Pos, BAREMBEMMRERITEAR . 85t
ST TE o 2 LR AN B 57 L R 23 BHEAT SOGTH 28 (40 pWORIMIDETI % (-5 uW)
mapping MR, BOLHACH 1550nm, ERIEMaRN 755 R 318 For, 406
TN, BEARNES. AR, AEEEXT, TMEHOLENS
15, SRR B E S AERASEAT CUNRRT 8RR B b T HOt S
[ 3V, SRR A IEE I T RAA 2, motEiE (KRB B
FHRL 7 A AR LSS o S UL T ARG SR BB AT DAZE B VA 20T SR 1 X L
Mo, (EmE MBS SaF TIEE S E AR, RIFRG2ERF
MRS X AECBUE b, ARFPH AR A RIF R MG RIS . X AT RER AT
IR BRI e R H8 A TARmE T i TSR

[l 3.18 InGaAs/InP APD g5F 1550 i KT B 77 (o) MERBHEX T RILD
F; (b)) &MEEATEIEIR: (o EHEHEXTRADRR: (O SEEXTELEE
Figure 3.18 Response mapping of InGaAs/InP APD with incident 1550 nm laser: (a) Quasi Geiger
mode and (b) Linear mode with high laser power; (c¢) Quasi Geiger mode and (d) Linear mode

with low laser power.
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ATAEWH THTRERF RIS T E—BOeR T SRS, ZME
FEEE L & TH) oy B BN F 6 BE o) DARAESS A R IR B e 37, (e 7 R
MR REX, InP ZHAYBGIAK p BB, 0] DIE— B4 T RIE S
NS REE, FRFHLBIC {55, AIRRERRTIWEL. LbTF
MR BYEE R, MR E R ERM S RE. @il LBIC RIEF LR
KT LA HgCdTe a3 MBI, (RIPF AT ASRIAE S B AT RIZE APD
SN, BN RATE F MRS, XX 6 &SR 4L HeCdTe
APD ;i FEH.

3.3 B EABR GOSN HeCdTe APD 4L

BFEANELESHEIZH S FZSNBRAEAR, EAFEHLEEREh, B
IR G, & THT AR R B RT, SElBd. #5 Hg (%Y HgCdTe #1
B, BEFENGERDZBRIE, MEATEaER TS, B8 T #E R
() Heg-Te #, M=% XEMN Hg E+, XEFEF 5 Hg A8 A Hg HEE
BT, SEMEAAETEER. BB TENG, TFEMMTHEE G, g
X HERE 128, fEIXA AR, He BT 5 He SR ARG RIET B, —4
EOTE N 1P,

ac a%c
a_tl:DI axZI_RCICV (31)
ac a%c
szDwa%—RQ@ (3.2)

EXFCAC, 2 5 B AT S <8 Hg 3HEEAT Hg B 0B RIKE, D AID, 7>
B Hg IREZA He T MUY BURE, R A Hg %S Hg SR & &%, &
A

_ 4m(Dp+Dy)e?
- gkgT

Hrf el kp. e RIFRRAITHER . BURZSF RN BHER. HTRNGE 5T
HUET ) AR AR S A . Bk, BT ROTRES TETHEAL HeCdle 4
B B A A, RS SERGAE T Ei G A, R A B AL A IR IR HeCdTe #5
TERCR R R T AR BURS 27 B i 10,

RAE LA ETAE, BARES 72T W84 00 8 1 AP [ 45 sk 20 oh
HgCdTe APD A, 4 A5 A ilid AR IR KO TR X n X AR 4 45 1 7 3 PR AT

R (3.3
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B AinE 3.19 s AT AEEES, & o KEERARERT p KEX
WERT AP R, FRE IR IR, o X R EEHEA g oK. it e
FIT R 2 B Z A A B SRR 3.2,

%32 BT TEAR HeCdTe APD Z5{H 2248 B I B C it 240

Table 3.2 Key parameters used in ion implant type HgCdTe electron avalanche photodiodes

device simulation

n- cd
Structure n*-type p-type Thickness
type composition
Planar Gaussian No<Na No= 10 um 03
(30x30 (Napear=5x10" 3x10%
um?) cm3) cm’
p-contact n-contact

(a) S -

ion-implanted region

P doped layer
Annealing
process p-contact n-contact  Contact layer
\\ / /1’ y
~Multiplication layer-
Absorber layer
(b) 107 I
_ E n n_ —=—L =0.10 pm
"Ié £ —Q—Ln_= 0.24 pm
= Increasing L =0.52 pm
; 1017 annealing ﬁmg'_L"_: 1.05 pm
S L, L, =160 pm
; e o e
—
- 16
=10 p
<
=
(=]
» 10" ' : '
0 2 . 4 6 8 10
Thickness (pm)

K3.19 (a) AL S HeCdTe APD FEIR K HT G ST &5 Ml (b) iR KRRl S
BT A
Figure 3.19 (a) Schematic diagram of backside illuminated MWIR HgCdTe e-APD before and

after annealing process; (b) Carrier distribution of the device with variable annealing time.
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FE3E PR HeCdTe APD 88 85 5187 B bl it

izH TCAD # SDE #i SDEVICE #&4k, X/ 2378 & &77047 HgCdTe APD 1%
T THEIE, BINTELSRINE 320 (a) Fin. £EUH, BHAGE
R FEEE T ERE . RIS ER RS BRSO BR. TUE
2], WEIR KR EIMER, HELE n K EBZ M, B4R EREHREK. X
FERBTHERN X EERD T &R A, ST AR SRR RK. A,
fE nXERAEA, e R/, X0 pin ARG FEEEHNE
R

10 (b) 41
(a) - = Mutiplication layer limited
{ N == = Absorber layer limited
10°F &= 10"} = - - Total bandwidth
— b SR Measured in reference
S -5 ﬁ 1 L =
10°} 10"} V,,.= 8V
‘E ==L =0.10pum o=
e 107 = L,=0.24 pm -E 10" {Mmiplication layer allowed bandwidth
= L,=0.52 um 2 R Sy
O 109 ==L, =1.05 um m 109 E ...........................................................
=L =1.60 pm Dewce allowed bandwidth
10.11 g F z % A Z % 103 ............
8 7 6 5 4 3 2 4 0 02 0.4 06 0.8 1.0 1.2 14 1.6

Voltage (V) L, (um)

320 AE o X EFESFEGFN (a) BEFHMEN (b wRER
Figure 3.20 (a) Dark current characteristics and (b) bandwidth of the device with different
thickness of n” layer.

W APD #3ft, A REAEFMEAEREAEERIR . —. A&mER
B AT T 2 Hl & RWURAL S R AR . mERE BB AR R OITET, APD
R TIEBREMARMN R AR ER T AR ANEE, BT, CA%XE
M5 8y 1 25 AR AT LA B 2.1 THz'?. 2870 5 5 B0R 7 (7 2 RC # 4
MR ZERRAD, BT E R TR AR TR -8V RE TR R G A WA
3.20 (b) Fian. W HEEREPAR TR RERMEKE S BHM K. TCAD F
REBREE AR E T B TRHEER, (TEFETHAZN:

f=——— (3.4)

2ffgiagt)
Hp, T, Vo V. 08IRETERFEERK . FEXAREROHEIZEE,
LERGREE. E8VRET. BEAREESHNEEX A TRzl LI
FA, 2989 2.8<107cm/s, B IR = £ Ru e TR RBHEE.

49



R O s AR SR s A AR AR S s A HLEE oy A

HTHE S R LVE B, 00T BY DX A et Joxed . B 4% 189 DX B o) e B .4
iy, BEE IR RS, 0 DOBEAR IR, 0 X R 17 58128 AR, (E 1R
FAE 10 GHz 2 b UK N BT Iz, SR TR EEe, KR TR
il 8y e VERE B0 R ZIRE A, 7EMR L DR A X B SR R AI R, #%fF o 2E R
BEMEHEIT 3 GHz, &AWL R 2L MR R T SR Ao ESRBRb & B8 11
WEER B TR MR IR R R ERE R, ATTRER Lo
HeCdTe APD Bt B4IA 0.6 Gz, FEE S B E KR 20 133,

)

B 3.21 & TiE AR HeCdTe APD IR T4 5 B 18 FRL IR 25 JEE ) 75 [R) 73 A
Figure 3.21 Carrier and dark current density distribution of the B ion implanted HgCdTe APD

HibL TS B, W RAE SIS, 1B AT LUE A8 AR RS AL PR AIE, HAER & L
fEE T, Wt A S Z R I EAE . (B2, HE3.20 TUED], LGB
FLRAEIE A A3 RIS 3 T BRI, RS KPR B . Jlid TCAD 4T
CATS EI7E 85 FIE N B (R A5 T i & B 2 ) i 3.21 R, W AE 3
HEy ERLE 28 B T AR R T AR TR A R A Ak, TE TN X 5 K A ) i 37 158 4 U
FEAGREBT LB SHEMN WG, X2 A B R R A

B BT E X InGaAs/InP APD 547 BRI FRAE UL F 5 R ) Si B pin APD B,
CMOS £/ APD &1t KIMARIFEFRRS T APD &8 (7] LI 242 /g, %
R B HL B e Pl 2 AR A o T2 3R AN B X i 4041 HeCdTe APD #1, ¥tit
T ZRASE BRI AE, Ar RN EY A (Shallow guard ring,  SGR). 1]
R4 (Middle guardring, MGR) FIZR{RF H (Deep guardring, DGR) 4,
WL AEIN, FIA TCAD n LIRRIBATE-8 V I LIEMmWE F a8t Hizn s
MU 3.21 s, iTRAEER], -8 V WA, Figsm o ity R T &R m
AL X, BT BORR MR 37, M T HgCdTe APD, ZLARE 2T AGTEA
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Figure 3.22 (a) 2D distribution of the electric field magnitude, with 1D cut lines along horizontal
{b) and vertical (c) directions of carrier transport with no guard ring, shallow guard ring, middle
guard ring and deep guard ring. The peak X-component electric field means the largest X-

component of electric field of the device without guard ring at lateral junction.
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Figure 3.23 (a) Dark current characteristics, (b) gain, (¢) excess noise factor and (d) mean square

noise current of the HgCdTe APD with different guard ring structure, inset: the gain near -8 V

bias.
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Figure 3.24 (a) Calculated gain to noise ratio of HgCdTe APDs with and without guard ring; (b)
Dark current characteristics as a function of inverse temperature and the respective dominant
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Figure 4.1 The detection range of familiar 2D materials.
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Figure 4.2 Absorption coefficient of common bulk materials.
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Figure 4.3 Relationship between absorptivity and material thickness under different absorption

coefficients.
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Figure 4 4 Relationship between responsivity and material thickness under different absorption

coefficients.
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Figure 4.5 Schematic diagram of three type of BP devices: (a) FET, (b) planar junction, and

(c)mesa junction.
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Table 4.1 Key parameters used in simulation of the bulk and 2D BP.
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Figure 4.6 Simulated (a) transfer characteristic and (b) output characteristic curves of BP FET,

inset is transfer characteristic of bulk material.
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Figure 4.7 Simulation of Simulation of in-plane junction deviee with gate voltage control.
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Figure 4.8 Simulated BP planar and mesa junctions: (a) Electric field distributions; (b) Dark

current characteristic.
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Figure 4.9 Observed negative photoconductivity (a) transfer characteristic and (b) output
characteristic curves; Simulated by TCAD (¢) transfer characteristic curves; (d) Comparison of

conductance and simulated results using fitted mobility models.
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Figure 5.1 Band structure of extrinsic silicon and BIB infrared detectors under reverse bias.
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Figure 5.2 Structure of fabricated Si:S BIB device and corresponding absorber layer SIMS profile
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Figure 5.3 Measured absorptivity results after rapid thermal process.
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Figure 5.4 Blackbody responsivity and detectivity of the devices.
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Figure 5.5 Measured spectral response by (a) FTIR and (b) grating spectrometer, (¢) means the

spectral weight diagram.
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Figure 5.6 Measured spectral response in mid-wavelength infrared range.
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Figure 5.7 Response time of the device under 2 pm laser illumination.
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Figure 5.8 Measured frequency dependent spectral response 2.7 pm laser illumination.
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Figure 5.9 Measured optical response distribution under 2 pm laser.
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Figure 5.10 Measured optical response distribution (100%100 um?) under 638 nm and 1991 nm
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Table 5.1 Main performance comparison of room temperature operating extrinsic silicon

infrared detectors.

Cuantum
he _ D* Reference
efficiency
(nm) (Jones)
(@1550 nm)
Si: Ag 1550 6% no Photonics Research®
Si: Te 1550 8x1073 no PRAY
Si: Au 1800 9.3x10% no Nature Communications®?
Si: Er 1600 1.3x10™ no unpublish
IEEE Photonics
Si: He 1600 7.25% no
Technology Letters®
This work 4200 6% 4.5x10%
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Figure 5.11 Using 638 nm and 1991 nm laser, the measured in situ reflectance spectrum by (a)
commercial Si device and (b) PbS device, (¢) and (d) means the measured in situ reflectance

spectrum by our fabricated device.
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Figure 5.12 Ceramic cup and shielding silicon wafer photographed in visible light (a) and in
infrared light by the fabricated device (b), Beakers and shielding silicon wafer photographed in
visible light (¢) and in infrared light by the fabricated device (d).
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