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Abstract

Abstract

In the past decade, nanomaterial photodetectors have been extensively studied,
mainly focusing on various novel low-dimensional materials, such as one-dimensional
materials and two-dimensional materials. Low-dimensional materials have at least one
dimension in three-dimensional space comparable to the mean free path of electrons,
so they exhibit some novel physicochemical properties, such as quantum confinement
effect, ballistic transport, intrinsic anisotropy, etc., which is improving a new approach
to achieve high sensitivity, wide spectrum, high speed response and polarized imaging.
Infrared polarization detection can effectively identify the detected target from
complex background radiation, so it has broad application prospects in tumor medical,
geological exploration and meteorological monitoring. Especially in the field of
quantum communication, infrared polarized photon detection is of great significance.
This thesis mainly focuses the practical application of high-gain photodetectors based
on low-dimensional materials in the field of single-photon detection. The main
contents are as follows:

1. Photodetectors based on WS, and MoS, floating gate structures have been studied.
The gold nanoparticles of 1 nm thickness are used as a floating gate electron-trapping
layer, floating upon the channel material WS,. Under the control of the top gate ITO
transparent electrode, free electrons are tunneled back and forth between the floating
gate and the channel WS,. The device exhibits a long "program" state and an "erase"
state, and using a very low dark current (10'11 A) under the programmed state for light
responsing results the responsivity of 1090 A/W and detectivity of 3.5 x 10" Jones. In
addition, the MoS- floating-gate photodetector in the same structure was fabricated,
which also proved to have extremely strong light detection capability.

2. A room temperature single-photon detector based on one-dimensional nanowires
was studied. Based on the photogating gain mechanism, a core-shell CdS nanowire

field-effect transistor was constructed. Single photon was successfully detected at
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room temperature and the detector can resolve 1~3 photons. The detection efficiency
is 23% and the dark count rate is 1.87x107 Hz. In addition, benifting from the
one-dimensional structure of nanowires, the device exhibits selective absorption
characteristics of polarized photons. Meanwhile, an electrostatic field amplification
model was established, showing that the theoretical values are in good agreement with
the experimental values.

3. Combinating of photogating effect concept and rectification characteristics, an
asymmetric (electrode and area) InP nanowire field-effect transistor was designed and
fabricated. The device has a rectification ratio of 10°@ +6 V at room temperature and
IOS@at +5 V at 77 K. In addition, after the nanowire was completely depleted by
surface state, where 6 photons/s is detected.

4. According to the energy band engineering concept, a stacking structure of black
phosphorus (BP) vertical WSe, was designed and studied. Due to the different band
gaps between BP and WSe,, the device exhibits dual-band detection capability. The
built-in electric field quickly and efficiently separates the photo-generated carriers. BP
acts as a photogating layer to provide huge gain. The responsbilities in the visible and
infrared ranges are as high as 10° A/W and 0.5 A/W, respectively, and the detectivities
are as high as 10" and 10" Jones, respectively and the response speeds are 800 ps. In
addition, due to the intrinsic polarization sensitivity of BP, the device exhibits

polarization selectivity for wavelength at 1550 nm.

Key words: photodetector, one-dimensional nanowire, two-dimensional material,

single-photon detector, infrared polarization

v



H

H %

B il I
Abstract. ... ... . 11
I 1
LI =1 == 1
B STl BRI - - ¢ oo vomma 99 5 e ot 59 9 5 s 9 5 2 9 2
121 SERmBESELFRMEE 2
122 m T BT lER . - - oo ommmassmnncnnmmmansannsnnmmansss 3
1.23 BFREREFIRMNSGE. 5

Tl — e IR o o comma 99 5 e o 59 9 5 9 8 R 0 9 7
1.3.1 FHAREEREN. ... 7
1.3.2 AR BIRME. .. 9
1.3.3 FFHAMRERESERTRMMEB. ... 13

1.4 ZTHEMRMBE 15
1410 ZTHEMBEN. 15
14,2 R OEEE RN, . .. o oo s s s e oo mmmn o5 60 o 0 s s 5 19
1.4.3 photogating ®IRL .. ... .. ... ... 23
144 GEMREEAD. 24

1.5 ARXHMRASEEL R ... 25
B25 ETEMUNA 4Rl RN . 27
2. Bl E . 27
2.2 ETIFMHR A WS, F0 MoS, TEAEBUREB IRMABRBIE .. . 28
23IETEMEH[EREERYBIESR . 30
2.4 WS EME AR R R MERE . 34
2.5 MoS: R EMITFMESE /eI E . 37
2.6 AREBNEE 40



E T RS R B 25 R 25 AL

BIE ETHPNARENEREARAFIRMERE ... .. 41
Bl Bl s i 2 0 e e 51 5 e e 5 0 R R e B 2R R e 41
3.2 CAS HIRERRIUS AN . . . - 43
3.3 CdS Akekipi N A ERBIE . 45
3.4 CdS KM BAERNERIE ... ... 45

AT A RIRIERERL .- ccccvinee i see s e s u s s e s 45
3.4.2 BIpIRATRBEMEE. ... 47
BAT ST AT s e s s svoos oo s s soo s mmm s 5 5000w w5 s 47
3.4 4 photogating SNTFHERNENE. ... ... . .. ... ... 51
3.4.5 NSRRI, .. ..ocivie i 54
3.4.6 BFIRRIE. ... 57
3.4.7 BFMRIRAFERME. .. 60
3.5 AREEINGE 61

BAE InPREENBIRMRE. ... ... 63
A BT . 63
4.2 R EREIET IR EmAREGRE. .. 64
4.3 EEGREL InP 9RERSEM. 65
4 A SRR RS &7
4.5 |nP RSB HRMMMEISE ... 68

4.5 1 InP R&EFZHMEEWME ... 68
4.5.2 InP PEREZHAMNIZEEMCmAGES . 69
4.5 3 InP PEREZFHAEFRMMENG . ... 70
4.6 InP PKLEBHAEBEEIRREmE 71
4.7 RENGE . 73

#E 55 BP/WSe, “HEMBERLSRIRIRMES .................. 75
700 1 == 75
52 BP/WSe, EEGHHMIBIME. ... .. 76
5.3 BP/WSe, EE A RHABEMEME®RIEIL . ... ... 77
5.4 BP/WSe, EELERHAEEMEME®RIEIL . ... 79
5.5 RE/NGE 85

VI



H

BOE BEERE . . 87
6.1 R a7
6.2 EHARRLE. . . 88

o v 91

B . 99

1EEEARBIEZ VR ZRZNERICLEMRRHE ... ... 101

VII






F1E it

F1E £ip

AETEH AT BT IRIEE R0 R TARRE . 4Eg R B & R
IS HERPRLRT A DA K EARAE AR B0 IR 23 A s 08

1.1 5|18

1984 & B TIBEMES AR, (0 T UL TR BNFT AR RE. I £4
H, £dZF0NER, SMEFNRITRNGODER/RE 7T Z AT A .
B SGF HR w3 15 B 185 YA AT ik, BT EE ISPt E— BT RIn#T
R AN B, AZAC T 7 KT Bt R A AR Dy ARG BRI B 77 AR AT R )] B
PHTARE. BRIz A, BT ERINAIDAE b 2 S A R AR,
IR B A AWk, mREtE . ROCIEE . RARITS. JE&MEni A
BTt RS

T HIBE BRAK, 7ER WAZLANE B G T REE 22 1077 7, TEFRWE ok
RH) P REEHIT, HOL THRM B FHERARSEIOE RN REUE . A5
BLAHF SRR B 6 T AR LUK 2, AR 38— e T I AR R G iR
AT R TRAEREACE (107 W) BT TR R EE B | — it 2
JRORHLGA BESE BB 587 IR . AT e Rl s R R B, Sl R 3R
TEA T ME RO T RGO AR SO T RIS . R OGN
1] WG T HES R AUR R B TR 8 R SRR T M RO T RIS
JARKE T M RO TR A BT SO0 SR8 O T IR 8 AP,
LARAMATRIATA ™ o RE MM, AT A DS AR KR TR, THEEE
TEA A E EOR, BT A RER T 3520 DA RO T ERIEE, WrE
AN SR & B R RO T RIS

WEE B A TR BIE R R, GUREORIER T Jod T BRI BT S22 Fh 43
WHAT A PR 2D o SEHR KBS A5 A% o R 2R R A KR RL AR R AT 4 K 2 A
— 4Rk R AR CE A RO IR R R R R A R . L.



E T RS R B 25 R 25 AL

IHREVEAURI R SR YRR R DR — 4 E EAFARREHR T, WIETH
TR E SR, BIbE SR E — S5 0 EREA IS XK
MR ERIFUE A T, £—ERE £, Be e T EEMESEERtER
 AERERAS . RITFEATSERAL 7, A MO8 T — U T M i LT
=.

1.2 B FHRMBE AR

LTRSS e 2 ER BRI e EAD A B UEM, BOL T8
Mis £ R EBEGI S A S B 6T IR AT FL AT R Bt T R SR A
PHE A BT ERIAS A T B R BRI AR . B R BT R AR R
TARFEEMERR, MASEEARME. ZEPER I AREENET S 285
THRMA, HARRA OAL N AR R EEEREA.

1.2.1 SRz E B Y FERN E5

BT TAREERG], JEBEMFEE BRI RN S H RS B a7 Riles
U0 aRa e AR A, RARJL TR, BATE/LFR. EiEE (PMT)
BL5G1 R A 2 A R BT b s, HURBLE 1949 FERIISEEL, SR AYIZ
—HFNRY] TR E A SRS RS AT . i 1.1 Cad B AR St EEAE
WEMTH _KE LFrEE. PMT EEADUHEAN. TZHR. ERNEEE
FoA A HR o R R SRR E A SRR T IR R B A T R
oGP, IS EAN R H BT BT EER R, BT
BE ERAT =0 TR T, COCE T AENGE R A KA T, MR RATE
W= AL IRHET, MR R, R SA A I A R T A B I g ) H O B
BEES. SGEEP NN B E RAETRE, MEE—ZHEEA, fid
= IR T e A B [N, R SR AR PMT BA o Tl o3 Be

SOLRAE BRSO RBN AR, TEOGHE HE (APD) EFANEEXN
I A0 o BRI T SR SR E B TR AT, A 11 (b)) P FEDLHE B RAR
A2 opn &5, HTARERAMAEE T, HRARELEL, FEREPACERTE
FOFHMBARE ARG, 5 tEaE, R EEE ZIRBETER0Y, Hid®

2



BIE Zid

FRENAEMEEGERT, FREDRFEESH KBTS0, bRE,
2TE W A R OB G IR, XA BORALRIRR AT R R I AL H] . APD
AP TR, 4 A RSN 5 22 P, R R TR R R T T
U, PR A2 DERIZI RS T, SRR TERENETSHEE,
BEMARMB B0 T, BN R TR RN RESLRI B AT b, A T AR X — T
RIEMT B T —At 7, EAEFIRER R EBESE RN RPE L, IRE 2R
WA, BIAAEY APD E2KKE Si-APD, iBariR, H AR S 2] 1100 nm. 7
EHRNZIE KK ST, TURAE SR Ge.InGaAs fl HgCdTe 1F A3t 8.
FAh, BARE TR B A oK T DL SEELE A e TR S R S, HES
B2 Fadt Hofth 77 52 40 e B R 2 (VBT 9] 22 8% R O v SR (AT RE M S BOL 1 4oy
i

b T E—RRINS, DA PMEEMEETRAREAEEGER, ElR—
FHET HIR S T e B 22 Bl B L AR SRR AT Bt RS S S
. HETESRHENE, 2R ALRRN RN R E R ERIIL, K& 400 V
i (A s R AT ik 61 pst',

(a) Incomi Photomultiplier Tube (b)
Pholon passwailon layer Anode |
Photo- \ Window and AR layer /
cathgge. / | oyngdes | | Anode )
. 1 i

g » : { depletion i -e«-h-p;i: -.I?D- 7!? ------- (V)
/“ \_(/ \-/ aea impact + -
e RN A A " ok 3o
‘ v Ita g D ppl g
i Output Cathode contact e
Meter

Figure 1
Power Supply

Bl (2 esfpETrREsaEl o) THOREIFRITER
Figure 1.1 (a) Schematic diagram of the working principle of PMT;, (b) Schematic diagram of the

working principle of APD

1.22 KB TAEENX FERNES

bBEEE T BHEARNARE, ML THRENSHNERBM™E, FERLTHE
T3 R R ET 100%,  [FIE) B&a 7400 Hae T AR RS 4, Mg
JU B X T G0 B e FHRM 28 5k i 2 CASETN . B2 7 DNk B 18 LIRS sh RE A H F



E T RS R B 25 R 25 AL

LM IRHEF, BF — 0 BRGSO TR R, RS AR T &
HFEEKT E— BB FRUBON RIEREEE HEETE BRI
LORIVE . e BB SEADGR R TR (F 12 (). BegREs
JeFERIEE (B 1.2 (b)) MR s ieF it (B 12 ().

S R B St RN s 3 R R H B SR X IR B A U R
HARM Bt F I, MG REERBALERSEE—MREIRA S, EXME 7R
MMHEAAE DR DI E DR R E, 8% RA)1D mK a0
BHEERMCR, EHRARF ST, HATFRREREZA. A—Pt5F As, ™
AR AR RE S B SRR E R, BT AR, TRIEEN S AORA . 52
For b R 7 AR S I B AR, BRAE TR A B B AT RN

558 S i A A B TR 25 KA R A S AR R B TR 23 1. R
TG IR (PR MERKEELT, FHRLETHIES, ERNER SR
Hilg R i, SSRGS THRINE 2 lm T EmE, 5T A4
SEREAE DR, BOE X SN EF RS, AR A
T D BG5S G R ERB T N IR AR o TR IR BRI 2E (v B
AN, A LARA E A ST RIS

T A L T B LR IS A 1 N AR IR A AN TR AR AR
i (~ 6 K) FLAE, HRRE—RBRFFEITE, BTRELWI, FEILA
DRI B RASE TS HERERBNA TV AR, HAER RFRETHTT 5
PR



H1E it
(b)
h

Thermalization of
quasiparticles and
hot-spot formation

Hot-spot diffusion and
superconductivity suppression

27 g+ 2ig

Current density is Resistive region is
above the critical Normal region formed across the film

§ is formed

zs q
(C) Intrinsic Gain Contact region
region region and degenrate
\ substrate
~Transparent 1 Dy—>
contact —

v
Anti-reflection Visible photon Drift
coating 0.4pm <1 <10pum region

B 12 (a) @SETHEELTHRIE, (b) #8I9KE L THRNE: (© TET
i 2]
Figure 1.2 (a) Superconducting transition edge single photon detector™®] (b) superconducting

nanowire single photon detector, (¢) visible light photon counter'>”

123 EF 2B FIRNSF

BT AR TIRINGE SR, HE 1999 FA4 FHER AR, Lo
N=RE, B—MEGREIET R AFHRNE, B2 rE T arbrE
MEF, F=MEHdRET Rt FIRNE. B EHIE T AR E AT HRNES
VoA TAETEMRIREAEE T, IR ADER, (BRI — ISR B HA R I FE
B, i E&ERTIENE . EF30EE. KITERBERUAREREAES
B ER A

HRGETFRAETFRNG I EREETF A SRR FHIHITHAGREE
WSS, HAE 2000 4E ) Komiyama 25 AP AR Wk 13 (o) Fim, 1%
BRMEERT SEM B, thialh 4 7. tkisin i BE, afLITE —d R TS
R E T . BNaSE TRz, SRR AMERS (LL1 1 LL2).



E T RS R B 25 R 25 AL

FEAMZIRTE T, IR 218 H L IR0, Lot MU S, o S0 2 DR
#, PR LI A 1 0 R R R T DASE DL S RU4R AN . 7E 2002 1F Astafiev
S NP Z ST T O, Wit T —RRE T A, BB U ANME S
B SCIR S 10 BRI AT 535

BB T S TR Tabe 78 2011 R B KL & 13 (b) FF,
fih 3 A R RT3 BN S 5 1B 4 I B S A A S DA BRI o SR
FER FE T RIS BT 2 W) B B R B A AR T

H AR ET SR LTRSS EE AP RE. — MR ET SN &Y,
£ 1999 4F &I HF A5 AT Shields 25 AR HP 3, 5 —Fp L BF SRR E 1
BB T ARI RS, HE Blakesley 28 A £ 2005 fER P, g—ME T SN
Fe R E I 1.3 (o) PR, REEH R TR TI5 008 & 68 fl PRl d i st
B Ak, HAp PR 4 R A AR MBE &K H) InAs BT 8, 2T 0] s RUh
BHRAEBRTERTI H5F - METAN, SEHRERSEB TSR, TRE
BORBNFME T S BRI, I TR oK. sy Oy E R T
AR AR TBOR AR T, MG B I K T VR R, AR SR ] R A
T A MM E. J. GANSEN 7E 2007 384T 12Uk, W LASEE 1-3 156780 2 .
BRI ET AR E CRE RO TR, A R B R A TR T IREE L
HWTAE. A 1.3 (D By, WH2PREE—NBE, LRGN BT 8
FEREEERSAP R GREFAHER, TN (BB RARIREZEITH. SEAH
LHTE TR MEETER, SHEETAME, SETICRAERST, BET A
i, WEICR SO IER RN, At e E R R S



B1E #ik

gate control gate

gate
OO0 | == =9 7777777777 wlecir
g . H GaAs
-G:A:o..§o-o.-<—um 00000007 InAs dots
- A,

B 13 () BRAE FARL FRINERY, (b)) BRETARETRIE™, (o BTA
TR AEERY, (4 BT S SRRIE AR Bt T iRm0
Figure 1.3 (a) Field-limited quantum dot single photon detector!™®, (b) Doped quantum dot single
photon detector[zs], (¢) Quantum dot field effect transistmpg], (d) Quantum dot resonant tunnel

diode single photon detector!™!

13 —HE SIRgRER

AR AR BB FUR AR I T B A HERESUE L, 9Kk OB 7 2
KRB AT, JCHE SR PRSI R L R 5 7). E9IAM
B, —#R R AAURE R AN R R EA 22 2R ENE . SHMEUELE,
HOREE B BB EEECE AR UL T, (8 BAA AR B A B2 B Re 2825 L HLA
A ], AR T, T, MR SRR SR A
WIUREM N B AR, EAE AT E R AT AT A A A R 2 BRIt

13.1 $SkgpkE LR BN



F TR b 2200 I R8T 7T

1965 %, %% R. 8. Wagner GHFA g, -2 o, MTS-H-HRA (5
S5

PREHE) B, H Ry ZRDNESIFER, N REBREHERER, o £
WA WA s RARNEEMED. KO=1+2EE, —RAEL4F LHE
ARG R R SR O T 0 3T B el —. Her, £ 20 #4890
AR, ARSI R K E AR BT -V BRI 4K, su
THOREN RIFRYA BEHRE R R, BRERW 75— pn RREEPKSE
), G AE 90 SEAU A, SEBIUN RT William Buhro /NHSRHY | —FET g 2L
K], RIVER-R-EA T RE R T -V gk @i, ming 6 k246 Charles
Licber NANGHAT T TALACKERIBITE . BEIS 53 9 540K 7= M- TRgOR BRI
AR B2 L T . B TR, GORE AR 7T L1
BTN . 21 90 SEAUFH, LR UGOREYIA | HAHD, N
T EI BB T R iSRRI — . A 14 TR RIGURER ORE, 4
T HGE 30 SERR R, AR OBT AL E AR R G AN AL

7000 -

w o)}

o o

o o

o o
1 |

4000 -
3000 -
2000

1000 -

No. Nanowire Paper/year

0

1990 1995 2000 2005 2010 2015
Year

B 1.4 20K E000 SURHF A R R B S B o 00 3 1 354

Figure 1.4 Number of publications about nanowire papers is increasing year by year

MBE 15 ATLAE Y, HRT40R &SR I CE L MR Rl . TR ¥
EAA e s, WIRGHERE, BRI . 2K SR B T
EE N AN THEL o ANEAUKE R T GUREOE T GRS RE R R oA

8



E1E Hin

g, DLRGUREEDFRA. ¥R EPrKe @ s A LA 2-200 nm 5
BEERT, EREABEHRIEEREANS . KEGPREFHRTH ¥4 R
BWHEELER, FATFHRHFACNEE, &, &0 B, 21+ 0
T, GURERFT LUB I 152 AR S AT-& RAIE S . BRIP4 TIFZHURE T
BE, BIEERRMEE. ENREERE. BS. B TRE (LED). WE
BOt# . KEBSERIBA RS MO R MBS . YURE/ENERE YUK 57 M
FEWMEIRA, SHIEHERARSEE 2 EERNEEME, THREHEAENH
BB 77, (15 2R B R GUR GRS R & UIF IR BRI TR 4E M ot FR AR
. AFAFNAHEREREINPRE ZEREN-VEFFEPIKE InAs,

GaAs. GaN. InP PLE EAIHIZ Juth &40 AlGaAs. InGaAs. GaAsAlTe 2, II-VI
JEH1 CdS. CdSe. CdTe. ZnTe. ZnSe HFHIKL, IVIENI Sifl Ge 9KZk, VI
1] Sen Te PRZ LR & BEMMMPUKE V205 IpO3. ZnO. CdO. SnO, FH% .

45, 880 41, 934

MATERTALS SCIENCE PHYSICS

B 1.5 ERRMHKRRIR L ERE ROER

Figure 1.5 The main subject of the published nanowire paper

1.3.2 EEREPRE B EFENZE

RS EAR WA LRERE, EXXRERTHREID T RABRMLE. E
REIBEE. [LHh, (EGURER MR =T Dt R AR F — PR R ARILE
Pt R R AURER IR B 7 PIAALSS . FUREE T L], (2F0 L RIENIERA
JER RG] DA T 24, H b i) — LRI 7T BB s R BIPUR S0 FBIR

9



TR B I s 0t R AR 2Rt A2

MG b, oG AL R BES A RIS H G o S TR s S 4R B
ORI BRI 2% USSR R PR AR S, BRILZAh, —LBRRBRINES M. Al 4is
IR PR A BRI A8 2 oh, AN 1 2R EOE RN S R 2 D RE M R s 1
EATRAER RS . XA IR ARG B RS OR RN 3 . 9K 4 SR IR
WL B FHRAEN . SE -SRI 645 .

(1) FUREDLH RE . —WER - KEFKR, EINNZORYEE, 8
i R, BRI RRLER Y, A L6 FiR, BRRR R mEERE
g5, SRR ESERLAS, DLl LGRS XA e S E, Bl R A
KALZ Fd BRI AORERRE BT BLAS, & f SR R Dy SEEANOR 28 01 i PR 2%
et T REFEM.

(a) S ho () %m |

1.6 R EA IR MOV L B ERIAEM () BIZAVKE: (0 RRZNKE: (o
WAL SHENEESE: (O TS HEE
Figure 1.6 Various nanowire photodetectors with junction function™! (a) axial junetion nanowires;
(b) radial junction nanowires; (¢) vertical junctions of nanowires and substrates; (d) crosses

junction on spatial distribution

HRIEXHPHM A ERER: —, FRMIERAS T A KPS T i iEs s
TIRRA ARSI (FEEAS L AT AR RISMEEIR. =, 206
MFAT NS RIS X RO R, S5 XXDERI IR SI RIS R B 5% 18 . ZE T AR N
AR B[R] 25 R0 S i 45 W T LB R, HL O FE 2 R R R B K, 1]

10



F1E it

(58 R I T R, Fldn, £ GaN gik&kdh, DAL FAE#E
WARME RIS pn FBES AR/ ENVE B R R TR IRpsamN .. B,
pn ERWARIT:

I:I{exp(%)l} ........................................ (1-1)

B

I AMAER, e ITHAT, VmarlFPiimil, ks 2R RE2FE T eah
TAREE. SHEER, 2 THRYPIKE InAs/InAsP F R RIZLA G B IRNES
HFPEXBIREREA, [FERNESE 77 K T 2 HIEE AR R, XHF—
HETEM, RS ERE FESINRROC KB, FlRK 2, FIHRRIPKL
GEWI R AT USRI R 0 5 Si AR S R A Bk TR A —
R, KRR n] LIAGIE AR pn BU p-i-n £5 44 (BGRALEEAE), TR HBUR AR L T
JEE BT AR R SR T B RN, M N A RIS 2, BN T AR SR
A R LR A o T e T S, o LA AR B i BT B
H G HE IR RIS - S 2, BRI R RO E R TR, B E
TSR T4 8 oh P OE EE RN ROR A HL T SRR — A sl AT
RO R, TR Dyt X S ] B e o] AR ) BOGAE B T 2R, SR T
Ml et . SRMEEMFERLEMPL, 230 (-1 RBEM, Hoeds
A B RAT R AN T

T2 exp(— 0 ]
AL ———— (1-2)
A*RBEEFRTE g RHIEBERLZSE, NEEELRFNZERAXWT:

Besk, {exp(%)— 1} ..................................... (1-3)

B

Hep vy RIERRERERE, » ZEERT. JREKT TEE SRS L1
BT RS TS, n=1. HFb, FEH T8 ) F H AR Fm E A, R
RURE RS G IR BB (SPCM) ST A 2R .

(2) Fekeg e GRS B e B e K 2k B 2 AN A — Rt
it TR, B ) SRk 200 T el il B S AR 5 4, DA 906 HE 48
WRETTo ANFPOCIS BIEAR, PARAERR T, XA T BRI

11



T TARHEPT R b o V6 R AR 227 70

Mo, Sl HLRBOR RN, AT A= A BRI W R IR B PPRER B A Rk T
CLEIEPIM T S, — 2Rk RS R HEEE REB s AN B
b, R M G ACE s MORZE PR AR P O3 AT 2 e R AR S 2 Uk
BEATHRIP, ) TN s O 45 o S0 E W) e o0 B SO 45 7 B R 1 K 2 A
G B4R R ER iR RE A om it 3R AT ORI, MR AR
MR TIPS, B 17 Bros. ol — RO, gl S AT (B
B BRARTEMEAR T 7, e e 035 1 04 A 5 4 5 O B IR AT LA b g SR
HIZE R (B ) SV TE R ETEGR &5 T 2 A, Ak BR A8 B (750
H &

L Siwire

— /SOI layer
(@) /
/74—1 | EE
source drain

upper gaﬁc (poly-51) front gate { poly-Si)
/ \

stored
hole—

: 0Q buried
RN RSN N o~ - :
electron e Y oxide
(sense” 3 .
current) Si substrate

(back gate)
B 1.7 BERE U E A EER (a) ZESMME MR ZE, KPR L = 400m, (b
n BIY45E MOSFET KR A, (¢) p BYRiE MOSFET KR &
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interface state acts as a floating gate[no] (¢) flexible floating gate memory photodetector[m]
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Figure 2.1 (a) Optical microscopy of WS,, (b) Raman spectrum of WS,
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Figure 2.2 (a) SEM of 1 nm thick Au nanoparticles, (b) SEM of WS, floating gate transistor
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Figure 2.3 Three-dimensional schematic of the WS, floating gate memory device
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Figure 2.4 (a) The transfer characteristic curve of the device under the action of the top gate at

room temperature without light, and (b) The long-term operation state of the device under the

action of the positive and negative top gate triggers, including programming and erasing states
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Figure 2.5 Transfer characteristics of top-gate ITO-WS, devices without Au particles
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Figure 2.6 (a) Band diagram of the WS, floating-gate memory structures, (b)(c) and (d)(e)
Simplified band diagrams for two different gate-voltage states without illumination. Er is the
Fermi level and J represents the height of the Fermi level to the bottom of the conduction band. ¥,

E,, Ejand X,represent work function, band gap, electron affinity and vacuum level, respectively.
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Figure 2.7 (a) Photoresponse diagram of the floating gate device in the programmed state, the
inset shows the photoresponse diagram in the erased state, where the illumination power density is
100 pyWmm™, and (b) Response diagram of incident light when the device reponse to different

powers light at program state. (¢) Corresponding photocurrent versus incident power.
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Figure 2.8 Noise power spectrum of W3, floating gate structure memory device
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Figure 2.9 (a) The current response of the device in response to a cyclic optical switch, both the
illumination time and the matte time are 1 second, (b) the time-resolved optical response of the
device during an optical switching period, (c) An operational diagram in which the gate positive

voltage causes the device to be reset (programmed state).
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Figure 2.10 Photoelectric characteristics of a few-layer MoS, phototransistor (a) Output
characteristics of a device with and without illumination in a programmed state. The inset shows
the output characteristics in the erased state, (b) the output characteristic of the device at the same
wavelength, at different incident powers, and (c) the current response of the device during one
illumination switching period. (d) The time response measurement of the MoS, floating gate

merrory phototransistor is processed using the same operation method as the WS, phototransistor
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Figure 2.11 Electrical and optical measurements of few layer MoS; phototransistor. (a) Output
characteristics of a MoS, device at room temperature without illumination, (b) The stability of the
programming and erasing state during 600s, {¢) the curve of photocurrent with incident light
power, (d) the current response curve of the device during the optical switching cycle . The data in

{a) and (b) are obtained by another MoS; device, and the channel length.
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Figure 2.12 Thickness of WS; and MoS; (a) AFM image of WS;, scale bar is 1 um, (b) thickness
of WS, is 4.2 nm, (c) AFM image of MoS,, scale bar is 0.5 pum, (d) thickness of MoS; is 1.6 nm,

the thickness of MoS; is thinner than WS;

2.6 REING

FERITFHFET —HET ZEME (WS, /1 MoS) HEMEMEMNL
HEBBERNE. RREMERAREREEREN 1 nm &Pk, Xed
PR AR SET SRR, YA HEIOCERT, AMEBFERR.
EMF SN MRS E —BIAR TR RRBENTRACRASE .
WS, FM A E e B ENMUER TR F MR 5, BB KA EEE 0
MR KR T REFRTE], T B EmERE TR EA B AN, EEME
F/NAIYRIR AR IR IE T SSH 1090 A/W 1 7 0 B2 21 3.5 10" Jones (UHR % . &
ENR, AT ERHETH—HET MoS, Z4MAE HIFME Wt H B EE H
AR BB oRRC R NIERE, W TATEM A EMTFa S AEE EE
. X4 NETFIRZIM SRR T BT WS, F MosS, BiZMEME R &M, T
FRARMFE LS ERITERRGNSEER.

40



B3 E BT HRENEE S T RIS

358 ET—HAKRENER BT HRMEMSR

HSEOLE R T SRR H 2R 56T, AEM I 7 — AT iR
(CdS) FARGRER RN AR E O TIRIES . Bl D EARTEHIIN
K& G R EERAK. HF, JPRENFIAET T photogating M,
SCRE B M T s, AT A RSO R HS SRR, BT RE
TR R YRR, HEAWNEZ AN, AR A WIREFEME. it
AR 2% BA NS TR, BATEI T —Fhr M= E TARRY S0 T
wEE, WSS =RADHO AT RN G EApnE FEE—D.

3.1 5|8

4 2 U ) BT AR RS B TR R 4 E B 2 Rk, Ingk 3.1 BT
FIRELHEEZETHSEH HE. LHEMGEE. R THRNBEUR
EAIATAE =M. MRS Z R T TEEX, FEL TR REOMESE,
FUE X RO T RIS R B ERR, BERIME S W ESEEALMRE, R
Wil T HEEFEGEMIENNA. 3 2 2R TAERRHET e Wt 7 i 4.
SN, BT AEROLTERIEE . M RIS BT AR T RS, A
ERAERE S, ARG, SR A ] S S R0 VE R I M LA ST B4 L
e Bk, BTEEHERSETHRMNSBEZ TR AR, ARIES
[ Bk R AL IR, T 2 AT G SBT3 e T B RIS LU A B (R
1 FizR)e Bhah, HETEGT MR TR 4 T M AME . WO SME 5555 2 4
AKHRRBFR, FELEME S & T EEL A RATE, WAMRS T Rk
HOLTHRMB AR R 48 EATR, FxETIEAE Zoomi) Bl T3 R %
R, REBABATHISHES. KA. SRTENELTHRIBERREZETE
BEEETHEESSNEER R,

231 oL TR (R K e Ta ARl

Table 3.1 Types of single photon detectors and their performancesm
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Detector Operation Detection Jitter time, Dark countrate, Figure of Max. count Resolves photon Class of
type temperature (K) efficiency, n At(FWHM) D (ungated) merit rate number? report
PMT (visible- 300 40% @500nm 300ps 100 Hz 1.33 =107 10 MHz Yes ]
near-infrared)’

PMT (infrared)? 200 2% @1,550nm  300ps 200kHz 3.33x10° 10 MHz Yes

Si SPAD (thick 250 65% @650nm  400ps 25Hz 6.5x10 10 MHz No

junction)™

SiSPAD (shallow 250 49% @550nm  35ps 25Hz 5.6 =10 10 MHz No

junction)*

InGaAs SPAD 200 10% @1,550nm 370ps O1Hz 297 x10° 10kHz No

(gated)™

inGaAs 240 10% @1550nm 55ps 16 kHz 114 x10 100 MHz Yes

SPAD (self-

differencing)

Frequency 300 9% @1,550nm  400ps 13kHz 1.7 x10* 10 MHz No

up-conversion®

Frequency 300 2% @1,550 nm 40ps 20kHz 25x10% 10 MHz No

up-conversion™

VLPC# 6 88% @69%4nm — 20kHz - - Yes §
VLPC* 6 34% @633nm  270ps 7kHz 1.83 %108 - Yes §
TES™ 0.1 50% @1,550nm 100ns 3Hz 167 x10° 100 kHz Yes ¢
TES® 01 05% @1,550nm 100 ns — — 100 kHz Yes N
SNSPD 3 0.7% @1,550nm 60ps 10 Hz 116 x10 100 MHz No

(meander)™

SNSPD (new)® 15 57% @1550nm 30ps — - 1GHz No &
QD (resonant 4 12% @550 nm 150ns 2x1073Hz 4 x10° 250 kHz No §
tunnel diode)™

QD (field-effect 4 68% @805nm — — — 1Hz Yes §

transistor)®

H—HH, FESATHEFERE, ST B miRARS & ol T By TR 25
T B iR > TR AT 112 251, H S BR ) 00 T BRI 28 kA I L9 g5 B
XERRIN KGR, EER, BETRIASREES IR B,
RE—MEATRES RIRE S RS IR OE T RN T DUY i #2009 5
BARSRAEARBS . ITAR, H A4k T LI B0 = BT HR 2% n R SR = A 7T
BRI . 7 238N EE.C. Driessen 25 A 7E 2009 @ iT ] % NN # 5 5l
TARMESH M B mdRAT LLE, IR A6 488 nm B 1550 nm B9 fwmdR %
ELBEN 5% 28 0h 31 30961, 6 5 F FEA% K 2% Maria Csete S AFE 2017 #E3 1T
BB B S K2R HOG TR 2% 75 9ok S o 0 m R 5 LU A s it
100M%), RUER X K538 S oK £ 88 1 80 SEE— 52 WO w3 4 ELE L (AR IR0 AR
FATE S FHR L B T IR /L L IR LA AN ET . Rk, Bkl —F 5
TER (ZRIME. MR HWIREUR B FIRINE 2 B AlH 5522

EEBYIRE R —ENE TSN, FARXIRERARRILL, B &Rk
HIot. B ARSI . DAk, BEMTA LIRS BT R IEgK R
REAT LSRN 28 ke 32 . Hodr, photogating RN #E 12 20 . 12800
FEAEHE— 2B 45 f D ELECRR PRI — M B R G 3R, AT LATE BO AR K 2R 4RI 35 7
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TR T HEESMEE, B, CdS YK 2E— R B AR5 B AN 2R A R
(271300 55855 £h 22 AR VAR (CVD) 7B K Y CdS B A 52454, 7 photogating
MR TE AN ESE, BEEASZERAEER TN RTINS G,

3.2 CdS ARELRI SRR

AR B BT IR CdS K&K M CVD Fiz & M. L5 % H AN
EXERP IR, ERKCATRE R BNAEE LSS, A Iom EERNE
FURLEART, BERHZERREEE P TIERRX: FENE cds BARmA
AT ETEAN LR X AR RS b =R, B RIEE] 13107 mbar,
WAFTEIRES SR CEEALLH] R 100: 20, BFEE N 50 scem), ZFHIMMA CdS 7
RE 700°C, IF HYEFFAE 100 mbar 50 718 . EREHRE, ihdk& A RREII=E
RA . SR EN 2RI REPIREL.

FERMERKEE YT, FERKHEAZREAN CdS 4R8N 7 EEE
TH A BERTIRRARE BRE 700°C, B AR T 9% T BRK 20
A E PRI, BN ZRREE S SRR TN - FIaSM: Ak, 100
SEMNESE, BECDET AR E B, WRESKER NGB LS %
1R TR

& 3.1 B 2L AL AL CdS #IREL AT SEM &, A D95 A 300 nm Si0,
[ 8i FK. MWEIHFFLES, FRE&NRINIEAIENE, MEMSA TR, &M
RNAKRRMEAEZF LT EEERE, REFRES (RIS HaGR T
#F T photogating BN . AR LRI N S GG 54, JRH-FR, Mgk
ME R g 2R, 155 R F BRI ROE B X — S MWE 3.2 AT LS R 1,
S TEM REAGURE MG AR ERFIF, SAED EERHYIREE BRI
MO ER A5 . ERARTRLEE A 0.32 nm, HOXWR T CdS #EHY 002 T . 1M EDS ek
K, PUREAM BN ER Cd A0S JTE (C A Cu ERIFET Co MBIISH), &
e B AR A
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Figure 3.1 SEM image of CdS nanowires

W A ECD.

&=
Energy (keV)

B 3.2 AR BHREN (o) HR-TEM Elf%, (b) SAED B, (o) EDS bilf, Mok
B AR — L AR SR B BH X 54k (EDX) KiE.
Figure 3.2 (a) HR-TEM image of atypical single nanowire, (b} SAED pattemn, (¢} EDS spectrum,

energy dispersive X-ray (EDX) spectra obtained from a core region of the nanowire.
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3.3 CdS 9K R A ERFIE

AR B LE MR ETHEIER CdS RN FEEABRTFRIEZN RS S £S5
B LR & E BB RAE RIER AR, WMERARE ¥ RGP REE. Bk
CVD A¥EAE KN CdS nm SA)E R FFH 300 nm Si0, A% EWREK &, A
FEAFEZRMER B GUREEN A B EH it TR, feik PMMA B,
4000 B6/5r %%, Mk 5 340, FIA Dasign CAD BFEFEE 2208 A B 40 2K 48 5 i
B RIRGEBNR. A5 AR FRE £ 45071% Dasign CAD 81 B 2 LAY
FIRBRAERRIORENPLZ B X MM ER. BE. FIA PMMA BRI
ITRE . RSB REE RET#HITES, B AH/%, BEEH 1565 m.
BE S BNOERHAFRRAET, DL S0 BiRE 30 241, ERAEELT.
BAERRERKELN 3 um, BAAE 100nm 24, LHH% TIERBERINRE,
FI S I AR BB R, SR Si0x/Si B9 Si &, EAERF Si 2%A
HEBRANSIER, AARFNIFZHE,

3.4 CdS AR S SR AE RO FE B FRAE
341 SR MIEMIRE

CdS giK& 0 FET &4 =4RWE 3.3 (a) Fir, ERBRSRESES, 9
KEABEREN, TEEEA 2mm, BEEAA100nm. EXEALFIERNA
i iNimE A 01 V /AL, mMEMBENNERAERASH, 493V EAL, WK 33
(b) Firms

(a) Photons & (b) %Photons
go. — Cr/Au L
P el |, |
" il

| II"Irds @1- "rls
B33 (a) CdS #PKREN FET 4 =42 El: (b) FET &Ml EE~nEE

Figure 3.3 (a) Three-dimensional schematic diagram of the FET structure based on CdS nanowire;

(b) Schematic diagram of the voltage applied to the FET structure
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3.4 Ca) e fFRETALIE, B FEMarin 2 S ik, BTLAAIZZRE
HORE AR R T . AVRIE, BIIEHN, £XE BRI i), M
TN g R IOTiES . i, ERANFSEM ST, B0 AN, A&
feE S B AR, SRR AR N RIMIES), M2 MR
PRI AS B IR IR ALEEAT 90 FERe &, 931K 34 (b) Frw, JHE
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B34 (o) BERTEISREEN M (b) BRI KRR 2 E
Figure 3.4 (a) The direction of motion of photogenerated electron-hole pairs; (b) Schematic

diagram of the capture principle of detector

3.4.2 REIHIER T RO S RE

RPN LR E T E, Sl Ra i ertEiz, Wi 35 . MWid%k
R EFRIOCHIE T, MEFATLIE H Bt IEF RN, RAPIKRS
SBANKETIFF TR, X — S dER AT ER R Fios, B TR
B el N7 AE (0 B A R 2R 4 1) SEML L, 23 (M7 E K E 2 0.5 pm,
KL BN 100 nm, KA 4rE RN 1 um. B 3.5 () AR 1B,
MR RVER A EE N 01V, FETEEFRET. MNETTUEE,
Si0, Tl Al MR IR gk &P 3R TR E . ER — R, AEWHREE-3
VELE, shERMAERERY, MR, e VEIE R M R R 2
RS, SR

a b

107 -
10
< 100

=10 Vds=0.1 VvV
Indark | 1"
10"

-0.1 0.0 0.1 5 4 3 2 41 0

V. (V) Vg V)

B 3.5 (a) SMERTHL R L 20, (b) AJERAHR T RS R P 1% F 4k
Figure 3.5 (a) Linear output characteristic of current curve; (b) Transfer characteristic curve in

logarithmic coordinates.

3.4.3 KFAH R

INETRTE, EEYPAERFEIEEA3V, ARatEE, K-, Hey
EHRANETFRENEEMEE 0 V) &, HEN—THES, JHRT
=EAEMRE, BT, N R R W A s RO B, BARR AR
R R A —ERREMAER, 23 S P a7 AR m, ke, X
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1&G R F R BFAS S 00N, HEAE M _E AT DUIN B — A A A XS] R
TRIEINARAY,  SESG T, s A B G URCR A B B 457 nm DK #Y LED KT Bk,
B2 25 T 3ok A A 0 SRR AT . LER AL LED AT Bk AP e Y B0 5673 A Rk A
EATHR 58 BB S G ERNZR ), FRE LED 4T Bk H) S A\ Th 3 8 R AL,
T e w] PASEER R0 B0 R A My e 7 BliA s £ i 3.6 P, FEMTA
SIS0 Y B A IS R B A A0 i 28 7R IR S AR a] DAL E 0.33 nA, 0.48 nA,
0.52nA, 0.62nA, 0.73 nA, 0.99nA 1 1.2 nA B TILEIE. HIEZRXGE3),
LA MR BH (2n=7.26<10°A/V, I#=100nm, A=0.0785um”?, &(8i0,)=3.9x8.85x10™"*
F/m, e =1.6x10"°C Ml 5 =1.16), W] LATHE > % 7051 A2 AT B B K /MR 0.5 nA,
P RE EEATR 1T nA. B, X EUIEISLIGE —2, WN{ERSE 0.5nA
PN, 1M 0.99 nA F 1.2 nA WIFESEHE 1 nAJsh & T ARG, 10-0.4 71-0.55 nA,
FHTTRE—EIEAERINADNGEF, 5| RENFFRETHE. e
R BHRERE, REABEARNE AR RESE T HTH.

= 1-Photon Detection D.SZnAﬁ

W
( 9,
. oo
-~ 1-Photohole Neutralization

o0

— - O 0%

< 24 34

c

0.72nA

~ 0.31nAf°
0 o
-...‘U 0.33nA
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\. ‘9&596’&3% i 0.55nA
224.f %/;q d
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B 3.6 ot TFmEE. MERTE 073 ATFH, V=01V, N3V FH#TH.
Figure 3.6 Single-photon response diagram. Measurements were carried out at 0.73 photons/s, g

=0.1V,and Vyz=-3 V.

B 3.7 FEHUREERN BT RN R 2 A, JrREsmL0ME, TEA2S
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AR, BTEEAST . i TERENSEMR AT, HERgRmER
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B, BT EES5HEES. Bih, £z RiEAST BN HKENEHE
F, RUEHHEFR2S59H, SEUGERRA-FIRE RGN, FEithaT AER
ERATFRI L — T ZEE.

(%%? (b)

d

% 0 =~ b
s '@ ht I S
HWiE Nee Tt A T

Y= — R T 7 Yol = — R T 2

B3.7 (a) REBTZFRX, BFEEGES, TREREDSHRK, (b wHHRTNAS
2 photogating 3¢
Figure 3.7 (a) Photogenerated electron hole pairs, electrons remain in the channel, and holes are

trapped by the surface state, (b) The trapped holes cause a photogating effect

AT H—PRIEFUSHYOCT RIS, BITCRARARR, FF2
AR A RE BFRETERE MRS, AEES Dt THTE3Ic IFREE
EHMNATE, REEE AT oM E BRZLESBEHM 5 E, o
B 38 fr. HANRBAREAAS BSR4 LR FH. BRFaLELT
AR A A R R 2, B EIiil e U AR S, MRE
REFTHEN SN, BREXAME, RE—MEEHNSHE, X2HTHREN
FR] 0 MEF5IRAY. BESBIFRAEGR, BHEE g e
HIERD, HETHERUZ 6. BRETREMNE G &, RITGHL
R ERE, ATUERMEEAICTHMEE, FUBE - MR HEELIT,
R BT ERI 2R 2 DT - BT BT IR 1 H R e 2 B T B A AR 5T
Frslieny, xRTE 3.6 Rk aE. EEAEERN, XESSHBRNNER
MEZRERGFI BT . EE—RME, ANREKEF, RINTATUED, #
A VRIR 3T . 2, FUBRTUEZR TR 1, 2 /319567,
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+0.4

- Counts (x1,000)

=2

05 00 05 10 15 ./ 05 00 D5 10 15
., (nA) Al (nA)

B 3.8 JuT AL E. AN TEOLT AES M EPEARD, MBEE V0.1V, V3V
THATH. S ERERITHEM BB TR 25,631, 29,227, 32,786, 14,706 F1 20,444
Figure 3.8 Photon response statistics. The number of incident mean photons is indicated in each
figure and the measurement is performed at #3,=0.1 V and ¥4, = -3 V. The total count in each

figure iz 25, 631, 29, 227, 32, 786, 14, 706 and 20, 444 from top to bottom.

—NERAR BB T ERINEE R R BA 100% 8 TRES), SAMELFHR
NFERAEB S EERNAREER, SEHH v HE SR e, g
B —MEANTIERER—EEEEE: '4h, BRINKFTETRRERE,
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AR Z AR — DR ANES F — R ETE R R kg, Ba, IR
P TG T BV N RE & e A TEIAR, AT AR B AR XN T S
Mg mAaRm e, e Mo EGE. BidixmiE, UEHRNSEE
N=l46 MHIEEE, ME 32 Pw. K N=1HEEER 2%, ceallgsy
THAMEFF RS T IRMEAE 4 K BIRE 7 T B

F32 N=146 A\FHTRIERE

Table 3.2 Probabilities of Correctly Determining the Number of Photons at N=1.46

VN ipins i R X Hi5K
0 Al _<035nA 98
1 0.35nA <Al _<0.79nA 82
2 0.79 nA <Al _<134nA 90
>3 AL > 134nA 94

3.4.4 photogating 3§ i 7 TE AU IUE R

TEASEIG Y, 2RI EE F ER K EEYI R B RS AU photogating RN K
FNFNEASET R, K, BN SR HYIRE 742 photogating . N
A 3.9 BiR, SRIRRELRE, BREEWEE. SCRRIT R E N TR ) )
AL 2R o WAFAFIE Vas=0.1 K, ABDUTHER N=072567/ #. #£1=0
B, Ve = 0, UERT Y Iy AR W0GRHE B (X BIF /S HARUHE ). 100 B )5, FRAT
1 Vg B N-3 AR, bR, MEIS T LR WIATE B S AT B B — MRS
XA E W R E R R T R MR EDRES, IR R R
1nA. 2833 180 ¥, FATIF BT fE eI —E4E R 1E 1nA (iR, PR
FOBHE R IR A Bk BRETHTHF LED S8R, 545 86T SRR IEE sl
EATDAE B B IT 46 Bk, JE H i Rt 2O E 3.6 BB TIL e B E.
TERIS DT B 2 F 0 R, RIS v DL — B TR, HAs W7 20T LA —A
T —EFL mW e XEEARTFHREE NN REFE L E TR
A B LR KBRS N AR AR A ASTEE RS, RIS AE
T RGN A R EENTAAME.

A, (£ 1=7580s B CH] LED StiE, WEFRILLEY, MR 4 HRE E7,
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AR EERI R LIRAT B . XA PRERE SR FAFRE T HETR,
HERARIG WD EN 2B 0RES T LR MANA D BLRA .
iX & photogating %% 77 7E B9 55 — MIEHR
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ZEH 10 nA, WE 39 PHEMR. XUEETREASHBENRESIGFESE
B S B IX photogating ¥ 57 7 7F B9 58 — MR .

BfE, SR 35V EBE 0MEL, AEREEMEETI OV, A
EIhrT LUE R, i BORS S BRI IRRE Bk — 5. 2 BB, BT aKEk
FRESHHROLNETN, KT ESN, MAEEMEMNEREERN, Warsed
EESBIERENTI, FEERRGES RS . W RELN524A00E2
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B 3.9 RNEEEMEE S AR FIFOZ TR a2 R R
Figure 3.9 Variation of the detector over time as a function of back-gate voltage and

illumination conditions
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Figure 3.10 /- curve of before and after illumination and the difference between them
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Figure 3.11 (a) Spectral response of the detector, (b) Response speed of the detector
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Figure 3.12 Transconductance g, of the device versus back gate 1,
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Figure 3.13 The photon response statistics for different back gate conditions. The test conditions
were I3 =0.1 V at room temperature and the photon incidence rate of 0.73 photon/s. (a) (b) {¢)
were Vg =-3.5V, Vg =-2.6 V and Fg = -2 V, respectively. The single photon peaks are 0.12 nA,
0.55 nA and 0.57 nA, respectively. The total count in each figure is 21,262, 16,073 and 21,206

from left to right.
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Table 3.3 Comparison of theoretical and experimental values
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Back-gated | Starting | Intermediate Zm Corresponding | Calculated | Experimental
voltage (V) | -ending | current (nA) {A/V) Back-gated Alg (nd) Aly (nA)
current voltage (V)
(nA)
-2 100-110 100 9.59 (£0.5) -2 0.57 0.57
x10°® +0.05
2.5 50-70 60 9.26 (+0.4) 2.4 0.55 0.55
10 +0.03
-3 11-40 25 8.42 (+0.5) -2.88 0.5 0.5
x10°® +£0.05
3 11-16 13 6.9 (+£0.5) -2.97 0.4 0.4
x10°® +0.04
-3.5 2-4 3 2(£0.3) -33 0.12 0.12
<10 +0.03
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RN R, NE 314 FELH R, MNEFATLEH, 7F 1h.=3 Vi, &
PSR R S 1 (4.5). X 5ATH — BRI E M R 1E-3 V B HRE R
TEHEYIE, B SRR R A R TARRGS BAE-3 V b EEARTEH, WL
BEERBNIES gn SWRAE CHE—MEEE, ERIRSREXEFTERES
RS E, BRI 5 50 BB EI R R, RS WA IR M P o ik B HH R
MERMEL T, B TESRBEENER, 555 55 B RA KRGS ER.
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Figure 3.15 (a) The luminous intensity of the LED as a function of small drive current, (b) The

luminescence spectrum of the LED source.
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Figure 3.16 (a) The number of incident photon pulses tested by the oscilloscope, (b) The

relationship between the number of emitted photons of the LED and the small drive current
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Figure 3.17 (a) Device polarization test system diagram, (b) photon count rate as a function of

polarization angle
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Figure 4.1 (a) Asymmetric electrode area contact Si photodeteotorlnﬂ, (b) IV curve of asymmetrio
Si devioemﬂ, {¢) WSe,; photodetector based on asymmetric electrode area oontactms], (d) the IV

curve of the WSe, devicel"*®
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Figure 4.2 (a) 3D schematic diagram of the InP nanowire based on asymmetric metal and

asymmetric area contact, (b) Optical microscope image of the device
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Figure 4.4 High-rectification ratio of /-1 characteristics of InP nanowire devices at room

temperature and 77 K.
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Figure 4.6 Transfer characteristics of InP nanowire devices at room temperature
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Figure 4.7 Broad spectrum response of InP nanowire devices
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Figure 4.9 Current-Time curve of the InP nanowire device response to 6 photons/s. The black line
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Figure 4.10 Typical transfer characteristic curve of InP nanowire devices. The(D(@E1@ B abeled
in the figure represents the different points in the whole scanning process. These cases correspond
to different test conditions, including current conditions, band structure and surface state trap

electrons.
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Figure 5.1 (a) 3D schematic of a BP/WSe, vertical junction device, (b) Optical microscopic

physical image of the device

K 5.2 BP/WSe, T H 45 254 (1) AFM E{R

Figure 5.2 AFM image of BP/WSe, vertical junction device

5.3 BP/WSe, EE 28 VB F M BE T IRIE

B2kt BP/WSe, 3 E 48T, WK 53 (a) R, REMTE
AR R R Rt 2k, SRR LUE . WSe, IUIEANR L, H234F
VE3E B E T AR AR . B 5.3 () BB EIRE TR BT
2%, MBI AT LAE H, 28 R KT 40 V I/ — AR 2. 16 40 V 20T

77



TR e i s IR SRR

PAEFVIE R E SR R TS 0, WSe, FHLE — o B2 SR MR,
BT EE 40 VI, VHEHREENE - NTREES, SXMIR R
CAM BP/WSe, XA 1 B 72l &5 # 1 RE T Bl T35 8.

a I 300 b.
300
200 b 200}
100} 100}
— —
E 0 E 0
8 8
~ ook ~° -100}
-200
-200 b
-300
-300 A a L R 2 i N i
0.4 0.2 0.0 0.2 0.4 20 [ 20 40 60
V, V) v, (V)

Bl 5.3 BP/WSe, I EAZTHY (a) #iHrrEEZEA (b) FRfitidhss
Figure 5.3 (a) output characteristic curve and (b) transfer characteristic curve of BP/W Se; vertical

Junction device

W 5.4 Bras, & BP/WSe, # H A58 89 AV RS ML i e M g n B L.
HRIE AT SCIRIRIE, BP M2 P2 Sk, Elrh s A 315 B ZILAHEIILS
BR— BB TR, DRREHT ST, BT A WSe, ZEE M R,
EHSHES BP WM TNEER N, Hit, HHBEFE WSe, 45 BP B
w2 AT E ), HELT e I,

78



5 3 BP/WSe2 —4Eff il B A MR 58

0 V=03
3.0x107 b ds
2.0x10" |
<
8
1.0x10” F
A
0.0 S
-60 -40 -20 0 20 40 60
v,V
B C
Horizontal Transfer WSe,_ ) = Q0g,
Source,
5§ —D 7 E Drain
Wsey BP
Vertical Transfer W Wse, 00 | @@

=Ij_l '

& 5.4 BP/W Se, 3 I 45 25 HO it 2 i

Figure 5.4 Band theory of BP/W Se; vertical junction devices
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Figure 6.1 Characterization of carrier aggregation and flow in nanowires using near-field optics
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