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ABSTRACT 1

ABSTRACT

The recently discovered topological crystalline insulators (TClIs) SnTe and Pb,.«Sn.Te
(Se) have attracted considerable interests due to their novel topological properties.
Different from conventional topological insulators (TIs) such as BizTe3, Bi,Ses and SboTe;
which are protected by time-reversal symmetry, point-group symmetry warrants the robust
surface states of TCIs on highly-symmetry crystal planes. Consequently, TCls show
promising applications in low-dissipation electronics devices, spintronics devices, infrared
detection, thermoelectronic conversion and topological logic devices. However, the surface
states transport of TClIs is always suppressed by bulk states, which makes it a big challenge
to explore crystalline symmetry-induced quantum transport phenomenon and topological
electronic devices. One way to solve this problem is to grow low dimensional TCIs which
has a large surface-to-volume ratio and thus can profoundly enhance the surface states
transport. Especially, due to the dominant top and bottom surfaces, two-dimensional (2D)
TCIs are considered to be the ideal structure for demonstrating topological electronic
transport of TClIs. In this thesis, we have developed an effective way to grow large and thin
TCIs nanoplates by chemical vapor deposition (CVD). Have these high-quality TCls
nanoplates, we have realized controllable topological surface transport by gate voltage
engineering. The main results are summarized as follows:

(1)Controllable synthesis of ultrathin TCIs nanoplates

TCls are of rock-salt architecture with isotropic crystal orientation, meaning they lack
intrinsic motivation for the growth of 2D geometry. In this study, we have grown ultrathin
Pb;.xSn,Se nanoplates with planar orientation on layered mica by applying van der Waals
epitaxy. The thickness of Pb;.xSnsSe nanoplates can be controlled to 20 nm. Further, we
have grown ultralarge Pb;«SnyTe nanoplates with vertical orientation on disordered SiO,
or glass. The lateral dimension of Pb;.4SnyTe nanoplates with thickness mainly distributing
in 40 nm reaches.20 um. We have carefully investigated the effect of substrate surface
chemistry on the growth orientation and morphology of TCIs nanoplates

(2)Tunable topological surface transport of low dimensional TCIs

By adjusting mole ratio of SnTe to PbTe in the source of CVD, we have realized a
continuous modulation of Sn percent from 0 to 1 in Pb;Sn,Te nanowires.
Low-temperature transport measurements have shown Pb;.Sn,Te nanowires exhibited a

transition from weak localization (WL) to weak antilocalization (WAL) effect, which is
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consistent with the theoretical predication that Pb;«SnyTe undergoes a band inversion and
becomes a topological nontrivial phase when Sn content exceeds 0.38. Furthermore, we
realized gate voltage-controlled topologic surface transport of Pb;..Sn,Te nanoplates. As
the back gate voltage reduces from 40 to -25 V, the Fermi level moves from the bottom of
conduction band to the middle of band gap. As a result, the bulk states transport is
suppressed and the surface states transport is enhanced.

(3)Design of high-performance infrared detector based on low dimensional TCIs

By utilizing flexibility and insulating nature of layered mica, we have in situ
fabricated flexible infrared detector of Pb;.«Sn,Te nanoplate on mica substrate. The device
shows broad response spectra from UV to infrared with a fast switch time of ~0.8 s. The
responsivity of the device reaches 5.95 A/W. After bending the device 100 times with
bending radius of 4 mm, the devices keep high-efficient photoresponse. Further, by using
few-layer BN as a lattice mismatching buffer layer, Pb;.,Sn,Se nanoplates have been
directly grown on SiO,/Si. This design shows high compatability with current Si-based
semiconductor techniques. Thus, we in situ fabricated field effect transistor (FET) of
Pb;xSn,Se nanoplates on SiO»/Si substrate which shows mobility of 4.90 cm? V' s and
photoresponsivity of 0.32 A/W in the detection range of 1.9-2.0 um.
Keywords: topological crystalline insulators, surface states transport, van der Waals

epitaxy, gate voltage modulation, infrared detection
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Figure 1.2 (a) Interface state between quantum hall state and insulator, (b) Band structure of quantum

hall state.
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Figure 1.3 (a-c) Insulator state, (b-f) Quantum hall state.
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Figure 1.4 Spin-polarized current (a) and band structure (b) at the edges of quantum hall state.
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Figure 1.5 (a) Model of two dimensional TIs, (b) Inversion of topological phase with the increase of
quantum well thickness, (c) Surface helical states of quantum spin hall state, (d) quantum transport of

quantum spin hall state.
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Figure 1.6 (2) Spin-resolved surface states, (b) Dispersion relation of surface states.
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Figure 1.7 Surface electronic structure of 3D TIs Sb,Ses, Sb,Tes, BixSes and BiyTes.
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Table 1.1 Fundamental information of TIs and TCls. Insets: (a) Quantum Hall effect in 2D electron
system with dissipationless edge states. (b) Back scattering from non-magnetic impurities in TIs surface
is prohibited. Reproduced with permission. (¢) 2D helical surface states of 3D TIs. (d) Energy
dispersion of spin non-degenerate surface states on 3D TIs. Reproduced with permission. (e) Dirac-cone

surface states on two different surface planes of (001) and (111).
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Figure 1.8 Model of band inversion in Pb;Sn,Te.
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Figure 1.9 Pb,_Sn,Te double heterostructure infrared laser imaging system used as the detector of

glycine density on surface of Si.
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Figure 1.10 (a) Band structure and (b) Fermi surface of SnTe (001) surface. (c) A set of Fermi surface at

different energy with a Lifshit transition. (d) Temperature-dependent ARPES spectra in the vicinity of X.
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Figure 1.11 Component-dependent surface states. (a, ¢, e, g) ARPES on (001) surface of Pb, xSnyTe,

theoretical results of surface electronic structure on (001) surface of Pb; Sn,Te.
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Figure 1.12 (a) Gapless edge states of an 11-layer SnTe thin film. (b) The edge state opens up when
applying a perpendicular electrical field.
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Figure 1.14 Landau quantization of the Dirac cone. (a) Patially-filled 2D Dirac cone, Landau

quantization of Dirac cone at lower magnetic field (b) and higher magnetic field (c).
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Figure 1.16 Signatures of 2D WAL and WL effect. Change of magnetoconductivity as the function of
magnetic field B (a) and temperature 7T (b).
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Figure 1.17 Au-catalysed vapor-liquid-soldi growth of TIs Bi;Se; nanoribbons and nanowires. (a)
Crystal structure of BiySes, (b-d) SEM images of Bi,Se; nanowires and nanoribbons, (e-j)

High-resolution SEM images of Au-catalysed Bi;Se; nanowires and nanoribbons, (k) Bi,Se; nanosheets.
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Figure 1.18 (a) Schematic illumination of van der Waals epitaxial Tls nanosheets, (b, c) Optical

microscope images of BiSe; and BiTe; nanosheets, (d) Orientation of TIs nanosheets, it mainly

distributes at 0°, 60° and 120°, () The thickness of most TIs nanosheets is 3-layers.
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Figure 1.19 AB oscillations of the topological surface states. (a) Shematic diagram of topological
surface states on TIs nanoribbons, (b) SEM image of the device, (¢, d) AB oscillations of TIs

nanoribbons.
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Figure 1.20 Gate voltage-controlled SAH oscillation in TIs nanoribbon. (a-f) Quantum oscillation at
different temperature and gate voltages. SdH oscillation at (a) 1.4 K and (d) 4 K with gate voltage
increasing from -60 to +80 V. (b) and (e) are conresponding FFT spectra. SdH oscillation at (¢) Vy=+80

V and (f) V=+40 V at various temperature.
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Figure 1.21 WAL effect of Bix(SesTe;)s nanoribbons. (a) Schematic of the device, (b)

Angle-dependent WAL effect, (c) Theoretical fitting gives phase coherence length 197 nm and numbers
of transport 0.97, (d) Chang of magnetocondutance as the function of vertical component of magnetic

field.
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Figure 1.22 Quantum anomalous Hall effect. (a) Schematic drawing of quantum anomalous hall effect
in a Cr-doped TI thin film with ferromagnetism. (b) Schematic drawing of the expected chemical

potential dependence of zero-field oy and o,. (c) Optical images of a Hall har device. (d) Magnetic

field dependence of Hall resistance as the function of magnetic field.
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Figure 2.4 SEM image of vertical ZnO nanowires array on sapphire
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$90.2nm, 1000 kV #E S B8 E 0 PE%4 0.1 nm *?. %0z | HRTEM BE T LA3RTS &
MHEFIE R, AT R R E. RRGREN. AYEtREREEN
B, MERGNHSG: BOEARERE— T, WEINRESE, £5E
i b BRSO R LIRS & R, BlS P T 2B . modie T B MEn
At 5 A2 B R P38 S I RO SV O AB L 2 BT T A o A TR R BT B 3 8 T R AR
#1745 4 FEI Tecnai F20.

233 FRF/1BME

K 2.5 FimR BT f B e (Atomic Force Microscope, AFM)FI45#)F1 TAE R
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B, % — AN ES SR SR R M R R (R R — g E T R M R e
T B3 H B R ET . TR SR ISR, frau kR B Rk AL
WESROME H (Bl HEUF F7), (HEMORE R A MUY . AFM RAZU S EI A
M ANTEAS R, AT FRAGAE R T A 30 A EL A SR TR S VR B (n 2R T e L Ak
FERE. BhEE. BENE ). AFM B RO SRR, SR =R [ 10 1 ik
B, Bp Eﬁﬁﬂ#ﬁﬂ%ﬁﬁ(comact mode). AR AR L% F(non-contact) T
R 545 3 (tap-ping mode).

‘ & VR 22 .l
. ELI
b ;
S s B
) ERTE Rt . j
E et B b T
> " . =l 7’.\r
7 ATIHES | IRl

B25 EEHEEGERERER. 3UHE5%
Figure 2.5 Schematic of AFM

(A% fb = R ARG

TR AR R G, AR GRS IR R AR e R i Bl TR
WA AR AR . REAR T RN E BT EHRRER ), RN
10"-10° N,

TR R AR BT, BREM A S A R A, R T DURRE s RS B 0
KRR S ER, TA B R TR E 0. i, MEEFEHTER
G RrgssE R S RIRANCNT10P N, B p AR A R T AN 2 iR 1
()R i R R K

AR R SO R Y, T R e ATEAE SR T ERIRG] J1, #HR-1R
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HEIBEERBUNS-20 nm. BT VEEE RIS, WERBEASR, FXRAMSER
FIAFE SHRAA. *Eﬁhi’d%ﬁ?ﬁ%o BT XA R T AR [l BE B BOK,
DA E S P EiEi‘%ﬁi?)ﬂU%&f)r‘uEiiéﬂE‘Jﬁ%?%ﬁﬂéwﬂéé&, RAEZBIRTH
BRIy '

e R I B TR = A SR IRET AN AN, SR B A EFR
A, A&mmiEe, ERTHREEEMKRMAE. wih, BRI, W
BAZEMANEN, FREHRIUA S ERR. BN SRR E R BUEAR
THEAMHEABR.

YR

BRERE - MEM BRI R TSR YR P RO Z KRR, DR
BATAER, 588 DLEE GHR)IRS R SEE T2 M W L TR3, Hik
E—BE20 nmbl b, FIRFBRBERTER . HREm BRI M 5 AR
.

XMELEE T oHERNRS. B%, BTHRENMREREEZER, 2EE
BF SEMEEIER PR, IR, B TERERER SRR KA EER RN,
JLT AT BASE 4 IR ELAE A 7 3RO B TR B T S B R G5 TR, BT
PRGN AR RS, B REE ALK, Fedimn
AEEKMFB U ZRE? . ARBEHERNET HEMERNE S N Atomic force
microscopy (AFM, Veeco Multimode).

2.3.4 Raman Y6iE4{X

Raman JEiE0UR —F G SIS, BEAELIGERIE, EFEED T4ME
BAEFRA. *° T H Raman JEiE4CRT LA TR R B 7755 4 0 R AR G5 M REAT Fi
7. Raman Y6HEAY I E A T/E RN Raman #U5f, 1928 SEENEHH 225K C. V. Raman
RUEBLBEBRE, —H HECEANGCHRERFAR, —MWAANFTERETH
5, MBAMBESEAT ST RSEHEE R, XFPI6RIEUR I ZFR)9 Raman #U4 . Raman
B A T A R ETFE R BT AL . Raman BUHERSERN: E M E RES

(E>Ey), Es RmERed, ESREZHIRTIES B, BREBES E, 7 THRER
%k hv=Ep-Ey, SRR 2 AR AT O . B RSBMR B B TS
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B E, WHSTEESINT h=E-E, XHEENREFERTEG. RIEXEERS
AN, Raman J63ESCR] 53 R ( BLE G R 8 o6 B4 R E B - AR s B 140 . (BEK
RO Raman L0 E B LA EFEROLICIE, oA E I, b AR I FAE
CAWTERS. HRNEOLREE KN 632.8 nm [ He-Ne BOEAS AN K 515 nm 1) Ar
S MBS G B AL F i 488 . Raman SBilk FIBSALER A AL, YPAALHRA
SR, BT Raman % 5EURIETER, @H R HYFERHHES . AEBE A Raman
J6 it {X %5 5 Renishaw InVia, J6JH5 532 nm #0648,

2.4 BFRIEIEBL) RS

HFRBAERFGRCEAET. . BTRAPERENELRS, FEHET
K, THEEGNBERRER=ZHIAR. 7 BFREGERTEERTMRERT,
& EBL RAMERIS, AIFHFH. REMRELE, BFEmEmREERY
BT IREE, R miELBEREHIE X-y M b, TEGREESIFH T,
XA AE T EARE B RS 3 DR MEOT A B R A48 I T4 25 42 ] o 7 SR f
i, XM T GBI . B RLE BRI TR REXNER, X2RT
RECRASHABBTEMREMNEERXS, BEXTBFRA#MNERY, FEEdE
SRR o<« (mdee 28 B X)L B RIS ) TAE & M AL AR R SEILIX —Ih Ak . FRpE S AE {4
b, BFRBRRGORAEHNELEE, UHEARGHTER, HEMHTLE,
X B EAATIER . AREH R U BIREAN BT HRBERRGE S Vistec
EBPG 5000plus ES, H/NA#RIE 10 nm. &N GHNEZTRELT: (1) &t
B%, KA L-Edit mEFEMHEREZR, RESANBARRES. 2 BK, BiEkE
[ SiOo/Si £ f ek PMMA IERR, R 300 nm, 180 °C k5 2 28k, (3) B,
KRt R R B B RAER MRERMEHFER. (O BERSeR, £/
B MW ETUR T B R RISy, iR M RIE R RS R R E. (5) EE,
KRR YE 8 nm Cr/100 nm Au HRE. (6) F&E, XHWEERPMMA, H
F5 Sio, BEEEAA BARK MK, T PMMA SE TR, 2 J6 BT B iRk
Fl. 2.6 HEFRECHIEBRIRERER.
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Bl 5 5% \T3°

,
— <77‘_A “
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B 2.6 HLTIRERGHI & AR A AR B

Figure 2.6 EBL process for electrodes fabrication

2.5 [RRBHTZRERA

KRR MIE AR R GRAYHER AN —FHEENATB. RICEEZ T, &
BRI, RERS REFDNR, WSEBEEHEEK, WA TERAE.
PRARIRE T 5% A e PUE AR S MR I RS BT SR RS, AR TR ERK, ETH
FHA AT, ANEREEERA Quantum Design 2 & /7 PPMS-9 M E K T 4K
MR BSEEZENETHETRIEAR.

FEdh
USRI

SRR

& 2.7 Quantum design PPMS-9 3 4544
Figure 2.7 Structure of quantum design PPMS-9

& 2.7 BARBAEH K PPMS-9 B EEAMMEL, WIFEEER, WpiEk, B
TR A R AR S R G . RGIBE B B M L OB S B SR
HERE, HENRBEFEH RS, ERERNEE 25 om £, BE—-BLTHE
ZORAS, PR R IR R S A = B T A EI R & . RIZARSTE PPMS ZEREZAJH

, ARARIEE TREMIRE R E R REVERFEHE, PPMS REUR AN
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BIF R 2 4.2 K T O IRACRT R B AR thsh, R EE R R T A
MG, FRERE IR ERSRAT .. MIHEIT IR TR B R A 30 (18 S WL A B A 3R AT
PPMS HIHEZ EA LTI s WIS . BEIK. MFEREED . K7
# ) PPMS RIBTEEZEIER 9T, 72#iF5 0.1 Oe.

AR AR B R S RA R I M, Ik AT R AR A, i 2.8
7R, B R R R A DUt 28 (R AN R SRR A% 8 1, eI AT /R 2450 LT 2
& (1) WahssfEdl&, KA EBL REHIE MmmlE /R8T, MAURLEGUK A =
B e, HAR A LR ARARE R T 200X 200 pm; (2) SRR 7S I AURHL A BB AR AL
BB 80 um 4L, Nl SRV BLEN 5l RERFES, &BRkEERRIEE
100 nm bAE; BURH A LMK, £ M T RS B8R H etk (3)
ST FH R RN 51 HH 11 4 2 S5 RE  JER JRE A L PR 8 1 IR ke R

B 2.8 AIlEiEAE AT

Figure 2.8 Rod with rotated sample stage

AR AR P A v 0 W i 5 ZR AR AR BB, 1 2.9 RRBER ARk ah s i,
TEK YRR R SR TR A EBL VANl HARPTFIRR, ACF7 [
OSSR B o B ROCE EACE P, M THRZE 1R B, AT 7 F R AR
MEINA T R RE Vo I E T R BRMAE R BE Vi, 8L Ve R P BT
SR T BEL AN /R B B o DU Sk Y AT A Bk i o BELX U 3 52

B 2.9 B/ REBHSEWE

Figure 2.9 Schematic of Hall device
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F=F HIESEEEYHKRETESRERESBHIE

3.1 AER/N

gkt B — 4R iz iliE, RSB, FOLTE, SR E SRR
BESEHAEEENMA . RENA T SMHNEK PbiaSnTe PIRLRI LI iE, B
T Pbi«Sn,Te KL E BAELEH, WRT Pbi,SnTe PIKEH Sn TR AT
HAE R TR SR, fEERE B, SRR T AR ST PbixSn Te JRLHIRE S4IE
%, SEMBTH, EWT Sn & EX PbSnTe Y KEREABSKHEMIH . &
TAEAEEFR B EIRIRIE T BB B RIS PbixSncTe 49KER) VLS KTk,
TESE 7 ERESIRINEMER, BN — P RREIRSEEERBSE TRIET A
0 e BB T2 B N FH B2 A

3.2 & REFIE S 4K Pby.,Sn,Te KL
321 AKFESEHR

& 3.1(a)A Pbi,Sn,Te WIdALEN, ©EE®ENRKILITMHE. &6 PbixSn,Te
KRR R 9 0.2 g 1 PbTe £ 0.2 g i SnTe #3oK, 4iE#RAN 99.999%. PbTe
SnTe ¥y ARIBHAEE RSP A E, WE 3.10)Fin. F/A HF £/ Si0./Si ZEER
HHRELE, FHREENAE Si REAY 8 nm EN AuEARNSN, MEKRESRS
SRR E T T A KER. IR REE 800-900 °C, HERKIEERE
7F 500-600 °C. /S (Ar)LEN 100 scem, KM EN 1h, MEBAAHEZZER. B
3.1(c)BEKAE Si A LK PbSn, Te 49K 2k SEM %, KRN 4317 4£ 20-30 pm
Z 18], 3.1(d-f)5E Pb1xSn.Te YKL EAEALHI =40 F% SEM BE, K&t &9)
KPR, BAT VLS MAKIH), 9K&RMERE 150-200 nm 2 8], 99KL
AT N AET, ARYE TSR TEM &8, W LLAIBEAET Pb.SnTe 41K
2R (BB B FRER(100)E, X B LSS F(100) B AE Emiett. &
4 (100) fB T [17 Pby.SnyTe GIKLRAFIRZER (100) 5 18 I3 FMESUK 9 AT RE -
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(b)
900-800°C 600-300°C
Yo v
Ar flow Si substrate
.: . ‘!c
ol ooy 4
SnTe PbTe Pby Sn Te

(e)

3.1 Pb;Sn,Te B3R . (a) Pb,Sn Te fkGE M (b) CVD £KREE: (c) PbiySnTe K
£RH) SEM [&1; (d) B4R PbySnyTe FUKLL B IAR R R : (o) BARGREL AR AEAL TR KH) SEM
A (f) BHR PbySn Te HUKERJE ALK AT SEM E; Pby SnTe YK B A TR MEE. BEl(c), (),
(e) 1 (HF FIFRR 4% 10 ym, 500 nm, 100 nm A1 100 nm.

Figure 3.1 Morphologies of Pb;..Sn,Te nanowires. (a) Schematic diagram of Pb;,SnsTe crystal
structure. (b) Schematic diagram of the quartz tube furnace showing the positions of the source
materials and the substrate along with temperature parameters. (¢) SEM image of Pb;.,Sn,Te nanowires.
(d) High-resolution SEM image of single nanowire. (¢) High-resolution SEM image from the top of a
nanowire showing Au particle at tip. (f) High-resolution SEM image from the bottom of nanowire
showing perfect square cross-section. Scale bars in (c), (d), (e) and (f) are 10 pm, 500 nm, 100 nm and

100 nm respectively.

3.2.2 RO REE B d ik gk A

9T $43 Pbi,SnyTe G BALWER, FANE P IHHT 7 TEM 3555
K 3.2(a)f2 B4R PbSn,Te YKL MAEH TEM EUZR . B 3.2(b-e)73 572 1% Pb.Sn,Te
4K Pb. Sn. Te AMEALT Au (7C R B, A LAE S Pb. Sn A Te £921 00 i
BENERAESE: kG AR REN Au F9, #H—DIESE FHPKLN VLS
AL B 3.2(f. g) B4 PbySnTe 9K LM 2 # TEM AL X B FATH B 2
(SAED), Pby,Sn,Te 444k B m B M5 &k, SE(00)H S A EE DY 0.33 nm, 57
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T AT B RS PbiySniTe MAET A LM —B. B 3.2(h)=2 Pbi,SnTe KL REE
BUH X $4&3 (EDX), B#t—SESET PbiSn Te 4K M Pby Sn Al Te 4ik. Au
H{E S RIETF AT, Ni fl Cu E5kEBAT TEM RALHIH M. 320)ER
PbySnsTe KL+ Sn B E 4 L& BREEJEM R+ SnTe 55 PbTe HIBE/RELAALK R,
" LLE 3% SnTe KIBE/RA S ELFF S, PbiSn Te HKLF Sn (IR F HEE T &
XYL Sn 1 BB EEIEM B Sn IR T E 0 R EE

~~
&

Intensity (a.u.)

0 3 10 15 93575307 o6 08 10
Binding energy (KeV)
X (source)

& 3.2 Pb,.,Sn, Te HKLLHI L5 RIS o (2) Pby,SnTe 912K 28 813 TEM B8 (b-¢) PbSn,Te
WK LR TR EE S, (a-e) T B4R 200 nm: (f) PbySn,Te Z9K R 4 #4A0 TEM Bl&: (g) 9
KRERIEEATH EIR (SAED): (h) HPREMTTRIHT (EDX); (i) PbisSn,Te 492K LA Sn & &bl
EFERIFP SnTe 5 PoTe BE/R HLBIHIAEAL .

Figure 3.2 Composition and crystal structure of Pb,Sn,Te nanowires. (a) Bright-field TEM image of
an individual Pb;_Sn,Te nanowire. (b-¢) Elemental mapping of the same region of nanowire indicating
even elemental distribution of Pb, Sn and Te, strong Au signals can be clearly seen on the top of
nanowire. Scale bars in (a-e) are 200 nm. (f) HRTEM image and (g) corresponding SAED pattern
clarify the Pb,Sn,Te nanowire are high symmetry cubic crystal structure. Scale bar in (f) is 2 nm. (h)
TEM-EDX spectrum of the nanowire depicts the presence of Pb, Sn, Te and catalyst Au. (i)
Composition of Sn content (x) in Pb;,Sn,Te nanowires versus Sn atomic ratio (x) in the source

powder.
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3.3 Pb1Sn,Te KL RE HEETH R
3.3.1 FHEAME R RBAIR

Eﬁ%ﬁ%%@%PmﬁmmﬂﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁTﬁﬂﬁo%%
KA TRER A, KR i RE M Py Sn Te HURE D BRI ZE R,
EEETLE Si0y/Si 3L, SiO, [KEE /9 300 nm. F FEI Nanolab 600i SEM/FIB % £5
BT A GEE PR, BT LERE RS e, SR A B RS S UTR(EBID) 51 AR,
TEEREN 1 kV. [B 3.3 & PboaSngsTe HKLE R AN T RRABILIER, B 3.3(a)
2 PbooSnosTe HKLRIEI R BERE T LK R, FEEREKED, EFTHE
Wmm%,%m&%mﬁmwﬁﬁ FHE/N, RIS S BB IET Y SR
EARERE FraTREME(-10 K), XA fem FRIRRE T, FSmegst, &
T IS S
(a) (b) (c)

0.00 0.00}
220 ’
-0.04 005}
200 . 008 0101
~ E w012 =)
G ) ~5 015}
= 180 < 016 % 0.1
x < o)
-0.20 < -020}
160 024 025
028
140 - - y -0.30
50 100 150 200 250 -$ 6 4 2 0 2 4 6 8 6 4 2 0 2 4 6
TE) (M B(T)

B 3.3 PboaSnosTe HIHL M55 RBISMIN S . (2) Pbo2SnosTe QK LRI IUS2S {1+ A ALE FBFL, 15
IR DO SEM B, RN 2 pm, TEEEE: @IS SAURATRENRR, o NIRTT
5 BT I 9 (b) ARBAMIET, WS ELEUSERIRR, (T 2D Kl
TG A BT S i mE s, Bis S IR a A 90%

Figure 3.3 Weak antilocalization effect of Pby1SngsTe nanowire. (a) Temperature-dependent resistance
of four-terminal Pbg»SnggTe nanowire device, top insert: SEM image of four-terminal Pby2SnggTe
nanowire device, scale bar=2 pm, bottom insert: schematic diagram of the measurement setup, o
represents angle between the direction of magnetic field and current flow in the nanowire. (b) Change of
magnetoconductance measured at various angle, indicating pronounced WAL effect. (c) Fitting of AG at

tilt angle 90° based on 2D localization theory.

] 3.3(b)/2 Pbo,SnosTe ZKLHLHE S L E AG SHIASEEE B KRR, MR
WA 2 Ko ERFEMMBE o T, AG HBILRIL/NEZTEE MBLRBIR/NME, BIL TR
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EMBRASAIS. ME 330c)fin, RIE HLN B8, RIS T =90° Itf
Pbo2SnosTe HIKLL I3 RRBIAL, WARS)H, ATERE] 0=-0.40 HITKE lo 5 15
nm, FILETHEEIEL 2N 0.8, HEFTH PbaSnesTe HIKEL (100D EXfFRME
TR IL ST e 4, RS R ETRE, Hit FEFEEHN 8. A, FLE
RN TSR, X ATRER TR RIA T IRAA FEIIKCh 5o 4 8] KR A4k
WO T BB TEERE .

it B, 2D HRINRAASNE R BRI T E BN, BERE AG MLk
/NS VE B P B E W T B B O RS S MEIREL . ERT I 2D $hMEZ RN
BiyTes HE A Bix(SexTer. 4K R BHNSH, 2D 55 kRN 2k E T
ERRE Rk R R AT, BEE R REE BT A RE M, 2D K58 R
BN AR E NS . AR, Pbo,SnesTe PKEEMIE5 R RIS IRE T E e T,
BEE A AN 50° 3% 90°, AG MIZTE/ M E N R A BB/ EMPIRE, KA
BB R, E 3.3(b)ATs. AT T EERE R, BixTe; BARH Biy(SexTer )4 K =
A G aHaiig B FRE " Y, T PboaSnosTe HKLRI LT REREAVN, WA
INRBA)S PbooSnesTe UKL L TFREMA4EEE, MABEHEMN 90° B
50°, 40F 345N, MEEIEREHZMEES &, BaMmRESEBARE
B AT, A RASRIE RN ENE S,

(@) (B)  ou
B, 2N
. 004}
B W Z = 008} ’
' 4 N —s0°
a L = 002 —0"
f St > 2 | X - —0
E . -0.16 / ——s50°
= - \Y o - - Fifting eveve
B.. . 020, 2 0 2 4
Y Bsing (T)

B 3.4 (a) BT M EPORET RESLRR, BT HATT R SARME R 5 PR R TR R
FH, FEEHNAEN 90 IR 50°, MIAREHREHINEESE: (b) HRNELES
Rk L T REEE 78 Bsine KRR

Figure 3.4 (a) Real angle relation between the direction of magnetic field and the nanowire. Since the
magnetic field cannot be kept strictly perpendicular to the top surface of nanowire initially, the lateral
surfaces will obtain perpendicular component of magnetic field with the decrease of angle from 90° to
50°. (b) Change of magnetoconductance versus perpendicular component of magnetic field on top and

bottom surfaces.
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R, MAZSER 4 AR SR AT LU AT PbooSnosTe F1KER A5 R RIS+ 23k
B 2D R, KA 3D MRS5Sk mEL SR AR TR, 3.3(b) B E A
T, RS TR R BAARERRZER. Wb, B 3.4(00)2ri Rz 59K
“ F TREEEDNE Bsine 1%FK, AG MLE/NEHTEREN(£05 TJLFES, iF
LT 2D RESESIEHR AN EZERR. Al R E 2R 3D
PRAS T 55 &R IR Tk, X A AR R B R PUE RS (F A R 55 R N 5
FRHI BB IERT S, T PboaSngsTe 25 B A R0 B IRPUERREER .

3.3.2 B RERIR IR

Pb;xSn,Te MR INHENEE Sn B E 4 & Bk IRE, AREELMAIZIESE 71X
— . B 3.5 /& PbTe Fl PbysSngsTe P KL RESIHAIZIL R, B 3.5(a) 7~ PbTe
292K 2% 110 £ P B 2 1B FE RO MR T FH 78, X 1WA PbTe 4K AL - SR M B i
RIEE PRI SEENRARNR~ S, WHEE IR B UTIHXR, 3k PoTe
AR LHIPGTEALEE Ea N 82 meV, XE iy AW/RESEH, T AFREE. T
PbosSnosTe HIKEH I T & B MM BiiE TN, Wk 3.5(d)F7R, M RERIFFEIK,
Pby sSng sTe GKER MK B BHIZWIR /N, HZRRCIERN, BB T—1EEE, Xt
FRARESE TRESHEEETHE., EEEMHIEAT, PbTe YKL RIL
BT, W 3.5(c), HiRSARE AG {E/MEHTEE NRES I, 55/R bk
R R T T 3 AT AR TSR . 52 BT LLAT R PbosSngsTe
GkLk AG ML (RIS TE T R B 18] R BVE(E, 2T H SUAY 14 55 IR 8 d . 3L
Rio EAIRTSCATR, EHEEREGIERT, RESETATEEEY, BAEHETF
ISR B AR AR, Wi R RS B AR AR AL, ST IR TR E AT
SORRFHKTE, FFESE/A . RMEERERT G, KRB FIEE, #im
FEf 7 REASNBEE, FIUERERE T, 538 RBIBAAASLEEE R, i 3.5()
FiR. fkdE HLN BB, WA R(LS) R THE B R ES B FIHETKERN 41 nm,
HZIEERE 4 0.64. PbosSnosTe #0KE E T &EXIFRIEHE & 4 DML Te 4,
HSTRIA PbosSnosTe 49K LEH5 RIL 8 Mz iBiE. SRS PbooSnesTe 99K,
e 75 e 2 T 2 99 2 R AR [ K oz o S 18] 9 A B 28 AL AR 15 SR B 3R A5 1Y 2Tz i i
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BONFHES TR R. WA 3.50F0R, BB SHHEFIRE, TUEIhEDE
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B(D) B

& 3.5 PbTe F1 PbgsSnosTe FIKEIBLHEILE - (a) PoTe UKL L M BEIR A, BN PbTe
ZhK LR YOS B 1 SEM B, F7R 2 um; (b) InR BEIEREEHIFNARL LR, (o) PbTe URLHE S
B 2K N ERH SR, (d) PbosSnesTe HKE VI RMEFEEMRUXR, HEN
Pb.sSnosTe KL PUR i) SEM [B; (e) ANFIRE T, PbosSnosTe FIKE KR 2B 5HGKIX
Z: (D) BER2KN, HAAHHATRKE 4 un, HEVEEHRSKE.

Figure 3.5 Magneto-transport of PbTe and PbosSngsTe nanowires. (a) Channel resistance R of PbTe
nanowire versus temperature, top insert: SEM images of four-terminal PbTe nanowire devices, scale
bar=2 pm. (b) Channel resistance R on a logarithmic scale of PbTe nanowire versus the inverse of
temperature, 1/7. (c) Magnetoconductance of PbTe nanowire at 2 K with dominated WL effect. (d)
Temperature-dependent resistance of four-terminal PbgsSngsTe nanowire device, bottom insert: SEM
image of four-terminal Pbg sSng sTe nanowire device, scale bar=3 pum, top insert: channel resistance R of
Pby.sSng sTe nanowire at low temperature. () Magneto-transport of Pbg sSngsTe nanowire device at 2,
10 and 15 K. () Fitting of weak antilocalization effect at 2 K in four-terminal PbgsSng sTe nanowire

device, insert is the magnified conductance fluctuation from 0 to 4 T at 2 K.

3.4 AT/

PLAAE oAb, B3t VLS A K7, KEHKS 7 H% 150-200 nm, KE  20-30
um FIBAE T Pby.SncTe 1KLL, SRR EMFRIER (100) fhihdE, BB
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(1] g 454 . (IR A1 45 W PbooSngsTe FH PbosSnosTe AN KLERIL 12 #1155
R, F SR AR R WASRE A FTIESE T Pbo2SnosTe F1 PbgsSno sTe K2R
A BA 2D WtEIR . AT, PbTe HREHLEZM955REUIT A, X SHLTIN -2
LRI 22 Sn [ E 2t & 8T 0.38 IH(7=9 K), Pby.SniTe MR FLAREE I 93 £h
AR FLAE . PbySnyTe GNKER AT 45 & a2 I HVAE i TR 948 7 3% 0 A5 AR 52 (1 2 4tk A7)

HERFE A AR THAE B 70 [ e B T ARt SEBe AN e 1 25 .
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FINE I RSEEEGK A EEEINEEK KT T4

4.1 REFS

R T R RHINR BIE N MoS, f9& S B4 LIS T E R, —4%
JERARA AL B TR KRB B2 00 LRI ELERE BAR MR B 2% BT A i B Ry
¥, 4 SnTe, Pb;xSn,Te F PbiSnSe A HEIEWI, AEHLLIMRIN, HGA
L ANEOE SR A EE NN HMNE: T HIEER, Hit 5Ll e
MSHGE. T RIMEZETT S, ZEEWAER SR ETRE, BBEEK
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Figure 4.1 Conventional epitaxial growth
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Figure 4.2 vdWE growth. (a-c) Either substrate or overlayer requires layered materials.
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Figure 4.3 Crystal structure of single-layer mica sheet
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FEAE & TV & B (D)AB TR 2D 40K F . (c) Pb..Sn,Se 49K A EMBEEE, HEEMERKER
FE4 59 600 1460 °C, FHERANRMEN S (d)FCKH Pb,Sn,Se 4K i SEM EIR, VEIRE
ANEEBEEE 2519 550 F1410°C. (e) HBUKHI PbySn,Se 492K A SEM BUR, W5 & & KR Z 2
F49 600 F1 460 °C. B(c-e)F BIGKF EKEHEA 1 min. (OF(g)7 A2 & KAEA 5 1 30 mins
(%] PbySnxSe 42K Jr, IFIRBERIHE R IR B 4 5l R EF 600 1 460 °C A3, (A1) 73 A R H R IR &
9410 F1 460 °C HIFER B0 AFM B, (§) PbiSnSe 0Kk A BEMSH 0, Bl Ea BN E
FE S ARLE 20-25 nm.

Figure 4.4 Schematic illustrations, SEM and AFM characterizations of van der Waals epitaxial ultrathin

2D Pby,Sn,Se nanoplates. Pb; Sn,Se with cubic crystal structure (a) can be tailored into ultrathin 2D
nanostructures (b) by vdWE at certain growth temperature under which Pb,Sn,Se is of 2D anisotropic

growth. (¢) OM image of Pb;,Sn,Se nanoplates with source temperature 600 °C and substrate
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temperature 460 °C, inset is the photograph of a flexible mica sheet. (d) Magnified SEM images of
triangle and square Pb,_,Sn,Se nanoplates with source temperature 550 °C and substrate temperature
410 °C. (e) Magnified SEM images of triangle and square Pb;,Sn,Se nanoplates with source
temperature 600 °C and substrate temperature 460 °C. The growth time for the products shown in
Figure 1(c), (d) and (e) is 1 min. (f) and (g) The growth time increases to 5 and 30 mins respectively
keeping source temperature 600 °C and substrate temperature 460 °C. (h) AFM image of a Pb,_,Sn,Se
nanoplate with substrate temperature 410 °C, showing thickness of 21 nm. (i) AFM image of a
Pb,Sn,Se nanoplate with substrate temperature 460 °C, showing thickness of 81 nm. (j) Histogram of
Pb,..Sn,Se nanoplates thickness with substrate temperature 410 °C, smooth curve is the Gaussian fit of

the thickness distribution.
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TEM; (b)F(e)%3 FIAEL B (2)F1(d)F & &5 R K IRA & 45 5% TEM, o 4G B G BT B R,
()NZ=ATEYIK A K TEM-EDX B3, (H249K A & Raman B, 49K 5 () Raman W&(H 75 7E

112cem™.

Figure 4.5 TEM and Raman characterizations of Pb,_,Sn,Se nanoplates. (a) and (d) are low-resolution
TEM images of triangle and square Pb;.4SnySe nanoplates respectively, yellow square denotes regions
where HRTEM images were taken. (b) and (e) are HRTEM images of triangle and square Pb,.,Sn,Se
nanoplates respectively with corresponding SAED as the insets. (c) TEM-EDX mapping of triangle
Pb,..Sn,Se nanoplate from (a). (f) Raman spectra of Pb,_,Sn,Se nanoplate with peak of 112 cm’

433 EKPUHI ST
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EEME K -1I0]RI[1-10]F MAE K, RAZRBQ)ENFHE. BEIIEERKKEAL
PSRRI, WETR(-110)FI(1-10) &R TH, FEULIEME 4.4(c)fTa, KE24KA
NI RTTED T TEGKFHRD — A 44, e), XRBTFYRMIEEMER
[-1101F1[1-101 7 A FE & E K FTEL

(@, (b

B 4.6 () N=AFAR DR TEM B, (b)) NELHIDG = ATEYIK A0 A 28 X8 77 St s 2
P TEM.
Figure 4.6 (a) Low-resolution TEM image of a triangle Pb;.Sn,Se nanoplate. (b) HRTEM image

obtained from the region near hypotenuse gives clear crystal fringes of (110) planes.
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Pb,_Sn Se nanoribbon Pb,_Sn.Se square nanoplates
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Figure 4.7 One possible explanation for the growth process of Pb;_Sn,Se nanoplate according to TEM
and SEM analysis. (a) Growth of Pb;,Sn,Se nanoribbon along [110] direction. (b) Growth of

Pb,..Sn,Se square nanoplates due to lateral epitaxial growth of PbSn.Se nanoribbon.
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Figure 4.8 Comparison of growth on mica and Si at various temperatures. (a) and (b) SEM images of
Pb;.,Sn,Se micro-nanostructures on mica. (¢) and (d) SEM images of Pb;.,Sn,Se micro-nanostructures
on Si. (a) and (c) The source and substrate temperatures are set to be 550 and 410 °C respectively. (b)
and (d) The source and substrate temperatures are set to be 600 and 460 °C respectively. The growth

duration of all experiments are set to be 1 min. (¢) and (f) Schematic illustrations of Pb;.Sn,Se

micro-nanostructures growth process on the surface of mica and Si respectively.
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Figure 4.9 Flexible optoelectronic devices based on Pb;,Sn.Se nanoplates on mica sheets. (a)
Photograph of 2D Pb,_Sn,Se nanoplates-based device, inset is the OM image of electrodes pattern. (b)
I-V curves in the dark and in the presence of 375, 473 and 632 nm laser of a single Pb..Sn,Se nanoplate
photodetector, inset is the SEM image of the device. (c) Time-dependent photoresponse of Pb;.Sn.Se
nanoplate device at various light intensity with voltage bias of 2 V and laser wavelength of 473 nm. (d)
A separated response and reset cycle, inset is the power dependence of photocurrent at 473 nm and 2 V
bias. (e) and (f) Time-dependent photoresponse of Pb,..Sn.Se nanoplate device at 375 and 632 nm
respectively. (g) I-V curves in the dark and in the presence of 800 nm laser of another Pb;..Sn.Se
nanoplate photodetector, inset is the SEM image of the device. Time-dependent photoresponse of
Pb,.,Sn,Se nanoplate device with laser wavelength of 800 nm (h) and 980 nm (i). The light power of

800 and 980 nm lasers is set to be 540 mW and 3.06 mW, respectively. The corresponding voltage bias
is 2 and 1.5V, respectively.
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Figure 4.10 Durability measurements of Pb,Sn,Se nanoplates-based flexible photodetector on mica
sheet. (a) Photograph of instrument used for bending. Time trace of photoresponse before (b) and after

(c) bending the device for 100 times.
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HE K BE TR FR T AL S X P ) A K R S P B S5 P R AR BRI, — 7 T
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M RRERT RS

5.2 /2 BN EEHE S Pbr.SnSe FR I EEK
5.2.1 Wit H¥E

S THREERIN Si0./Si, PWISAMMELRmAT RIS, AT EMNSERME
A SMEF R, REERSER FEBEKATRES PSR, FNERNTF
Pt B T AR RO B S . X BUR D B I BN AREUR I R E
Y HL7B EE SiOy/Si EH, W& 5.1()F7R, BN &2—HEE @ BELHINRLELZE
e, HEEREFETEBRERER, BN NERSHEBTEERMIEPOR/R
Z IR R AFM S5 R R WA FLAE I 1920 2 BN B 1.98 nm, HBEE 0.329
nm. AFM EV&ER 8R40 8 BN BAEY, WETRENEZEERMAGTEERERY
. /02 BN BBE SiOySi REEE, KASNEMEARNEEELIELRE
BN/SiO,/Si EE R % T PbixSn,Se 49K, IR FIEEE KR B 707 9 600 H1 460 °C.

5.2.2 FEERFKAE

B 5.1(b)R A 7E 2 X2 em K Si0,/Si K TH PbyxSn.Se 41K S E, AEEL
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KEY P P Sn M Se 4L, Sn (A4 0.6. B SRR 1P — DK F
() AFM, K AFM B4 455, Pby.Sn,Se 40K Fr HE B 2345 7E 15-70 nm; 1 SEM
G STk BRI E R 15202 um: FiREREH I & £ fEREGHEES
FEAE K 1) Pbi.SnySe #K TESE B IR — 2.
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5.1 /b2 BN %5 1) Si0x/Si RMIAMEA K« ()LD B BN R 4211 = 2K PbySnSe 4K Jy
(B, (b)DE BN B SiOx/Si HIR LA KM Pby.SnSe A4 )7L, HEELRXIK
fRE%E BN 3 IXH, Pb,SnSe 49 U KAEDE BN B9 XIH, & 45T DL
T B HE - B E ), (d)AFM BIR BRT — MR E Pby.SnSe 9K 1 B F L

Figure 5.1. Few-layer BN-enabled epitaxy of Pb,,Sn.Se nanoplates on SiO./Si. (a) Schematic
illumination for epitaxial growth of Pb;..Sn,Se nanoplates on SiO»/Si by designing a buffer layer of
few-layer BN. (b) Photograph of Pb;..Sn,Se nanoplates on few-layer BN-covered Si0,/Si substrate. The
white and dashed square labels the region which was covered by few-layer BN. Pb;_Sn,Se nanoplates
only grows on this region which can be further observed by SEM image (c). Inset in (c) is amplified
SEM image of one Pb,,SnsSe nanoplate. (d) AFM image of one typical Pb;Sn,Se nanoplate on

few-layer BN. The scale bar in (c¢), inset of (¢) and (d) are 200 nm, 3 pm and 2 pum respectively.
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/b2 BN/Pby Sn,Se H1K Fr 15 5 45 H3 — 453838 Raman Al TEM 34T T AE,
5.2(a) 2 EKAE/DE BN £ 1H Pbi.Sn,Se 4K A e RMEE, B 112 4K
Raman EIEANE 5.2(0)F7%, 5.2(0) FMRALE 1 K Raman, 1369 em™ A& E ik
5/0 2 BN ¥ By JRENE A —F,'5.2(b) 1 £ 2 AL E 2 f Raman, 99 1 119 cm’!
LK Raman W 1E & Pby Sn,Se IR A a3 M ) e 75 7. |12 i — B RAE R 5.2(a)
o ) B B RAE X 400 Raman 85 39H, B 5.2(c) Pbi4SnySe ) Raman 14 99 cm'™!
fosR R, HBAM A1 Phi.SnSe FK IR ER, B 5.2(d)420 2 BN K
Raman & 1369 cm™ FISRETRH, PEXBERT EINBEHKATLE, X&H T X
# Pb1Sn,Se HK B F, J55 720 Z BN [ Raman 1§52

/b JZ BN/Pby.Sn,Se 42K F 5 51 45 A4 I 0 T 1) TEM 3 — 5 [ B T Ju B 4RSI E A K
HtE, BREWMERN TEM HERXAREETHRRSG (FIB) UIF], AR
B FRITENSRPAZIRE, BAEMMREES—E PtE, 11K 5278,
Pb;..Sn,Se 40K BN 30 nm, 4% TEM 27~/ BN/Pbi«Sn,Se 49K 7 B
EWIARE, A E BN BRKEIFEA 0.33 nm, 57577 BN KI(0002) [ ) & % HUH
JLER . PbiSneSe UK A IR IEIEE A 0.31 nm, X537 775514 Pby.Sn.Se B =X FR{AE
220 BT (020)4H — L. /D JZ BN £9(0002)TH 55 PbySnySe 442K F7 B (020) [ A&k R L &
N 6.1%. BT H FFEBCOR I #A% REL, {202 BN 5 Pbi.Sn,Se A fr £ 7 Thi 4k
T o AR AR K AR AR T, IR VB AR AR AN E A Y SRR AL

bl k45 53R/ 2 BN @22 S REEZ M ZMEH, E RV Pbi.SnSe 40K Fril
I B ST B B K AE SiOy/Si B, ATTH IR, 7EARMT A% E kIR
F, PbixSnSe YK U EKEZF PR BN XK. SAEERKERES, &
Jo i, B A — A S TS IR UBREE . PbixSncSe /0 JE BN 845 AL 1B FE
DA, HEMAEKRRARERK . B 52008722 BN 5 Pby,Sn,Se HIFH
SR, T LABIA Py Sn,Se TE % 2 )5 @i YE A 4EAH B AR FTE/D 2 BN RIE AN E SN
KA.
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B 5.2 2 BN/Pb;SnSe YK FRE
12 £7 B 44 Raman EEWEOG)FR, HRET 5 um, (c)4 Pb4Sn,Se HJ Raman % 99 cm™' {9
SRR, FRRZET 2 pm, (d)3/0E BN ) Raman & 1369 cm™ FI3RE B, HMRZETF 4um, ()
RARS P Si0/BN/Pb,.Sn,Se HEH K TEM B, #RET 15 nm, (HANFEAK HRTEM, #5R
ZF 3 nm.

Figure 5.2 Characterization of few-layer BN/Pb; Sn,Se nanoplate heterostructure. (a) Optical image of
Pb,.xSn.Se nanoplates on few-layer BN/SiO, substrate. Scale bar=5 pm. (b) Raman spectra obtained
from location 1 and 2 in (). (¢) and (d) are Raman intensity mappings of Pb,..Sn,Se nanoplate at 99
em” and 2-BN at 1369 cm™' respectively. Scale bars in (c) and (d) are 2 and 4 pum respectively. The
Raman intensity mappings are got from the region signed by yellow and dashed square in (a). (e)
Cross-section TEM of SiO,/few-layer BN/Pn;_,Sn,Se nanoplate heterostructure. A layer of Pt thin film
was deposited on the sample to prevent the Pn; Sn,Se nanoplate from contamination during the ion
milling process. Scale bar=15 nm. (f) High-resolution TEM of few-layer BN/Pn;.Sn,Se nanoplate
heterostructure which denotes a clear interface between BN and Pb;Sn,Se. Red arrow shows the
interface. The lattice mismatch between (020) surface of Pb;..Sn,Se and (0002) surface of BN reaches

6.1%. Scale bar=3 nm.

Pb1,Sn,Se F M| RN AE Si0,/Si BE EliA K, FAERD Sio, REFLKE
FIBRERS . SR SI0, BT AA KB EHEE, Pbi.SnSe ERHZ G R A @i ssgH
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5.3 /b2 BN/Pby..Sn,Se 99K F 55 &5 B 4L SMRT 58
5.3.1 LLAMR IR 4

T/ B BN G RELZEMIERA, % Pb.SnSe HKkF HIEEAEKLE Si0/Si
BeRLRE, IXMEAABIFTE UISRA EBL BRI PbiSnSe 0K 7 IR T84, B
%8 10 nm 9 Cr A1 150 nm B Au 2B, B 5.3 fRERHH—AN BB/ SEM B
ESMEMIEA T, Pbi.SnSe GAK A HEBIFEMLRILT p BIAHMEFEDHF

fE, W S3@FTR, FREIEMARI T BUNMOER, HARRRE RS RS
PbySn,Se 4K H MIEF T S EM KA T, EAI5EIEIEESHE BT EF A
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56+ —~ ~
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B 5.3 Pb,.Sn,Se 4 H FET Btk RLLAMARL . (2)— MU FET SRR L L, BN
SLUEM) SEM B, #RRA 1 pm,  (b)FI(c)7 B RS EAS T OB FILL S B e Wi RLRAE o

Figure 5.3 Field-induced transport and mid-infrared detection at room temperature. (a) Transter (Jgs-V)
characteristics of one representative FET, displaying p-type transistor behavior with field effect mobility
of ~1.51em®> V' s, Inset shows the SEM image of corresponding device. Scale bar=1 pm. (b)
Time-traced photoresponse at 375, 473 and 632 nm. (¢) Mid-infrared detection of Pb;_Sn,Se nanoplates
at 1.7-2.0 um. The photoresponsitivity is estimated to 318 mA/W at 1.9-2.0 ym.

PbySn,Se #HK H FET MIIEH 3 (u) l l AR A U5 -
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X LR W SR RERENEKESRE, Vi RRE, d=2& S0 EHFEEB00 nm),
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M B H BN . m@sxmﬂ@ﬁr,ft R, WU Pbo4SnosSe
24 Fr B8 Rl BT B M B SR RE 2 T R ALAb ziﬁﬁsﬁAnuﬁMm%ﬁﬁ
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SERISEMING, B AR [E) 2% B O R FR IR A e FB . FELTAMIEER 1.9-2.0 um 2 [&], AR
B RAEEA 318 mA/W. FIFMEHMMWMEN 2V, W FOIMRISEE, XBERRE
WG JE(SC-400-2), FHELA& R S QOF T RIRHa H 8 MR EIGIR, B RN
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R BRAELE 1.7-2.0 pm BZLANE BB BL 1 A ma R, 2R B S LLAN O AL,
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g3t VRZI PR Pby,Sn.Se A 6 B BRI 8 I LR, X BT ST TR
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REWEN L AEERENEBRT A ERENSL, BEREFREET, s
F Taocay HIRH BB HIBRAL o IX— B R LB PbySneSe UK F IEMA RIA ZAF 3R KK
o FRIBEUR SREA S R, X E B I RO E B T H S B TSR s 2
PEfE . — AN ETRERIARRE R PbiSn,Se K iy RIEWEENE, BY KA AN mEEFF,
BREEAEE N
T AT ARIR B YT PbSn,Se GK IR AY R, 31X B SRR HE IR
TR IR Ly 5T R Lo/ L), W 5.4()FT7R 54T Ton,  Loanc A Lpno BE
EEEM 300K DB 80K, I/l M 1.0 FHEZE 82.5. HLAMEIN R BUE (D) 300 K
B 1.14X 10" Jones FH&E 2] 7 80 K W 7.72X 10" Jones, WA 5.4(HFTR. D RFE
M FERME SRRy, HRERXA
Tl P 29 (5.2)
KB g NRLLERE. I/l 5 D #HERE R PEETE M, X2 R TRIERE
H THREERIR. SR, HEIRAN NN EH AR E Lo/ lor FOIGINTILE 0. JEER L £
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RRBTFERAORERTE T KERBKBIR T, 5 7 ERRTXEREH0R
Bhe 5.4 (FEEFR, BAIM InR 5 UT FIHLEFEH T HBURIEIRE, ERIET
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B 5.4 REKBAFRELRN . @AFRRET, X 632 nm BOCKIME, (b)80K I, BoLL)
RARBADCTRL, BOGE Ky 473 nm, () A FHEREE T 854 6 W0 B (triging) B T7] 55 ZE IR (raccay) B[]
YR, (d)AS[FHR BT 28R S IS R AN TT S5 b, () AR T 28R e By, B s IT
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Figure 5.4 Temperature dependence of photoresponse. (a) Time-traced photoresponse at various
temperatures under illumination of 632 nm laser. (b) Light intensity-dependent photoresponse at 80 K
with irradiation of 473 nm laser. Comparison of response time (rising) and decay time (Tqecay) (), on/off
ratio and Jgan (d), Zgark, Jon, and Iy, (e), photoresponsivity and detectivity (f) at various temperatures. The
photoresponsivity sharply increases from 0.21 A/W at 300 K to 1.14 A/W at 250 K and then drops to
0.19 A/W at 80 K, which is possibly caused by increasing height of Schotty barrier between Cr/Au
electrode and Ph,,Sn,Se nanoplate with the decrease of temperature. However, the detectivity
obviously increases from 1.14x10'% at 300 K to 7.72x10" at 80 K. Comprehensively considering

photoelectric efficiency, detectivity and response speed, 150-250 K is suggested to be the optimum

work condition.

5300 K WAHEG, -7 BHERAE 250 K IR FRIEARZ . XPREOLT, W B 2URI
b, =TT ERBRBR T R, i R RS 2 A TS T . R
1B TR Th R SRR KA, MR B TFEE ) LFEALN, FIE 250 K 56
R HE R &R BERERSE—PEI, /£ Auw/Cr 55 Pbi«Sn.Se 1K Fr AT 1L
[ B R dA 22 4, JEBUR BUR T I HA B TR ST K 2RI R B, BRI B R TE S AR IR
FEF, BHGRFEEM RK . FIRERGI RN K A 57 4 Pby«Sn,Se 4K
Fr e B, AT LAUEER A D [ AR TRE S AR A 2 001E AL . IR L
b Hr, R GRUETFSREERIOEMSIEL, AT 5 Pbi,SnSe GK Fr ot B 884 & £ T
YESIEAE 150-250 Ko
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Figure 5.5 I-V curves of two-terminal Pb,.,Sn,Se nanoplate device at various temperatures.
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FH T EFTR. B 6.1 ()N FHEMEMPIK A SEM B, KA REFE. B 6.1 (e)
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(b) FEEUA Pby,Sn.Te UK I SEM A, $EENFEEEA PbySn,Te I AL, (c)15° B4
#4805 BB Pbo,SnTe 493K J5 ¥ SEM B, #HEMELR Pb.SnTe JOKA SERKAME, (d)
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Figure 6.1 Morphology of vertically oriented Pb;..Sn,Te nanoplates. a, Schematic illumination of
vertically oriented Pb;,Sn,Te nanoplates on SiO/Si substrates. b, SEM images of vertically oriented
Pb,.,Sn,Te nanoplates with inset of crystal structure model of Pb..,Sn,Te. ¢, 15°-tilted SEM images of
vertically oriented Pb;.,Sn,Te nanoplates. The dashed yellow line shows the interface between
Pb,.,Sn,Te nanoplates and SiO,/Si substrate. d, e, SEM image and AFM image of planar Pb;..Sn,Te
nanoplate. f, g, Statistic of lateral dimension and thickness of Pb;Sn,Te nanoplates from one sample
with growth time of 2 minutes. Inset in f is the optical microscopy (OM) of one Pb,.Sn, Te nanoplate
with scale bar of 10 um. Inset in g denotes SEM image of Pb,..Sn,Te nanoplate profile with scale bar of

100 nm.
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6.2 Pb;,Sn,Te K AR AT% . (a) CVD B RIFR EERRE, 4E[&J9 SnTe M PbTe ¥ K A4 E o
B, (b)SnTe ARG BEALR, 49K} BIRY 28T, (c) Sn WAL PERESS d BILIIR R .

Figure 6.2 Tunable Sn content (x) by controlling evaporation rate of SnTe powder. a, Temperature
gradient of our CVD furnace. The temperature gradually decreases with the increase of SnTe powder
position (d). Inset is the schematic illumination of CVD setup. b, EDX spectra of Pb;_,Sn, Te nanoplates,

the signals of Sn element decreases with the decrease of distance d. ¢, Position of SnTe powder

(d)-dependent Sn content (x) in Pb;..Sn,Te nanoplates.

6.2.2 AL T

AT 3545 Pby,SnTe 40K A KIHLE], XEE W 1 Pbi,Sn,Te H0K F B e
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W 4EHT, [86.3(a)fE Pby.Sn,Te H0K A& 43 FH ¥ TEM &, fTH 5 BURYEE X ATH SAED
Frt, B 630b)RM 6.3 (a)E L B A REL ) HRTEM, = BB ST B A% B
ESET Pby.,Sn,Te 4K i B A4 & bE, @RS 0.33 nm, 53LJ745HK) Pb,Sn,Te
00 EH —3, B 63(c) SAED JEIL T mEXI I SLIT AFE, #H—FHUW T
Pb1.Sn,Te GK Fr BB S Stk . ARYE SAED A, ATLLAIET PbiSn Te 49K Fr i
SRR I (200) 4 AR, o5 25 AR s T /9(420) 1HT

& Thickness{(q)
| e - Lateral dimension (J)|

Growth time (min)

® 6.3 FEELHLA Pby.,Sn,Te 4K AEKHLEI DT . (2)FN(b)5 543 I —ARAFRA = 0 HR A GUK A
f] TEM, HRTEM M(a) P E LR IBIHRE, (2)F 90K 18R A () SAED 35, (d)—P
5 B E Pb.Sn,Te 45K Fr B TR 4, (420) @ISR AR GERH, 0K HEE d A
Rt 1 5EKRERxR, Oz EREFIMEHE Pb.Sn,Te 49K SEM HE.

Figure 6.3 Growth mechanism of vertically oriented Pb,.Sn,Te nanoplates. a and b, Low-resolution

and high-resolution TEM of single Pb;..Sn,Te nanoplate respectively. The yellow dashed circle in a
shows the region where high-resolution TEM takes. The crystal planes index in a is labeled according to
SAED in ¢ which shows a set of perfect cubic pattern, consistent with the cubic structure of Pb;,Sn,Te.
d, Model of one vertical Pb;_Sn,Te nanoplate with (420) surface marked. e, Variation of thickness (d)
and lateral dimension (/) as the function of growth time, the d slightly increases as growth time
increases from 1 to 5 mins. While / dramatically enhances at the beginning and then gradually comes to
a stable value within uncertainties. f, SEM image of Pb;..Sn,Te nanoplates with planar orientation on

mica substrate.

i3t TEM &5 REATH LAFFH Pby.Sn,Te 40K Fr T E AR, B 6.3(d)%EH 7
T ERURAGK A IR T EABRE, ok 55 R R AR I T (420) F 3 & F fAR
KA RARRTEN L, BEERN d. B TEK Sio, #IERS, RESELF, &
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AR B ASRE R, AR T AR T B B 5 AL B A% E KK R 0 Py Sn, Te
ek IR EREAK, TEYOKAIER TS FERE AL 52 iR SR, 2R
M Sio, HERELT, SEKMETIMERR, Wk LRTFEREHT MR
FRSEEMN A S ARG A TS, PR A B HLE AR R 4K i A dc, i &
VIR R ST BR 5 7 9K A R, TOAK AR 4L A2 IR, B RIP0K T8 fe
SEMGETE, EKAEIL. NRIEZER, RO T AEEKEET, 99K 0EE
5R~F, il 6.3(e)fir, FEEAKEEM 1 mindg 2] 5 min., 990K KRR LR
AL, HTFHES/NT 100 nm. SATEMN R 1 EESEITE, JAEREEM 1
min. 3N E] 2 min. B, HF YR T A~2 pm 0% 10 pm, BEJE H A KERIE K AR
2%, HAKNEREF B 4 min B, HPWHRIR TR 12 pm.

FHTCF 15 5 1 3 B AR K LG AT L@ W JE Fr 1 B ES 540 S A B0 = TR T
ERKIGHE— SIS, MARDETEMENLREG T, WHKHEA Pb,.Sn,Te 4
KA FRERBEE E B, XA RS TE Si0, REMAEKRTE M, XFEEH
FYKF S . BAARFEKR, 9K A 722 BER RGP I HER 77 =0, W& 6.3(6)
AR, XEHENEYH, &EFRMTHEEINE PbiSnSe 0K Fr 9 REA—F, XH
FREBARERGK 5= R R AR, B2 BT 5 AR5 1ye e m
H, BxBERRERDBEE, FAFEEEESEKMEHA %R LE, R
SREUIX AR BTEL A, 9K 5 S5 ER R A AR A B A B E R E . RN
SRS WM IR FAH BVEF J11R 5, WR IR R FAER I T ALK, A M T 9K R0 =
A Ko SR G AE K07 S E I AR AE B, ey AR K RV, R B T AR,
TSI A AR R BORE, GUeR A BRI R, R 6.1 HE T 1E Si0,, BIEM
ZEFFRTRE SR, K Y 2 min., SiO, MU IEHRE 9K 1R 514
~50 F~47 nm, FAIAIYERE 2 5 N~10 F~7 um; AHESHE T, SEEREYLK A WEEIL
~185 nm, T A RS A~2 pmo 3 =28 90 ) 45 P2/ 5 5 1 EL AL (1) A 200 52D 21 149,
FED B 11, REILFE S0 B A A K S TE T 9K A 00 J8 5 AT Lo 5t
AL BRI RUST R BRE
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2 6.1 Si0./Si, glass 57 FER T Pby..Sn,Te HK A S H bL#k

Table 6.1 Parameters comparison of Pb; SnsTe nanoplates grown on Si0,/Si, glass and mica.

Substrates Si0,/Si Glass Mica
Morphology Vertical Vertical Planar
Average thickness (d) ~50 nm ~47 nm ~185 nm
Average lateral dimension (/) ~10 pm ~7 pm ~2 pm
iid 200 149 11

6.3 Pby.,Sn, Te 4K i RE S HAE
6.3.1 VU B2 A0 T

A B KA K T4 PbySnSe K R TATET LA R DU B AN /R S84, XL
B RRERRAARBNEA TR, RMIEWMRTSCATA, Pbi«Sn.Se FUKFERREK
TSR A A K T R, AT BRI MER M, AP EAKEERRNSK R
EEWCN T A YK S, WE 6.4(a)fi7R, F—2Z PDMS EFE SiOy/Si Kifl, BE
B E PDMS 2, BJG KB SRR AR A 8 AL A FTHR EUR 454, 10 6.4(b)
iR, IXFhE M 5 EBL BOREA RIFHMRAY, X BERMA EBL WM& 7 21 lim s+,
Hp— AR A 6.4(c)fTaR, BAREM 8nm # Cr A 100 nm {7 Au.

6.3.2 FHESETHRIZHR

6.4(c)H TR R A LIRS B SRR T MXR, BnS59KR EXRE
B FINAESRRR 0, AIE o N K, B REERTHES, BAK o N
90° B, B A EMEEE. EAMMEMNRERS PPMS-9, 7 2K FTERATHA T AR
MET, BEHSHZN<R. WE 64AFTR, FE o MO0 HEIME 00K, MiET
B2 /S SRRAR B, R U T WAL AUPLFESE A fE 1 AR 1S i il &, R BA
Gk B B STER T WAL 2L 35 RB AR WAL Xt 4E M A E T2 I,
TREBTHANOET. BREBEMEIRES BTN AEREREAR U SIE
WAL (8. AT 4RI RESH WAL BNV B T HZMERESE B.. X
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6.4 Pb sSnosTe 49K iR hREMIZ . (a)FRR 1 I BB 99K A #3005 P B A 490K Fr i
. (b)) AEE RS T HTHUA PbosSnosTe H1K v, (c)IU3 PbosSnosTe 9K 8314 #7 SEM A,
(SN AG SH%RE B EARAETRKRR, e)linHEED B Bsind 5HLFENE AG
ATRZ, (DHCFENESWSRE B EARRE THX R,

Figure 6.4 Topological surface transport of Pbg sSng sTe nanoplates. a, Schematic diagram showing the
transfer process of Pb;.,Sn,Te nanoplates from vertical to planar orientation as shown in SEM image of
b. ¢, SEM images of four-terminal devices of Pb,_.Sn,Te nanoplates. Inset in ¢ represents the relations
of magnetic field (B) direction, current flow direction and surface orientation of Pb_.Sn,Te nanoplate. d,
The change of magneto-conductance (AG) as the function of B at different angle at 2 K shows
pronounced WAL effect. e, Magneto-conductance (AG) as the function of Bsinf coincides with each
other at low magnetic field (-0.5-0.5 T), indicating 2D nature of WAL effect. f, Temperature-dependent

WAL effect which disappears at high temperature due to strong thermal scattering.

K 6.4(e) A THLS 1L E AG 5 B,=Bsine JXFK, L/ NEIZHTERE(~0.5-0.5T),
ML EES, UFSE T WAL JSEIET s FREQOO M E MR HhREZE, MMBER
NI EMFFEEE T HEMBEHMANETEIE. Q)REEREZNMRES, X
SHRANILIGLE R T IRIEE - ZAR5)IRMM HLN HH, 200)FEE THiz
HIEE 2.8, DT (200)3R H I BKH FEAE R4 ), W70 A2 AT RE- S 20E T Hiz @ E
kb, —RREESUSHB/E, ZRARIKR I RMER. B 6.4(D% H
TONERE A WAL 308N, TERmAOIRE N, WAL BUNIN5R B & # s, thek
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TERIE FRCARE:, TR TERMNYL, XRBERET SN, AERBAER
FEE, MERER TR T RESBRTHHIEN TR, AR TUEK T PbixSnTe 41K
BRI RE AN, HRE Pbi.Sn,Te K Arfg R R IR IMER N B FHe R EmM
A E TR R A RHR

6.3.3 Mt EE A4 IR HIAS RIS AL

TEREMEN Pby.Sn,Te QUK A REAMIZIHIEZ AT, FATFFFT PbisSn.Te 4
SR A B2, B 6.5()R %M EBL MR PbyssSnossTe F1K 7 Hall 234+,
FOA TP Ry 05 (PR T IR (B 6.5(b)), B PbyssSnoasTe KT NEIR
B, FEEEENEE, BTATHIERRE, BRI, KRB Ry SHHH
ERZINE 6.5)FTE, B/RMSGNERIZ KT TS, £ PbiSnTe FUKF A n &
Bk, FIZEET, B/RMGE-2 82T HEERRELME, XTEHTZ e
BES5T8HE. XBEHZOTRSHKTHETREER.
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Figure 6.5 a, SEM image of a representative Hall device of Pbgs57Sng.43Te nanoplates. b, Ry, as the
function of temperature from 250 to 1.8 K. ¢, R,y versus magnetic field B at temperature 1.8 K. d, Ry as

the function of B which is perpendicular the top and bottom surfaces of Pbg 57519 43Te nanoplate.
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S EFIGIK AT E A 428 nm, 3D MBI TIREN 5.2x10"% em™. 81T TCIEH
ESEHIEEEHE, RIOMNEGETTHONERIBE, HEN28m’ Vs'.
A JE I T T LLE R IS Po/Sn IR b, 16 BF (REUR TR E I Pbi,Sn,Te 94K
Fr B ERT R R, R PbosSnosTe 49K A IE TR REAE, HEIRAMRAIIN
B Y WAL 2R, 58 B JEUE RS AR R EAH W 8 51 58 RN .

45, BAVRAR THEST Pbi.Sn,Te HK RS Rz MW, WA 6.6 AT
e 6.6(a) AT I E H FI 88 F 45K, 78 300 nm SiOy/Si EJE R EBL AR AL
T PbySn,Te UK 1 TU G 8844, BA%4 8 nm/100 nm Au A%, SiO, E{E I E
2, BREBEN Si R, MRIEER 6 K, MHEE THRA L TRM.
Pby.Sn,Te 29K H 0 Sn KIEEAN 0.4, TE4E Pbi.Sn,Te FIFRINEF LXK IR, » LilE
0 VI, PbgeSngsTe GUK A BILE RBIBAWLYZR, WA 6.6(b)F7~. HalHER]
B R ()iE F ERESTE, Q&R IRITIF T REANFR P, &
Pbi.Sn,Te F, Pb SEMIMEINGI p BBIAFHHEXE. KHE MBE £EKH Pb1.Sn,Te
A R Y R ESCPRE RN, BT Te TALMTA, KERA CVD
A K PboeSnoaTe 4K IR TTHER n BliBe. DL TRKRER N 5 S (CB)WM E
EANMEEE, 06 6.6(c)FT/R. H 6.2.2 FTIRIE X AT 45 R 7T LLAWT Pb.Sn,Te F1K
AFRAERINT T S50, DRI AT UHERR i BRPE R A SR R R I A BT T . Sl A
0 BGINE 40 V B, TR PRSI E, XM PR, oK
FEAm SR, BEEEERESTTE. RIE\EAXQSRE A HLN A, EilE
40 530 VB, MHFKESMNN 63 95 nm. MK, HHEMAMER, BT7HERE
R, BekBe g AP R 3, Pbi.SnTe 4K RIL 1 22 955 IR AL BN o
FEME A-15 F0-25 VIS, AT ES 5129 101 A 152 nm. L BT 88K BEG R IK
P, MBRSRE TR, AAEIE R, 85 RB BB 2 iR S TR
K 6.6(d) AMEEARTR IIAHTE 55 IR I DX I8 AR < BRI K T Rgi Ak [X 4k A
FHE, XBERERE AR R ERA AR BU LR,
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Figure 6.6 Gate voltage-controlled topological surface transport of PbgsSngs4Te nanoplates. a,
Schematic of back-gate Pb;_,Sn,Te nanoplate device. b, The device undergoes a transition from WL to
WAL with the decrease of gate voltage from positive to negative. ¢, Schematic of Fermi level shift with
the application of gate voltage. d, Phase coherence length /s as the fucntion of gate voltage, lp in WAL

region is larger than that in WL region. Inset is back gate voltage-device with 300 nm SiO, dielectric

layer.

6.4 ZE/NG

A B T BRI T T HERT PbySn,Te FUK AR MR LR IT S e
i, ERTETCF I Si0x/Si FJRE M, PbSnyTe G Fr RETE B AU, 49K F i)
S EEEFE~40 nm, PR A 20 pme B R R P EERBUEA N TR FRE,
5 LR /N A LT A R T RS IORE I A, 2R BB M 49K R B J2 PR 52 21 5 Th O PR
#l, TMARRTHAZRE, FIEER AR EREEZ DT 100 nm FIER T
WA ZE 20 JIAMECK. BEAh PbySncTe 40K A 5 Sn (& &R LLET M {E SnTe #9785
REREH, WEHE SnTe SR OXBMIEER 4 M0, Sn BI&EH 2 HET M
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K ERET, T OSES T 5ERA LA ROLSAN TR, EERANLK T
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