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Abstract

Semiconductor heterojunctions represent an exceptionally important functional structural unit in
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modern semiconductor devices, where the energy band discontinuity at the interface provides abun-
dant “band engineering” opportunities for device design. In this work, van der Waals semiconductor
SnSe/SnSe: heterojunctions were fabricated using a temperature-gradient melt crystallization
method. The interfacial structures of SnSe/SnSe: heterojunctions prepared under different cooling
rates were systematically investigated by transmission electron microscopy. It was found that the
crystals on both sides of the SnSe/SnSe: heterojunction prepared with a slow cooling rate (below
0.1°C/min) exhibit a fixed crystallographic orientation relationship: [011]SnSe//[100]SnSez and
(100)SnSe//(001)SnSez. In contrast, for a relatively fast cooling rate (greater than 1.0°C/min), the
orientations of the van der Waals atomic planes of SnSe and SnSe: are not fixed, and a large number
of randomly distributed stacking faults appear in the SnSe: crystal near the phase interface. These
stacking faults are attributed to lattice mismatch and thermal stress at the interface. This work pro-
vides guidance for the controllable fabrication and structural tuning of large-area SnSe/SnSe: het-
erojunctions.
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1. 5|8

4R BN two-dimensional materials) FH T H T LT[ 1]-[4] SZE[5]-[7] BES[8]-[10]F B[ 11]
PRI 516 7 RME T2 0. YR IR R R R Bl T Y (van der Waals, vdW) 5 )i £ (1
Fo YESIBMERL. A RAARILE AR TT DAHE B Y R A P 2 LAV AB A S A AL, W] R TS [ 1 4,
AP AR [12] SRR3R RIS 14128 . 4Pl s S a4t 7 i s v, T 98 mTE
fEAEH HAERSRAL T2 52 2 8 R IR . RS S R 45 52 B4 S A AR A A PR, Ve
R R R T EZ WSS AR, S 7 SASUCECAT PR . thah, 828Rl A A mT A+
FHIHE B T R T 7 A 5 R 45 M B 2 1 R

YEJ9 IVA~VIA JEAIE B R 51, SnSe A1 SnSe /& H1 IV TG EH Sn M VI JETTE Se 4 B i 784 i 1 4 2
REEH LTk, BAEREL M. SnSe BILILAL p RS ARREE, BATAE BRI BRIk
R ERE, RIS B A HoAd R (i P Ak B ) [15]-[19]. 10 SnSey S HLHLAY n AL Sk tE, BAM
SR SEADE R ECR M, BA BRI B PR M A MBS BRI R R, BA RGFIDEH
e S P i, 7 F A PR v P R A B S5 7 T LA BRI R AR [20]-[24]. H AT, XF SnSe/SnSe, i fH4E
SR G AR D o AR SORE A FH LR o P s i 45 251 %% SnSe/SnSes YO AR ST &, Hxf L A 45 H A0
SRBAIEAT M AR AT, PRI e IR T R0 S o 45 5 R PRS2
2. EWHE

AR it R FH R A P A R 2 v % o 42k 25T & B SniSe = 1:1.5 KE#ARE, W2 B 40 g,
Bl 20.02 g #3(Sn)#i 19.98 g li(Se) ¥, FtH &kn AT Ky 26 5 35>99.99% . # IR A i BHE i/ B 2261 F (<107
Torr)E FEAEXE A HAE, ARG ANTEREE N 0.5°C/em FIZ IR XA R g, L 1°C/min 9 THEE 2N
#E]950°C G, fRif 48 ho PRI FER G AP P AP PR IRIE 2, 185 BL 0.1°C/min FY P IR 3 28
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950°C I % 500°C, RSEIEENX N ARAHEER. RAFER A HEE > 1.0 C/min, HERFRE
500CJa, TEERYA HRAE R ER.

ffi i} FEI Helios Nanolab 650i 74 5¢ £ % 7 H(FIB) B % fill # TEM # /. i/ FEI-Tecnai-Talos-F200
I LT AU (TEM) 3K A3 BF 4 % STEM-HAADF [E{ A1 EDS A%, {3 FEI Titan G2 60-300 Bk
ERIEHES T e KRG R AR % STEM-HAADF J& 714 . FEI-Tecnai-Talos-F200 &4} H 7%
BTN HLE 200KV, STEM B3t F i A HER AL ] 0.16 nm, % Super-X AgilH{X(EDS), fik
PR N 136 eV, EDS SEARFN 0.9 sr, A ERMEAUAE] 120 mm, ] PLSEELAFLIX 264 T
AEPEE B Mo FEI Titan G2 60-300 BRZE KL IEIE S HL 7~ R BT i) e i InTdE L 300 kV,  STEM #3(
N R HEEEATE 0.08 nm

3. IREME DR
3.1. 184 MPAY SnSe/SnSe, B EL

& 1 N84 FE R SnSe/SnSe, T 54 T 5 45 1 A TEM 1% . SnSe/SnSe, #H AT AE# T B, #A WL
FIH ARG K 1(b)~(d)5 BIRRIE 1(a)T 1424 3 =47 B % X o T A7 5 B, 2040 #r R 30,

Figure 1. STEM-HAADF images of the SnSe/SnSez van der Waals heterojunction in the slowly cooled sample. (a) Morphol-
ogy of the SnSe/SnSe> heterojunction; (b) Selected area electron diffraction (SAED) pattern of the SnSe phase; (c) SAED
pattern of the SnSe: phase; (d) SAED pattern acquired at the interface between the SnSe and SnSe: phases

[& 1. 1845 SnSe/ SnSe: SEIEF /RETSHR%LE STEM-HAADF Elf%. (a) SnSe/SnSe: RRLZEFSR; (b) SnSe FAAYIE
XEFATHEIL; (o) SnSe HHANEXE FATEEL; (d) SnSe #8501 SnSex HHF B AYIE X BB F 75T EIE
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Pl 1 (a)H ST A2 A SnSe 4 474 SnSes - SnSe 5 SnSes P A A7E LA R HL ] 2% £ : [011]SnSe//[100]SnSes-
(100)SnSe//(001)SnSey, W1 1(d)ffi7r.

K] 2 18V S SnSe/SnSe; U4 S it 45 51T 45 74 (1) = 3% ) = A A TR I 3 (high-angle annular dark-
field, HAADF) R 1% . ST 21K SnSe Jy[110]75 %k, AU SnSe, J9[100]75 4. 7E SnSe, #HH, AET
R, ASOR R FIZRBUEQ R E X PSR E B A M E U, WE X8 A B k2, FHBUAAE,
M5E XN B 2. S MELIM, SnSex #2522 M ZHMI K AAB HEF . SL3G MR I, S Ak s br
f77E SnSe-A M1 SnSe-B Wy FEHIE L, 40l an &l 2(a)F1E] 2(b) B
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Figure 2. Interfacial structure of the [011]SnSe//[100]SnSe2 van der Waals heterojunction in the slowly cooled sample. (a)
SnSe-A interface connection; (b) SnSe-B interface connection

& 2. 184+ &[011]SnSe/[100]SnSe: SEEF/RETF RN F ML . (a) SnSe-A REIEE; (b) SnSe-B R HEEHE

(aaBy, ] A’ R0 e

L e o NP
FA” e u e R
o & R

e A AR
LBl e
< -y ¢ ¢

Figure 3. HAADF atomic image of the SnSez phase along the [100] zone axis in the slowly cooled sample. The blue and green
spheres represent Sn and Se atoms, respectively

& 3. 1€4%E 5 SnSe2 HHTE[100]75 5~ #Y HAADF R F1%&. HpiE@/NIkA Sn [RTF, FEB/IIKHA Se RF
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] 3 Frs 18R i SnSe/SnSe; Y45 5 it 45 FF 5 ) SnSez AHZE[100] 77 i N Y1 HAADF J7 1%
PR e (O JE AR B Sn JRF, RS R THEXT R Se JRF, B2 Se JFJEs—)Z Sn JR 1, JERL “=
HvR” 4. LRk AES A B2, & A JE5 B B2, SRATHNES), HXEeEsiitdEr
J¥, 220 H R R, BARMNS, XE)ZEE(AAB)I(A'AB)2(AA"B")s FFLNHES, & =21
AR, BB — A KR, 530k RIE R 18R AHZ A [FI[25] [26].

3.2. BAHES SnSe/SnSe; REREHEHE

EA8AFEMAE, RGP T SnSe [ JE BN, —N 10~100 K. & 4(a)gi it 7 — Al
BMCAS HAADF B3 . 0% X 380347 EDS 04T, KILH RB A 26417 1 Se & 2= AmAK, Sn % & i,
S 40) AT 4(c)fir. 4id EDS St —Buie, HAa LMW ALN) Sn. Se B o bbdsir 1:1, ¥
) Sn. Se JE T F 40 ELEEIT 3:7, BAEZ&AE N SnSe #H, FLMMIA SnSex M. BIUL, %KMK T4
SnSe./SnSe/SnSe; —HHIALEH . IXFh = BHIA G5 M IR TV B vk [ 2 TRV RO FE IR A 6, SnSes [T HY
FEAR T BV ST AL ) Se ¥k B2, BEimfEit T SnSe AT . & 4(d)s B 4(e)mml v 4(a) A FHE 1, 2
AbH) i STEM-HAADF B, J8Id AR KIW, 7o AH S AA (AR ST A #8 s B 7 AN K PR S 4
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Figure 4. STEM-HAADF images and EDS spectra of the SnSe/SnSez van der Waals heterojunction in the rapidly cooled
sample. (a) Low-magnification STEM-HAADF image; (b) (c) EDS spectra corresponding to (a); (d) High-magnification STEM-
HAADEF image of the interface indicated by white box 1 in (a); (e) High-magnification STEM-HAADF image of the interface
indicated by white box 2 in (a)

& 4. POSHERT SnSe/SnSe:x SEER/RETF FLEH) STEM-HAADF f&F1 EDS & (a) 1Ef&F STEM-HAADF #&; (b)

(c) ¥TRi(a)8Y EDS gEILEl; (d) A()FBEFIE | HHAELHEE STEM-HAADF 1&; (¢) AFBEBHIE2 HHAE
A BIS1E STEM-HAADF 1%

B AAABBAABBB

25 RAE SnSe A WG A S X4, 2> HIAEFE S SLH 50 nm. 100 nm. 150 nm 1 200 nm 1/ & Ab3A
% SnSe, #H ) HAADF JR-F1%. & 5 N 4(a)h A TTHE 1 78 (SnSe A1 A M) 1) = 5 HAADF J&-F
1% . WBibre A, BEEHET 200 nm J5, SnSe, A A HIHES I H(AAB)I(A'A'B)2(A”A"B"); B 18R 4544 .
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heterojunction in the rapidly cooled sample

Figure 5. High
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Figure 6. High-magnification STEM-HAADF image of the right side of the phase interface in the SnSe/SnSez van der Waals
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heterojunction in the rapidly cooled sample
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LR T HEBE 4.
3.3. atr5itie

Xf L2 VA 25 A IR YA 25 PF 1Y) SnSe/SnSe, YAl i 45 SR IR 74544, T LURIL, PLidtd E1m] LLTE
SR S5 I SnSex FHN GINZHEX o 1874 56 4F T X B0 FL I FHIL ) SnSex AHIE LRI 18R 4514,
BAMERZH . AT, X TR BET AN (B 5 s B (K ) 1 3 [ 3R 3 .

7E 0 GPa fl1 550 K &, SnSe MK ZE0CN 23.57 (10°9/K); 7E 4 GPa Al 550K F, SnSe HI#HEZAK &
N 8.68 (10°/K) [27]. £ 0 GPa F1 550 K ', SnSe, FIFAEZAK ZEN 18.589 (10 /K); 7E 4 GPa fl 550 K
N, SnSe; FIFIZAK RECH 7.412 (107°/K) [28]. SnSe I SnSe, MK REM 2 57, HAESEAKES
HBZEIRE, WHRAEREAS—, ERHEAERN ). SHFER, 1E5Z SnSe(a=4.15A,b=11.50A)5
7N77 SnSes (a=b =381 A, ¢ = 6.14 A)TEREE T F45 I K FH[011]SnSe//[100]SnSez+ (100)SnSe//(001)SnSe;
ML R R, S I AR B2 S R AT . FIR AN ) 5 5 ANV B B T 2 B8 T ) 72 IS Bl
TEAE G AN A B A SRR, 2 B R RO 7 AR R B A 4l . (E2, T iu e
RS S B U ARG, BRI R T R AR T AR R A A O R . R, MR Z
UK S A R L BN 0], ZR G0 A0 ) 380 72 A2 — R 1) M e J2 8 AR B G it A% SR W A A 2R i 5 4
77291, X2 —FhaER -5 R b5 T .
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(2) A SCIE IR BRIR R R I, TE1B YA 2614 N A2 K [1) SnSe/SnSe; YU R T 45 1) SnSex #HH A2
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