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(PtSey) ', BARARAFFREE, U AR ER %
(200 cm?/(V-s)), 1H 54 J& = & ) A L R ] 1 H:
KA AT REME. B, T4k bR v
i HA IR A0 Y AR, o TR R AT

YRR A AL L (BiO,Se) R T & B A —Fh
A 2 R R A DL SR AR e R 4k SR
RS2 HA PR IR A T ATIA 450 cm?/(V-s),
[F] I RETE 25 AU PR E B . L a il R, 4k
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F, 07 40U, — 4 BiyO,Se 7EGHLIFIN | AR
D, R, R | ZBH AR A4, A B B
TS PERR 2. SR, LT 4 Biy0,Se A K,
SR E R ARG, RRT RSB (-
mica) LA S EKEREE (STO)22 &5, SRTTX I —
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RBEIE— 25 B A RE R 1E N LR, 4T 4
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HAFHEIETE 159 em !, JiF 127 iAdE (atomic for-
ce microscopy, AFM) #fixE T HJE 224 51.0 nm.
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1k, BEIR =4k Biy,0,Se HIERE, 152 4FAOTEREZRIN.

21 HESHARESMK
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LA B 3:1 IR G I 30 min, 42
EMNEE KRR TG, REHEEE TR )
100 W, i & 20 sccm, standard cubic centim-
eter per minute, FES 7K /438h) Zb3E 15 min,
RIAT A5 21 SR K M R b i ek 5.

mE 1 R EEFTR, SE5 A I BRI K
IR 0 (Thermofisher Lindberg/Blue
M™ 1200 °C Split-Hinge Tube Furnace HTF553
22C AP RSE K 1200 mm, 4ME 50 mm. L5
JIr Tl Ak b F1 AR AR B By R ¥ B Sigma-Aldrich,
KRG FE— DAL SCE R WD AR T
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M2 A2 10 cm. Zead SRR AR RE B LG E T
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TUF2EAZ 10 cm Ab. 5%, HIH A R0 A
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170 scem PY/STE 18 T ARG L R 80 IR
B A, A RN 1 R SR 4EREAE 100 Torr 42
A R IAFYTCE S 25 min WIHRZE 615 C,
SRJGTE 615 °C fHE 5—30 min. AR EAERK
I TR T4 BN [A] O RE i SRR B B A28 R o0 A T T
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2.2 MBIRIE
SEA B A, 23 DG A (opti-
cal microscopy, OM), i H T B 4% (scanning
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Fig. 1. Schematics of synthesis setup and crystal structure: (a) Schematic of chemical vapor deposition process; (b) schematic of

Bi;0,Se crystal structure; (c) schematic of the impact of polar and nonpolar substrates to the sample thickness.

electron microscopy, SEM) LA X HIZRREIEYL (en-
ergy-dispersive X-ray spectroscopy, EDS), i &
Hi#{Y (Raman spectroscopy), Ji§ 7124 Wi EE X}
T4 Bi,y,0,Se A THRAE. Yo BAE R ETE Olym-
pus BX51 Wi FRAER). SEM KIURLL L EDS %1
& 7E JEOL JSM-T600F [ 3R75 /Y, Jinisk v e 43
52 15 KV R 20 kV. HLEGHEEAE Witee hrEot
TR IER, AR BIRFOCEE R 532 nm,
PBE TR AERCA 100, SEHER 600 line/mm. AFM
B HE7E Asylum Research Cypher S FHHL,
fi#i=>h AC air topography.

2.3 FFHIE, @SR SERERN

AR ZEMZ G, HXUZ PMMA(T)ZEA
Oy ¥ 495k, ¥R A3, EJEN 950k, MBS A5)
HEATERR, #% % 3000 rad/min, B[E] 2 1 min, &
YNFEA 150 °C R 3 min. LR A HLF R
Z| 1 Raith REFEITEE, SR )5 44 MIBK (me-
thyl isobutyl ketone, H &5 T JEE) &2 F1 IPA
(iso-propyl alcohol, 5F N EE) & 5. L4l 5 %
BN AR BRI I, PR 22 B R e
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Se i 4l S A —Efi . Bi O IR FIE LT 2
AR [Bi,Oo* M2, ZEAY Se Ji 38 i 1355 i
MO B2, ZHBER 0.61 nm. Z8 A1, —
4t BiygOqSe FFAIE ™M 1 S F 012 BL H- btk
(8 1(c), HRNAETE T oA ik — L i),
X FECHD ZRE A TR 3825 1 IR R T R 201,

WA 2(a) Bz, 8 45 6 85N B 8030 &=
(130 scem) FNEEHE (4 R W B [E] (5 min), AT DL B
TERE 7 HR EA5 22 1Y BiO,Se A . Ll TR
AL (] 2b), HAR AR RS ATIA 20 pm, A ATEAR 2
SAMI AL, X5 fmica b K 0 ARG
JE 1Y PY 7 L S AN TR] . I O i i AR S £
mica A K STO HENEA—HEFE. 8t 454 73 b
AL, f-mica F1 STO JZhIa] (2 77 1)) MEHLE, X
TEAAC AR, T DARRAR IR 2 AT 2 J5 T Al i —
4t BiyO,Se DJEAES BYTHALEE. T, —4E Biy0,Se
ARG FE fmica PR STO R B # ML IR AL
BV R A TG —4E BiyO,Se A it 5 15 K
IF, H 2 77 1] AR PR e 02 18 st/ o P R 14 1
AL & 2(c) Frs, @k (170 scem)
DI K GER A KSR (30 min), BEREFS BIAHXS AT —
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PRIEAR, XIS UE 7D [ 3 & 390368 Ao 42 il ek i)
(15 min), FFAERBFIEAEB) D Z BiyO,Se, 1]
IR JE AR K iy Rl BT EE S (BT 2(b), (d) # (e)),
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AR R T ) D R A
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(d) 22 2R L2 RE G AR D SRR AR R RDE2 I 5 (e) 2B G BintRAE i il RE R L ZE 7R 22

Fig. 2. Optical characterization and growth mechanism: (a) Optical image of thin-layer Bi;O,Se with low magnification; (b) optical
image of thin-layer Bi,O,Se with high magnification; (c) optical image of multilayer Bi,O,Se; (d) optical image showing thin-layer

sample as growth substrate of multilayer sample; (e) possible growth mechanism of stepped sample.
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Fig. 3. Characterization of Bi;O,Se: (a) Raman spectrum; (b) and (¢) AFM characterization; (d) topography height profile reveal-
ing the thickness of the stepped sample is about 51.0 nm; (e) SEM image; (f) EDS spectrum.
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Fig. 4. FET and Phototransistor performance of Bi;O,Se: (a) FET Iy-V, curve, inset is optical image of FET device; (b) FET I;-Vy
curve; (c) phototransistor I3-V, curve; (d) phototransistor on/off sensing Iyt curve.
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Fo. 33X AT RESE KA RE Al R BEROR, A AN fig
SR R Y LT, AT P 285 L G A 38 B e ) R
. W, L-Vy iz g (- 4(b)) Sos e AR
WV, T, EREI (1) BiE V, I Rmg R, H
LA G 3R F WA fioh 45 i PR A S5 ot A A ) 2
fie 25 PRIk O H AR SR it JEE R R 350
i FHIRER & 09 DGR OGN g8 1 1 G LR
TR RESEATIK. [ 4(c) SR T HEARRDEHE T Y
IV M2k, FTLIE DL, BEA GHR n 3 S, SGmm i i,
Wi (L) AWK, 760.5 VIV, F, 60 V A
JE R 0.144 pA 2 60 V BIMHE F A9 9.69 pA, J&
ARSI L e Ry R B X 38 e T IR A
T FF O B A 1g-¢ th A5 B AL ME, —60 V [

1L
107 (a) ~ P0-748 X X)(f
x>, et
Vi=60V, X s
//‘\ — | 2
| _ o S >>
o >/>/
100F & | . »
< N 7
= v
2 > | v
o5 ¥ -V
I v "
101 F - —a
/‘ .,l
{ ‘ ) — L
‘/ [ S I~ P1.03
-
Lo-z| & Ve=—60V
0.1
Power/nW
10°
(c)
- — _x_ V, =60V
o — e -9 :ﬁ‘)@x* X X
% * ‘“‘0_0“9 o990
* *’ Kok ok A Aok
—_ —
g 104> i o = S S
)
9 \
2 L S SEN
i e~ — — 7 —¢—o—09 o0
\
— _A_ & A s aaaaa
103 | & |
. . m_ B _ g _pg-gawan
. V,=—60 V
0.1
Power/nW

Kl 5 Bi,0,Se St R A PERE T

Photoresponsivity /(A-W~1)

Detectivity/(10'° Jones)

JEF 0.152 pA D 60 VR TS 6.5 pA, #H2E
ANK (E 4(d)). [RIE, S AT 28 i o B (8] K 24
38 ms, KA MIFEH [ KMER 50 ms0l, H17& — ikt
BRI S B 129,

X A5 E G MBI A T — 2D 1 i (U
Pl 5). B e B LR Ly, 7EAS AR R R
JEIhR (P) 784k, 4l 5(a) Fis, ZEMHE 60 V
B, SEH DR AR L2 I 1-P103 [ AH I,
AP LR, SRR 60 VB, ARG
PR 1-PO-™48 ) MR AT T . SR H A,
BIAZSETE-60 V IR T, H Ui 25 BE 84, 30+
WA, B REGFEERA R, HIMLE
KRB MIHLZ R, 60 V EIHMLE T, RS,
BT =, WU DA A AR R, 2tk
R TR E 5(b) Bn TGN M HESHOE

V=60V
(b)X‘ —_ Xg_ N
A > X‘X“)é)(-)ex
- — —._..__‘.‘~
104 * 0 0gee
\
—_
> B S S UGS
\
\
\
10%¢ v — —'—"— ¥ VVVV¥Y
\
|
_ — " _ L B pgwEEE
u Vo= —-60V
102 L
0.1
Power/nW

&
On/off ratio

12.0

. . . . . . e
—60 —40 —20 0 20 40 60
Vi/V

(a) ARIMIET, Ly, SOEMAEICER; (b) ARMWET, Semn #5508 X R; (¢) ARMHE

T, et AR SOUIAOE R (d) LRI R R LRI R SRR R R
Fig. 5. Analysis of Bi,O,Se phototransistor data: (a) The relationship of photocurrent(Z,,) with light source power under different

P!

backgate voltages; (b) the relationship of photoresponsivity (R) with light source power under different backgate voltages; (c) the

relationship of photogain(G) with light source power under different backgate voltages; (d) the relationship of detectivity(D) and

on/off ratio with backgate voltage.
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M 1 (photoresponsivity): R = In/P (H
PROGIRA D) 3) FEAS R R T 5 D A8 B 19 ¢
Z. W 5(b) ATAL, #E-60 V AUMHERE, BLSRER
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SPECIAL TOPIC—Scalable production of two-dimensional materials

Synthesis of two-dimensional Bi,0,Se on silicon
substrate by chemical vapor deposition and
its photoelectric detection application”

Fu Qun-Dong  Wang Xiao-Wei Zhou Xiu-Xian Zhu Chao Liu Zheng |

(School of Materials Science and Engineering, Nanyang Technological University, Singapore 639798, Singapore)

( Received 4 March 2022; revised manuscript received 26 April 2022 )

Abstract

As the scaling-down of semiconductor processing technology goes on, it is urgent to find the successor of

silicon-based materials since the severe short channel effect lowers down their energy efficiency as logic devices.

Owing to its atomic thickness and van der Waals surface, two-dimensional semiconductors have received huge

attention in this area, among which Bi,0,Se has achieved a good trade-off among the carrier mobility, stability

and costing. However, the synthesis of Biy;O,Se need some polarized substrates, which hinders its processing and

application. Here, a Bi,O,Se layer with 25 pm in size and 51.0 nm in thickness is directly synthesized on a

silicon substrate via chemical vapor deposition . A Field-effect transistor with a carrier mobility of 80.0 cm?/(V-s)

and phototransistor with a photoresponsivity of 2.45x10* A/W and a photogain of 6x10* is also demonstrated,

which hpossesses quite outstanding photodetection performance. Nevertheless, the high dark current and low

on/off ratio brought by the large thickness leads to a fair detectivity (5x10'° Jones). All in all, , although silicon

substrate brings convenience in device fabricating, it is still needed to further optimizing the growth and

integrating more applications of various two-dimensional materials .

Keywords: two-dimensional materials, chemical vapor deposition, Bi,O,Se, Photodetector
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