® 435 F 10 81/2023 £ 5 B/R¥F¥HR

K EHRIK

W 21 38 KT Ak T I DI PP HE A 55 i

WRE, 2%, BAL, NER, FRE, HER"

VLR RZE MR 5 TR B, V025 UL 212013

TE CRAEMR O, FB A5 M iR NAFIR KW IR Kk T2 3R 58 T PR Ak s k24 UL (CBD) il £5 1)
Z AL ET (POS) MG PERE A2t o &5 SRR A HL T — 2538 ik W AR JCk BT A8 B9 PhS T 5L AT 48 K A dokr IR
SPOBD R A RO PR RE . AR BB o, 2485 BB s E] g 80 min i, PhS T A M R B 2. 33 AW Y,
FEAR I A 1. 18X 10" em - HY? W', 5 — 2538 kLA L 43 B 05 T 259 %0 #1236 %, BB 4218 I ik m] DUAE A& 48— 4218 &

SRR bR — 2D 35 PDS ZEAM G HL AR & (1 R BE

KEEIE WL BRALHTED; B IR DO W

FESES TB43 XHRARERS A

1 51 5

O HL 0 2 R S 8 4T AR RS S ek R
FE NG 24 38 JEORN 25 (0] 6 0 26 4000 h A7 2 )12 B L
AU MLAR SR B LLAM R B R R R £
FR 24 SRR R 1A IV 2T A 6 B I % o B AL A
(PbS) J& fiw . AR 21 A8l i 8 00 2% 19 2 5 7R 41 kL 2
— AT L A A A L A T R i R
FE DR AR A, H RTAT S 1~3 pm £ 406 38 0 2% 1 6
SRR

il #5 PbS # E (4 J7 ik A R £, k2 % Ul
(CBD) R4 I 53 B 25 A28 & MR F R DO
SR, T K F AT A J7 2 1 45 09 B A PhS 5l i
REAPAR 22, KA & b b B2 2 5 B9 PbS 3wl 5 A ]
TV M RE A LL AN e AR I AR . BFgE R BT, PbS
W P R A S M E R O O HLE
O, IE K242 7 PhS RO i PEfE Ay k. H
B, 24 TR X PhS W B8 19 3R JCIR B SU50R T L 5
R XSO B PERE R s e AT TR BB B AR
Preetha 25" W 57 T A [A] 3R K I B XF PbS ] 5 )6 2% %
RERY R M, & PR IR BB 0 25 52 ) PhS il IR 19 ) 2
WL, LinZE " HF98 T PbS Wi AE AR A A AT
AR el B, 25 5 2 B 7R IR Kl AR v NS T LA 3K
P PbS 58 3% 1 Bl A9 7= 4R I8 58 By 1k PbS 8 i i
JE AL PR T TR o Jin SRR P R ok
FARAE 2 LR H0P X PhS B 7 S g ATIE ok, IERIE T
F PERERY PS & F AT ZLAMRM % o DA L WF o AR R e IR

ER7SIIES

DOI: 10.3788/A0S5222038

KEEE PR, W R — PR K, — 2
iR ki BOAR e 0% 1 2 B T IR A PhS R Y O HL R g
EJE7E B iR SR BE R & 5 kA ad Ak, J6 2 A2
#% PR fE PbS 2D AME I #8 A T oK o gl dF— 2 iR
PbS £1 AN E I 2% 1 PE GEAK TH IR 3 35 24 AR FL A=l 5

AR CBD kil % 7 PbS Wi, 42 T —F
P A5 B K T T2, B PhS 15 5 78 1% UL BE 114 46
O, SR R K, P78 T 3 3R 3 A 4 N AR R AT AR
AR ko WFGE T WA RS AR K [E] G PSS 3
THOULTE S50 | & R 45 4 TS T2 3 R e M BB R S g, 4%
WRERW 5 — B IOk, W 2R KR REA SR =
PhS i JIE A 5 oL 1 E -

2 5L 5%

2.1 PbSHEERZF[HNF&E

K H CBD & 72 3 B 40 IS Lol 25 7 PhS il . 7
DO TIF 4 i, e ¥ PR30 3 vk BL42 8 2 inch (1 inch=
2. 54 cm) () BE AT, T4 S E K B UK MJC K &
B 75 U Y 10 min, B S HET . PbS R U FRES WY
SVARFUR 500 mL, B 4247 [ Pb(CH,COO),* 3H,0O, i
JE 4 0.1 mol/L] . #7 & & = #h (C,H.Na,O,, ¥k & h
0.2 mol/L) A A L5 (KOH, ¥ B & 7 mol/L) Fl % Ik
(CH,N,S, ¥ 3 mol/L) 4 i, DL AR & A 80 °C, UL
FABS A R 4 he FEVIRRES SR JE , H R B F Kbk 3t FIF
TSSO T e mT A5 31 3 1w ¥4 A0 HL 5B 1 S S
JRA: PhS W (v 44 0 S1) o JeR DB 2 T 4 78 TR AR
PbS # B 3 O W KB, B LB T R L B

W B 2022-11-22; f€EBEH. 2022-12-18; FAHHE: 2023-01-03; MELHELZBE . 2023-02-07

EE&THE: L5048 ME R B E (JSSCTD202146)

BIS1E#E . ‘lvquanjiang@ujs.edu.cn; “liujunlin@ujs.edu.cn

1031001-1


https://dx.doi.org/10.3788/AOS222038
mailto:E-mail:lvquanjiang@ujs.edu.cn
mailto:E-mail:liujunlin@ujs.edu.cn

{K[Fe(CN) ]t A AQmi R £ (Na,S,0, 5H,0) Jit i [t
Sy 1: 1 9 W 200 10 min, B J5 ERROG 2K . ¥ ib
PHJS A R A PS I R T 4l O, A & b,
20 °C/min B9 3 B FH IR 2= 550 CH I 1 h(m & N
S2), P H e e w0 . B — 2 O,3B K Y
JIE 4l N, AR R S b, L 20 °C/min 1Y B T
2 600 CHf 175 — bR Ak ab 3, £ 10.50. 80,
110 min( 43 Wil 6y 4 H S3.84 .S5.86) , FEfl Hpl i % &
T o R FH G 20 R0 A W Sk T2 A v R T A A Cr /
Au(50 nm /200 nm) FL % . B [EEE R 1 mm, 58 5N
200 pm (AR 1 mm X1 mm).
2.2 PbSHEIRRRIE

K X B 28 A7 51 (XRD, RigakuUltima 1V) Al
Cu Ka(A=0. 15406 nm) X} £ & 1 42 A0 A1 i 44 25 44 1F
PRI, K62 838 (SDPTOP RX50M ) WL 2% b
P RMEIE S . HH S kAW E 7B M
(FESEM, FEI Nova Nano 450) WL £ ¥ 5 ) 2% 1 130
TE A SR R o R B =X 3R B B X (Veeco,
Dektak150) Xf 8 BB A9 J2 B2 A7 i . RAHSCE = A O
& 3 0 o F I3t 2R G 0 T I 1 ' PR RE IR AT RAE . 1%
Z 445 % i T Keithley 2450 %07 08 % 5 84 & &
B, LUK R 1550 nm H ) 3] 8 59 306 #8576 A A G
VR, Y K A i 45 OGO B IR 9 T 56 .

3 HRHUE

3.1 BmELEHMam

BTk R A FLR KR P PbS B 9 XRD & i .
FE b ST 8 XRD B 3% W75 57 7 PbS AH B9 i 4 1
(JCPDS No. 05-0592) , Jo H-Ah B & 1% Z= g, 3 B H oy
4l A PhS B . BT BE & 1 2500 B 24 PhS(200)
Fh . FEAE S S2 59 XRD K 3% b, 37 5 PbS A4 88
Pt 32 T HA [R) BSR4 3] TLAN BT 04 AT 5 0, U B A B 1
AH AR B, 38 5 b X BR vE PDE R A 8 (9 5043 PhO -
PbSO, (JCPDS No. 72-1393) . #£ /it S3~S6 iy XRD
P13 5 A0E 37 5 06 5 08 S S2 AR ), T A M BT Y A
U, i B PbS i B 7E N, A4 IR O 25 A B H At B
Ao R, WLEEE PbS(200) fb i AT ST M (20) R AET
ks , X 5w i R A S e
3.2 MO

[ 2 S J5 A FAR K S PhS T8 8 (14 )6 2% W i s T S
Ko W IE 20 T LUE AR STRY R EE S H
5] TEFE 2(b) 5, FE &L S2 F T H BT KR 0 R i
50y, X S O, 18 KO AR BT B AL A S 80 . A
2(c)~ (D] LA B, B #2525 3R K i i) (1) 228 1<
FE & S4~S6 (1 1w IF 4 BLFLIR . Hodb B S S6 1
Fm FLI B £, 31X AT AE 4 %F PhS B 1% 56 H P g 7= AR
AFIFZ M . Kamchatka %88 58 01 , PbS 76 65 =
F 577 CTFB kB & EAHYTHE ., X FH 5

£ 435 F 10 H5/2023 £ 5 A/ F 2

#PbS +PbO * PbSO,

S1

$(111)
L#
(200)
> 30(220)
@311)
Em

3 = =
5 %8s 8 N
o)
E A A S3
by
n
g JA_L N A S4
i
in A A S5
! A _ﬂ | A S6
10 20 30 40 50 60
26 /(%)

Pl 1 BERR S1~S6 iy XRD [l %
Fig. 1 XRD patterns of samples S1-S6

S4~S6, 55 KR K B IR N 600 °C, BFLIR Y H B S
RN TR

Pl 3R J5 A= FIHR K5 PbS TR A 471 45 fL o B f s
(SEM)JESH I . MK 3(a) il LWL E], BE 5 ST H kL
124 100~600 nm 4 PbS 7. 7 & ki 21 5, 2 11 E 50 1
AJH B . KA SRR IE S W & 3(b) Bk, &t
550 “CHy &l O, 4R K5, T8 I 9 2 18 R JR 06 19 57 7
i 7 A Sk 359 5 43 A1 B B8 B AR R S 3 R R S
9 235 nm, & R ROSE U/ & b T A B R
L SEARESD S2 1 XRD & 3% o B PhO - PbSO,
FRAE 0% | 225 550 CRY 4l O, 4B KR T2 B iy #8019 41
R R AT BE & 1 PbO - PbSO, A 43 22 9 PbS i ki fir 41
BCAY o MR 3Ce) ~ (DAl LLXREE 3, S5 8L 5 S2 M HE 56
600 Cali N, iR K 5 B FE i (FF 5 S3~S6) K 1 1)
3G B A R SR RS 36 K (2928 350 nm) |, 3% 2 PR ok 6 B
AR ARORLTE B R AT 2 3R B 1 (VR R R R A
ShEERT IR AN e R KR R I R T AR UL AR B T 3
S, 3% 2 AR KO R PR R IR O R PDS R S B
Hof JES 1 FA I i 22 B (3% B A PhS 4 B ik 2 By 51k
8.9X 10 "K 'f120.3X10 K ") LB Arol E Y .
3.3 XEEEEMEESF

Pl 4 Ay S f P 0 3K /R R DRI 6] 6 T SR 25
PbS B 14 S B L R, e B B R D 50 V. B 4(a)
S PbS G LRI AR (iR . & 4(b) R T PbS
St LRI 28 1Y O A L (1) 5 A SO T RS B (P)
Z IR Hop L 2 R (1) 5 WG LI (L) Z
2 (1= Ligy — L) o MAIEI4(b) AT LA R] , i 3 P 1
B B I0, #F b S2~S6 1) 1, (B 3 28 P38 i, HL 32 347 4 1)
TR . FEMIFE R PR b5 WA b2 — 4R .
18] 19 184 5 (A 10 min %) 80 min) , ¥ §h S2~S5 (1 1, {H
B IE K A YR O] 110 min B FE  S6
B 1, 150 35 T R, FL7E 0 0 B A S IO T R % R X
MR REE MR . X P=12.7 mW-mm ‘I, £ 5
S2~S6 W I E 4K 2.12.2.12.2.20.1. 03 mA . K]
ACc) FE 4(d) 4350 0 B 5 B B R RIR = 1,/ (PA)]
AR D (D =R VA / J2ql.. )W PAE 7161 i

1031001-2



@

20 pm

243 % 5 10 H9/2023 £ 5 B/ F 2

B2 BEAh S1~S6 162 WA R IMTE A E o (a) BE AL ST (bR RL S25 () e S35 (d) HE i S45 (e) B R S5 (DA fh S6
Fig. 2 Optical microscope surface morphologies of samples S1-S6. (a) Sample S1; (b) sample S2; (¢c) sample S3; (d) sample S4;

(e) sample S5; (f) sample S6
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Fig. 3 SEM surface morphologies of samples S1-S6. (a) Sample S1; (b) sample S2; (¢) sample S3; (d) sample S4; (e) sample S5;
(f) sample S6
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Fig. 4 Schematic diagram of optoelectronic property test and optoelectronic properties of PbS thin films at different optical power

densities. (a) Schematic diagram of optoelectronic property test; (b) I; (¢) R; (d) D
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Abstract

Objective Lead sulfide (PbS) is an important semiconductor material in group IV-VI semiconductors with a narrow band
gap (0.41 eV) and a large exciton Bohr radius (18 nm) at room temperature. These characteristics make PbS highly
sensitive to infrared (IR) radiation, which has led to the widespread use of PbS films in IR detectors, solar cells, gas
sensors, and other fields. The as-grown PbS thin films respond poorly to IR and can only be used as highly sensitive IR
detectors after sensitization. Annealing in oxygen is an effective method to enhance the photosensitivity of PbS detectors,
and oxygen has been proven to be the best sensitizer. Although numerous studies have been carried out on one-step
annealing in an oxygen-contained atmosphere, the development of new methods to further improve thin films'
responsiveness to IR continues to plague academia and industry. In this work, a new two-step sensitization treatment
process for as-grown PbS thin films by the chemical bath deposition (CBD) method is investigated, in which the films are
first annealed in oxygen at a low temperature and then re-annealed in nitrogen at a higher temperature. It is shown that this

process can effectively improve the optoelectronic properties of PbS thin films compared with pure oxygen annealing.

Methods
acetate [Pb(CH,COO),*3H,0], trisodium citrate (C;H-Na,0,), potassium hydroxide (KOH), and thiourea (CH,N,S). The

cleaned glass substrates are immersed in the deposition bath. After deposition, the samples are rinsed with deionized water

PbS thin films are fabricated on glass substrates by the CBD method. The reaction solution is composed of lead

and dried. The as-grown PbS films are uniform, mirror-reflective films, and subsequently, they are annealed in oxygen for
1 hat 550 “C. Lastly, the oxygen-annealed thin films are re-annealed in nitrogen at 600 °C for 10 min, 50 min, 80 min, and
110 min. The Cr/Au electrodes are realized by the magnetron sputter, and the phase and crystal structure of these samples

are characterized by the X-ray diffractometer. The surface morphology of the samples is observed by optical microscope
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and scanning electron microscope (SEM), and the thicknesses of the films are measured by the step profiler. The

photoelectric properties are evaluated by a photoelectric test system with a source meter connected to a probe station at
room temperature. lasers are used as excitation sources, and a waveform generator is employed to control the switching of

the lasers.

Results and Discussions The as-grown PbS thin film shows a dense, compact surface morphology. After oxygen
annealing, the new oxidation phase is formed (Fig. 1). Some holes are observed on the surface of the annealed thin films as
the re-annealing continues (Fig. 2). The grains of re-annealed thin films recrystallize to form larger nanocrystals powered
by the thermodynamic driving force at high temperature (Fig. 3). The study of photoelectric properties shows that the
photocurrent of samples increases before it declines with the re-annealing time at different power densities [Fig. 4 (b)].
The responsivity and specific detectivity of thin films drop as the light power density increases [Fig. 4(c) and Fig. 4(d)].
Although the number of photogenerated carriers increases with the rise in light power density, the conversion efficiency of
photons into photocurrent is reduced. As the re-annealing time goes by, the values of specific detectivity and responsivity
both increase first and then decrease. For a short period of re-annealing, the grains recrystallize to form microcrystals with
high crystal quality, which allows the specific detectivity and responsivity values to rise. As the re-annealing time further
increases, over re-annealing not only reduces the thicknesses of the films but also creates holes, which leads to lower
specific detectivity and responsivity. The optimum value of specific detectivity is obtained at a re-annealing time of 80 min
when the specific detectivity and responsivity values are 236% (5% 10" em+Hz"**W ' to 1. 18X 10" cm+-Hz"**+W ') and
259% (0.90 A-W ' to 2.33 AW ') higher than those of thin films only annealed in oxygen, respectively[Fig. 5 (c) and
Fig. 5(d)]. In addition, the sample re-annealed for 80 min exhibits high-frequency switching behavior and excellent
stability at 4 kHz (Fig. 6).

Conclusions In this study, polycrystalline PbS thin films are prepared by the CBD method. The thin films are sensitized
with the two-step annealing method, in which the thin films are first annealed in oxygen at a low temperature and then re-
annealed in nitrogen at a higher temperature. Appropriate nitrogen re-annealing time improves photoelectric properties by
improving the crystal quality of thin films. The results show that the photoelectric properties of the PbS thin films
sensitized with the two-step annealing method are significantly enhanced. Compared with the case of one-step annealing,
the responsivity of thin films annealed in two steps with a re-annealing time of 80 min can be increased to 2. 33 A*W ™', an
increase of about 259% , and the specific detectivity is raised to 1. 18 X 10" cm+Hz"*+W ', a growth rate of about 236 %,
under the light power density of 0.2 mW-+mm * and incident wavelength of 1550 nm. Additionally, the sample re-
annealed for 80 min shows high-frequency switching behavior and excellent stability at 4 kHz. More importantly, two-step
annealing can improve the photoelectric properties of the photodetectors on the basis of the traditional oxygen-sensitized
thin films.

Key words thin films; PbS thin films; annealing; chemical bath deposition; responsivity; specific detectivity
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