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Abstract

Lead-free double perovskite Cs;AgBiBrs material is a kind of indirect band gap semiconductor,
which has the characteristics of high photoelectric conversion efficiency, excellent light absorp-
tion performance, adjustable band gap and environmental friendliness, and has a good application
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prospect in photoelectric devices. In this work, Cs2AgBiBre thin films doped with lanthanide Er
were successfully prepared on Si/SiO; substrates by thermal evaporation method, and applied to
planar photoconductive photodetectors (PPDs). The effects of annealing conditions on the phase
composition and micro-morphology of the films were analyzed by SEM, XRD and EDS. The optical
properties of the films were analyzed by light absorption and fluorescence testing, and the photo-
current, responsivity and detectivity of the prepared photodetectors were tested and analyzed.
The results show that the photoelectric detection performance is improved after Er3* doping
Cs2AgBiBrg, and the performance is the best when the Er atom ratio is 0.25. Under the illumination
with wavelength of 365 nm and 530 nm, the detectivity and responsivity are four times higher
than those of undoped samples. The experimental results show that the doping of rare earth ele-
ments can reduce the defects in the internal structure of perovskite materials and improve the
photoelectric response.
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1. 518

AR, B ML - TEHL A B 2 s A 5 Bk (APbXs, A = Cs'. Rb'. [HC(NHy).]"(FA) &k
[CHaNH3]* (MA); X =Cl, Br 3 )RR m R e . KRB R TR 2R UK I ER 79
KRS SRR T 2 B2 OG0E[1] [2] [3] [4], FRERIGZARE . WOtas. KBHAE HL B A GHR I 2% 55 s
[5]-[10] @B AR AT B R FH AT 5o R0, BT H RS AT, ™ R 7 AR
R R TGS ERA PR, W SRS AU B AT e i 8 A O — /N S8 AT 52 77 1l [11] [12] [13]
ToH VA BUA P 3 4 ] (A5 EK T BT B i e e ME[14]. Fl—A— 4 m"Fl— A= M¥ BB A —
Wy PO B 1, AU Cs,m™ M X RUBSEET 450, [ ENARE ST MR i 5 . EFHed, HE
= BI¥FE T AA 5 P AR A T RU[15], H Cs,AgBiBrg [16]F1 Cs,AgBiCls [17] B4 0 57 16 L
PEREANIR AR T 1, 7RG B3R K R TPl LB e

Cs,AQBIBrg F# [A] 827 B2 S RREE, HATBR S TR 1.95~2.3 eV, MEiAuF, WMk REm, 7R
F 450°CIHE T AA RiFmHFaett, AR 300~500 nm K 6 BERNI[16]. & T8 42t
FHERE M R IR e R S M BRI RBOR R, B EAP R BIN A4 B TSR e L RS
e [18] 0 ABARET 25 M AR S5 M AL 2 e e MR I SR 7R B T2 ml AT B K, R IR & &1
NETFBIREIEFTAME. ZR4EE 7. Fe? [19]. Cu' [20]. Mn? [21]F1 Cd** [22]) C& HThiB A\ K
WPVESERE , TECCEM B ERE. IREEWARE SR T EREM. E4k, #HiLisikd
ERY S5 A APRME BRI FOGER G R FIZ I ER AT S AU 045 32 I R 23] FEARZ M LB T
th, Bt ERCT R FE R AF BT RES . 7E 1550 nm IR ST IE S AL T R 7 38 O S AT 4 ) B AR A8 Ok HL
7E 800 nm 1980 nm B N A BORMEUR ARG, Bz T AR SR RS 7R S T
[24].

A TAE R R P AR R BE R R i 4 Er 15 22 XU ERH™ Cs,AgBiBre I, J1K FL R FH T 6 iR . Jd
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L PR KR K Br B T AR, T BT % A OUL a5 A R R RE AT 3R AR AR O HL

AVAS
2. KRSy
2.1. EWRTSHRmAE
SR B RN . UM BAERE T RN 1, O A S 2 B L R R 4 kR, s
B PR TE S IR IR B AT

Table 1. Reagent specifications and manufacturers
= L R R E T R

R4 R ZANs e A% C I
7T C,HO s at it 2 AR 2 R BR A
EETK H,0 a4l YRR LK R 5 A
PRI C3HsO srrat it E 2R R A BR A
FAbH ErCly 99.99% IERTRL TR AIA R A F]
R4k 5 CsBr 99.99% 6 4% 30 B e B 2545 TR A
TR BiBr; 99.9% BB TR A BR A
TR AgBr 99.99% Vs P B FEL A R A )
SE HBr 48wWt% 2 B R A 7
B RURE Au 99.999% GYPRIGHAMEG R AT
RE Si/Sio, 4 F£~1(100) fm O LT RHE A #)

2.2. $EW SR IRMBRHIBIZ

Er 84580 SRS &

1) Er BRERT MR %] &

@ %67 50 ml FIBEAR FRnN 15 mL SR R (HBr, 48 wt%), i i) H: Ak voin A\ AgBr (1 mmol; 0.188 g).
BiBr; (1 mmol; 0.449 g). CsBr (2 mmol; 0.426 g). ErCl; (x mmol; 0.273 x g, Xx-FR/RBAFEL TR
Er, 41: 0, 0.25, 0.5, 0.75), HOREEFEBILFREA, FBA LA BB, Sl A AL 10 min J5 K
1E 80 CIHIRIG NS HE— A/ IE, B ZBIEW T AER, REHEE 50 ml RN EF; @ MR
AHBERE A, SRR A 120°C, (R 10 h 5, EARRHE=R, AEHIRH RS, JE. ERE
JEERL ARG K QBRI IEY, ZIREODEERZBCNEAER NIE; @ KB OA MMMk,
60°C 1L 26t N0 3 h, FFERFEE 4l AR, DAF G 2L iR .

2) Er BRSRY MR H] &

© BUIFIFEEBELF ) 1 x 1 em [ SiO/Si 416 73 I FH Pl . L BEAI2£ B 1 /K &8 A iE e 15 min,
ARAE Aol JEE 2 10 S B8 B A 4 15, ARSI L AE 80°C HUMEAR Th 15 20 min; @ Kl v A EE AN
PR, — R 3 I ON 3 R L3S 28 A (B 5y JSD-300, 2B 77T 5O I it 31 2 BHCA BR A /)
PR 0.40 g B A[F Er B ) Cs,AgBiBre #y oK (L3R (1) 1 % 3 NS S5 b, 76 107 Pa (5 38 N354T 7%
B, REFERESTTFEAREAEE N TR KA, BEZ) 120 nm E B AE Er FlE SR E
fiE5, i0N: Er:Cs,AgBiBre (3L, x=0, 0.25, 0.5, 0.75; 4 x =0, NLBIREET HEE, iTN:
Cs,AgBIBrg) -
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3) Er BZ4BERD s F BRI 38 ) ) &

TERT G (Rl 788 i 2548 T ErcCs,AgBiBrg TR 1 Fr B0 78 A b b, 1 FH i
S W e A S [ AEHE TR L, AT S R RS . AR AR TE IR T AR N 2 x 107° em?. L se k| &%
MEEWE 1 FR.

' BiBr;, AgBr.

=== CsBr, HBr,
ErCl, .
—_— —
120°C 10h
AAREZEER

Figure 1. Schematic diagram of the whole process of photodetector prepared by thermal evaporation coating method

1. AERKEEEREARRVENERIETEE

2.3. 5T BN RIS 4SS

ARSI 2 MR T VE R A S A A . SR RE . RO AR BEREAT RAE . A3 BT AR
IR ER SRR, DS 5A 2] KNk 2 fos. A A BBk SRR T T30 (6 X-S 2647 i
ASCIN T S 1) AR 5 4 S e s AR A — T L G FE TR i R IR s A AR B S O
PCHAT R BRGNS Z it A SRR B IRT, G ThRME; P SR
Keithley 4200 H RIS A 6 R PERESEAE B

Table 2. Test instrument model and content
F 2. MR BRS 5L~ R

& EL 2 EER
X HHERATHH(XRD) D8 Advance 7 [ A

] WG E THUV-Vis) UV-3600 EENEET

RHHIEAL(PL) Fluo Time 300 % [FH PICOQUANT
Yy RS B AU (FESEM) Sigma 500 il [ R /R 2% A

e AR Keithley 4200 EHEE

HThE Sanwa/Lpl H A =Hn
LED Y5 M505L4 2:[H THORLABS
LED HLy4z 4% DC2200 % THORLABS

3. SERHERFTTie

I KB £ 1) Cs,AgBIBIg [ Er 575 S AAKRE i, )5 SR8 R RIARL . 1] 2(a) J BTl 45 ) i
RGPS R, OB E), S5 RIT. N T HE & BRI 454, K FLAIF B8 b K 2478 K XRD
Mk, IR Cs,AgBIBrs IFRAERBEAT LLRI[25], W& 2(b)Fiam. BT FIATST 6 S hRuE R ULES — 2k,
VA HA A B AT S0 B, IE B Er 3525 050 O3 RE B IR AR S5 R

KGR NG E 1 £ Cs,AQBIBrg Wi, BT WIS (1 )& B2 1 120 nm. K Z8 8% 4 1 S IEAE SR SR8
14T 220°C. 250°C. 280°C. 310°C. 340°C FL/MA R EIR K, 1BKIF A4 10 min. [ 3 2y SEM il
(Y AF B IR B (R R TR TR 30 R AR 0 AR TS . AR K R Sl 3R TR 38 A0 Mk e B e ¥ e 22, A KR FLIA
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FAAE, TEMERIEAROY 91 nm, @SR ATEMT, BERJGREET . R SR NABE K, FLIR % AT
BEAR o 280°C AR IR it P R S50 1 AN 3 i P S8R B e fIE 138 Jok ELAR BN 21 276 nm, it (R 45 & K
AL A B PR IR IR, ARIAR SRR K. IR FERE LR . BT LT IT, SRSk
280°C/10 min JyiB K AT BEAT i — 20 Er 5% MG 46 S MERERT IT

. N U S
Cs,AgBiBrg-Powder
—
A Y A S
! Er,5:Cs,AgBiBrg-Powder
- 0;’
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-3 5 4_1 J 1 A L
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Figure 2. (a) Cs,AgBiBrg crystal picture; (b) XRD pattern of Er,:Cs,AgBiBrs powder
[# 2. (a) Cs,AgBIiBrs KB Fr; (b) Er:Cs,AgBiBrs # 5K XRD [

” ¥ a 7 | . 5 g/
50°- 400150, i ; 1005 260, =309/ 490, Yol %3 100 200 300°%00°500 600, - 7
[)mmgtelv{)n 1, ’ Jgucter {im) © V- Diameter (nm)
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Figure 3. SEM surface morphology test of Cs,AgBiBrg films at different annealing temperatures
3. FEHRAGEET Cs,AgBiBr SEEAY SEM REFHMIK

4 FEA[F Er 524 (T BERE S AE 280°CIE K 10 min J5 1) XRD K3, /&M, B 4478 N 0.25 I
0.5 HJHEIEAE i R Cs,AgBIBIrg X B 1] ey (A AT S U, 45 2% 77 B2 0.75 BIAE it 1 tH B 1 Cs3Bi,Brg F11 AgCl
BTk L R AT S 0 o I 1560 Er #3985 0.75 BRI HLAE Cs,AgBiBrg [E4 5, SIS P42 o X7 F 31.78°
17(004) & [ AT ST IEBEAT MBS OR, ATRAE R, BEEBRITHRA IR LRGN, (004)77 5 m K f FE
Ji R . BT ErIE T24208 0.088 nm, /T Bi¥ B T2F4% 0.103 nm, (Rl EFTIB A EUR Bi¥H 5
AR IR, SR BCRAN, BLEATHER KM RS, 5 XRD 4R —.
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Figure 4. XRD patterns and local magnification of different Er doped Cs,AgBiBr, films
4. AN[E] Er #£2% Cs,AgBiBre SEIEH) XRD iE&E K mER M AR

K] 5(a)y 280°CiR K& T Cs,AgBiBrg #iE 1) ARl 7t 2% EDS fgi 8 K. Cs. Ag. Bi. Br IYFfT
R 040 35 3 NMINIRERE e R e T, ATRAE S|, JE I CsiAgiBi:Br 2 2:1:1:6, B AT A ik
() 553 /2 Cs,AgBIBIg AL 2= 15 L 4] 5(b)~(F) AR BRI AN [E] Er #5247 & T R RS E .
MIBIIKRIE x ST RAUNT 0.5 B, Er B2FRE S B0 SR R EERE KA R, M x&F 0750, T
FiARsG . %3] XRD 1 x 5T 0.75 MRS G ZeAl =4, 3B ARTE Sk AR K SR A,
Tk R R, RS SRR FLERIE . B245 &N x = 0.25 A1 0.5 (FEM, H&EUERALIR IR H S
FEAE, B T J5 B0 BRI 281 B 4 HT

v ¢ Dye=276.23nm

A : 09 - £ L
nQ 100 200 300’ 400-500 600, - QE%O 100 200 300 400,5007600 < *0 100 200 300 400 500 600, ; ‘0 100 200300 400500 600700
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Figure 5. (a) EDS element distribution for the SEM image of Cs,AgBiBrg film; (b)~(f) SEM atlas of different

Er,:Cs,AgBIiBrg films (x =0, 0.25, 0.5, 0.75)
5. (a) CspAgBiBrs EEEAY SEM E{& MR Xigxt T8I EDS TENHE; (b)~(f) [ Er,:Cs,AgBiBrg &

# SEM Eliti(x = 0, 0.25, 0.5, 0.75)
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Table 3. EDS quantitative analysis of Cs,AgBiBrg films
2 3. Cs,AgBiBrs S#HEH EDS TREE ST

VN JEFE i 22 (%)
Cs 20.93 0.6
Ag 9.17 0.25
Bi 9.83 0.48
Br 61.08 1.63

6(a) AN Er 5 4% IR FEAE b DGR ISCE . 1] 6(b) AR Tauc plot )77V 73 B T H 1S5 K M
& Kubelka-Munk 77 Eq.(1),

(ahv)”* = A(hv-E,) (1)

o NPOCTREL h BB R EL voER, ANFEEL BN SMESH L. AP SEARIEK W
TR R BE . AESEIRISCHT R P 23 B G HRSOR IR T AR df AR S5 A BRI o Er B4R RN 0.25 FE K
R S RIBIAIRE R A — B, PRIFRARIIGREIREE . B Er SR EAG It RIRCEEE K, Er
BAFNEN 0.75 [ i BRI B o 151 6(c) AN RIS 2TV E 0 I (KOG S BRAEL, BEAR 5 R e I,
JesE AT AR, HALENT 0.1eV, UH] Er B4 NKRRES B2 . (K 6(d) sk AE =R T BL 420 nm
P BIFOLCIRAE AR, I 435 nm BBEE AR IO . Er BARIEDY 0.25 I, PL OtiIEsE
JEECARBAHIRE AN T 1.6 %, IAFIHRAAE . QRS8N Er B4R, PL DGR s fE B M T F%, X
55U B T I B )iy FE SRR E R INAH & DA RZERULEA, Er B2%50%0 0.25 B, FER A A
RAISRBE L, BEAK T ARRRI R, A RE 5ot -

a b —— Cs,AgBiBr,

Ery5:Cs,AgBiBrg
Erg5:Cs,AgBiBrg
= Ery75:Cs,AgBiBrg

Absorbance (a.u.)
(a*hv)"2 (a.u.)

3
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Figure 6. Annealed at 280°C, Er-doped Cs,AgBiBrg films with different doses: (a) Opti-
cal absorption spectra; (b) Tauc curve; (c) Optical band gap; (d) PL fluorescence spectrum
6. 280 CIR K &MHT, FEIFIZ Er $B2H) Cs,AgBiBre SE%: (a) SIRULEE; (b)
Tauc Hh%k; (c) JeZFHME; (d) PL A E
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¥ Er EN 0, 0.25 f1 0.5 [ =ANFEMEE B G tlk, §& e DG SHIMNEE, £ KR
MRS R HEAT 1V & 1t PREEINR . 2483 Ky 365 nm 1 530 nm 5t LED 1 A kOt . 14 7(a) Fi ]
7(b) 53 A L RIRE 5 (Er 25:CS,AQBIBIG £ i) 7E 365 nm 58 AN AN A G ISR B R A 1-V BHZRAT 5 V fn K R
TN A - G HIRIOC R M 4R . 2HF 1% F IR B E IR R EE M 46.51 uW 3B N3 625.7 uW T A i,
Tt BH VLA R ORI R B, IR IS BRI, eI A T O v R R R AR . e B 6
KA IR R 28 F S NGS5 i S S HIRE T . B R AR AL DRSO B — e A L, 28
B A B i At 5 A k-
Ip—1ld  lpn
- m - Popt

lp G, o MR, PORISIHREE, S RBAFIE RO IR (FEA L5 24 0,002 cm?), iy,
FE G LU INEL, Pope 72 RIS YEHIE T 3 o RN A2 HiR — AR e i LS B, 80K,
RN 25 X6 R e b, Hat 54 #08:

Eg. (2)

R

2qLd
Vs

q M TR, lgERBER, SESMFINA ORI,

Kl 7(c)s B 7(d)srml s T ANE Er 525N S840 B3 AR 22 5 NS G D3 %5 5 2 ] Rk & AT B
BRI, BIRJE M ASRE T I 0 )32 F0ERI 2 3 LU R B 26 G BTt . o 48 4508 x = 0.25, 7256
REFES 46.51 pW/em?® I, TR R K, A 1.26 x 107° AW 24T 255 BE Bl Ky, i B 8 2538
T, VIR SR A SR AE S FIRE, Er B4R x = 0.25 MUFES L B A RORERIR, 7E
HIR B A 46.51 pW/em? I, #RIMZHy 7.93 x 10° Jones, & AIBZRE T 3.6 1%, 1X—45 A/ Ui W]
TER) Er B0H R T B AFR P RE 42T

K 7(e)/27E 5 VLT, x = 0.25 £ i IBEA G IR BE G DI 3 5% FE AR 1t Repk i 2 . RS e i
Bt 2 6 Dh 23 R RO AN TR, SF B RAFIRRE M E S . MO BN 625.7 uwWiem? i,
RE i P 7 FSF 1) A0 3] 32 IR 8] /o 70 591N 0.448 $/0.481 s, L FLH AL T AWk A5 iR 1k o 181 7(F) AE B Th
HREFE N 46.51 pWiem? [IF5E IR, ASFI IR AR S0 B R 1-t HiZk . 40w R 1V I, 20
i PR E R A, RN = AR RN, MR ESE N E] 2 VDL, SR R S 2k S R
P o WRAS G PR B O R 2 T8, i SIS R)R (R0 R () SR A . A, MmN 5 VI, BRSO
WMEZ VGG, FELE B SRS BRI ZE T o 1 AT B R IR T 25 05 75 5% 25 3 H v 1) B I FA R 5] g v A
HLBH I . BT 95906 54 T O B BB /N, X P B D0 FAOR 5 P L AN A e B B

¥ 8(a) 7y 530 nm HIGIEIESS T, Ero2s:Cs,AgBiBre FEMh7E 5 V fii [l T & HOG DA - DG HIR
FRliZk. FTLLE R, AR5 530 nm 0t B AR S 1 HIE R, s AL B D' T 26 B RS AT I OK, ok
ThR S E RIS 2738 uWiem?, SEHLFBE BT, A2 B BRI e SRR MTEE . & 8(c) A
Pl 8(d)&TE 5V Mk ANIFI e HRGE B T yma B 3R S PRI 2R i 28 . @3S LA Er 8447088 04 0.25. 0.5 1)
SANEES, ATLAIS RS 365 nm LR N —RER R, 5 4 BE S LRI R i EL A R I B R R
MBI x = 0.25 B, B3R MVE e B s, 766 Th3R % By 105.9 pWiem? B, 1 37 SRR 23 1)y 1.21
x 107° A/W 1 4.98 x 10° Jones. i 26 RN 26 bt %5 s Th 32 25 B A N A AIS, DERA B8 1R S 3E 45 R F T
J9EHRM o  8(b)A Ergos:CsAQBIBre T BEFE S AE BV fi T WA 1t B ih 28 . WA 1-t i o5 b,
M [ 115 52N 1) o/t 43939 0.543 $/0.606 s, I HL AT LT (IR PR AR 2 1k o

D* = Eq. (3)
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Figure 7. The photoelectric response of the film at 365 nm wavelength: (a) The I-V curve of Erg5:Cs,AgBiBrg sample at
different optical power densities ; (b) The relationship between optical power density and photocurrent at 5 V bias; (c) Re-
sponse rate ; (d) Detection rate curves of samples with different Er doping concentrations under 5V bias and different light
intensity; (e) I-t curves of Erg,5:Cs,AgBiBrg samples under different optical power and 5 V bias voltage; (f) I-t curves under

different bias voltage and optical power of 46.51 pW
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Figure 8. Photoelectric response of thin film samples under 530 nm light source. (a) Curve of optical power densi-
ty-photocurrent relationship of Erg ,5:Cs,AgBiBrg sample under 5 V bias; (b) Transient I-t curve of Erg ,5:Cs,AgBiBrg
thin films sample under illumination of 5 V bias voltage of 2.738 mW/cm?; Photoelectric properties of samples with
different Er doping concentrations under 5V bias and different light intensities (c) responsivity; (d) detectivity
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