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[ RCR 22 5 P BEAR YR S 4% BG5S 17 ERAE A ) 2 M B 3] s
Brdt BHEEVERE M RGPS PR R o B S0 AT T ZEAS [ R FIAH ¢ R 1
A& 6 W4 (White Light Emitting Diode, WLED) F1 7% J¢ AT
(Fluorescent Lamp, FL) &5 W% WG T, AR RN B 2
AR BR AR A R . 25 S WLED ey 48 I8 N = IR s Ay
A 1.84eV, FLOGUIEFRIE T = AOGRIRERR Y 1.94eV, &G
F AM1.5G IR N RIS EETT R 1.34eV. 3000 K WLED F1 2700 K FL
FE WIEIRLE 1000 lux 58 B 2514 R 19 Shockley-Queisser i 4 BR 2K 73 il
ik 55.31%H1 56.60%. ASCIETHE T BiOL. Se. SbaS; & Z M = N
SEARAEHE JEER AR S R EOAN RS 5 5 A R T (R B ) e Rk 3
7~ T IREDCRA BHE R RIAZ 0 R 2R . AHE T = NSRRI 1k 5
PERETIM SR L T RS A IVl AR -

EEE: ENOR, MECPATEFE, Shockley-Queisser AP, itk PR i 5
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WEEYIELM (Internet of Things, ToT) FARMPIE L, ERROHFBLE
TACNCDIFETC AL 28 17 i, Horbilr g AT TE AN 2. REE R ST
S TR R S JE . e PR R ST A U, R T R ST AR R
EEHAF, ik, BWELERRSG S REED Y, TGRSt Ty
FAFAEFF A IR dEdP oA s . M5 G B A5 ), O RN i 0B I A
B AZ O . = NYIR (Indoor Photovoltaics, IPV) AR RERS REEILEE
JGREIF LR, AT SRR TI A AL R AR AR A T R e pe e U701, 4
Mathews &8 AFRIN, 2030 443k % A OGAR T UK 588 8.5 128 tl!, e
WESERD™ . AL GR AR BE ST ORI RHAR R G2 1 AR AL 3201
[10-15]

= WOGIRIER IR A 5 =AM HER BRI (AM1.5G) FERGBUFISR - AF7E
REF R, XWUE T = NCREA X TA& 48 = SR IARERE SR AN SRk
o, HARSRUE, AMI.5G Y&l 78 o5 280-4000 nm (58 B, — AN KBH4E IR E ik 5
100 mW/em?, #H24T 10° lux AYREEE . SRTT, 5 0L 2 A OGIR A (R0 i (White
Light Emitting Diode, WLED) F1%)¢4] (Fluorescent Lamp, FL) [R5 % F
FHEALE 400-700 nm HI AT WOGYEE Y, BEEEEH 9 200-1000 lux, EH-AMIL.5G i
2y 2-3 AU, X PR BRI 5ER b 72 Rl O A 30 A A S RE L 7R
= IR R G AR E AR T 10%0. [Hik, SR REH T = ALIR
SEAT I T RO ARARE BN 24 AT BRI T A

PGS — SR R 2R R ) B R Rh 2 VPG LR PR AR . 1961 4,
Shockley 1 Queisser & T-4HE 11 7 2, $2Hi3E % 1) Shockley-Queisser (S-Q)
P PRER S, FH T T B 5 K FH it BT A BR A W FR AR T, %A A Y ARA L 0 975
WS RACTREE A% 0K . BRT, BFFEN 51 AR = A OGRS TR R BA e it
HALERIFE T — R 5 TAEUS2, fFiltn, Ho &5 A\ T 2020 43T 408047 i
BT S EIR AT S K P AE F B B AR BR RCR, IRIB = OLTE T 1.82-1.96
eV BRI YR A RMA 2R T SEBI 51%-57% I HU s 81, R, H A4k A
PRt F AR F 55 I R BT AR LL oM, B BRI 55—, BUETIR
K2 BOMS I 3E —Fh i+ S50, R ZAE Gt —HE LR TR OW AN [R5 T 1k 2 (] ) A B
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B E TS 22 SR 5 DL ACE I L RGNt LG, SRS R T 0 1 45 SR AR Gk
AL 55, EADGIRMISEAL. B ATAR 5 (iR (Correlated Color Temperature,,
CCT) WP RHR AR B 5 FEAG AR BRI s ma R v oK 56 A BRI, 0 m] BLEHR
SAPRHRE R RACE: S5 =, DR TG RAT AR R 105 DGR RERBR
PG 2 AT BARE, $hz R GV R85 YRR T, M LLSCHEM B 5E )
Tk o
BRIk (), ASCIE TSSO R, 4IRS N RS I e
B TEHFEANLRT RN S-Q K MR &k e ik B B oK R
(Spectroscopically Limited Maximum Efficiency, SLME) 7732, BA#f 1 A J5i%
M EEA R 2 7 SiE st . R4 0T WLED F1 FL S = b e i
ZAET, BEEA CCT MR R S B R MR . JE5EF SLME, 14k
T BiOl. Se 1 SbyS3 55 2 il M ICHYE PG R RHI 2 POBRIRPEREE 77, HER
THIAEBRBETI RN K. &a, W TR SR,
2 BEigitEnE
2. 1 GHECT )5 2
2 P27 TR P DK S i P v B W R R VA B P PR o O AR
A A HL -2 ORI 7 AR T A A A S AR A I P AR PR S T Y
WG E BN A PR R0,
TETCCIRANGI I, SR AE T3 P RS, WSO 5% B AT = AR I
FAE SO AR SR S AE R AR, RN, B
Jo=J0m > (1
b, 3 R SRRSO S FRARERIOG T 7 AR R BE s Jgp WERE T
RIARE G S 52 & FI 2 o AR SO FLIR 35 IR SR A/
M HMTCIRANG I, RGBS A2 T . BUI, S (0 SO R
FH G AR R IR B AR ST R S PR 28 5 00 A 2 S A rL L R S ]
T o HAFRIEAN:
J=d,+30- 3 > (2)

Horb, JONERER S S R s 3 NORE IR s I, VAN S 4
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IR AR . RRATE A IR AR SN R 3 H- 282 KT exp [%} VR,

B

J=Jph—3{exp(s\4j—1} : (3)
B

Hrp, g NJoHMHEE (1.602x107°C); V ASHRAMNIIRE, $BAIV; kg AT
H22 2 %4 (1.380649x102 J/KD: T NasfF 4t B CBRIVIB00 KD . A
E R T E AN B ERRBIREOC R . A (3) JRBAAE I
PR B IR L R R T AR

A (2) HN:

2.2 S-QIR PR AR s

S- QA PRt 2 AR B 45 p-n 2 K BH R HLIROG FL A e % i B IR, 58 ST g
ARG TCVE R 2RI o S-QAN PR AR G SEAE P2 () B AR Sk IR 2
o BRI AR AT BAR A BRI BT R AR X -
X BT UAATERR S 5 A DL AR AR 2. 20204F, Ho%% A4
B FERREEMIR, AT T BRI T 1K PH R H il S-QAR RIS, 4
RGN PR AR . MBS S 7 . 20214F, Liibke4s A\ il
i SR AR K BH 6 B ) PR - PR R PE R, R BB KRB UK T SR BH g
P B B AR PR AR ), X PR AT SR B SR S-Qi:, (H EATHE IR BT A
7l

1 PR BLA b, 4 AR A B BRSO SO SERBR AR, [N 384
AR S 2 & B, AT LTSS B S PRk RIWSLME.. Zungerd A T-20124F
MH T2 EINE, i 7 — A KBAREI T KBH A Hb ) 24 22,

2. 3 S-QIR PR A S 72

S-QIR PR M TH T AR A PRI Wik N TINCAX 43, 55 FE W Fh 7532
FE R - RoNEE =T (Three-Factor) RT3, H—FEHE T
Jit-HUE (Current-Voltage) 7 RE#HATHES), A SCRX AN J7E 7 lC/ESQ-TF
FISQ-CViZ,

2.3.1SQ-TFi



VRESEISEVE Y My S g PSRRI P AR
Thve =My X0g ¥ Mee > (4)

Hr, n, ARAE (Ultimate Efficiency), BT 40 5 A2 I R ARARER ,
E SO ARG IL BT 5 ER T 2 B B FACR s n, NAECT 0% (Detailed
Balance Efficiency), BT FF 8 HUE B AR IR, 58 SORSEPRIT % B R 5 B H
JEHILAE:  ne NERHER T (Fill Factor), KWL T K INER 5 T BE-J0 26 4%
PRIOULECRERE , %€ SO AR I SERR R K Th 3 5 T i i IS AN % HL IR AR 2 L o J
B 5 K D' R P i v 1) 8 B A3 2R 2 A O =L BL: Ol 7 IRl S B
TSR T H R AR R DR LR K

B, PR SRR Tl E

S(E
¢eh:I§g¢eh(E)dE:I§g%dE , (5)

Hob, EANTAR, $fieV: E, ARSI eV, ¢, NE>E, BT
B, Bfim2sts g, (B) A TEE: S(E)MbEIRE, BEW/ (m>eV). &
S AR frm 2 s eV,

KBRS R T o AR T 5 A I O 0
3o = Ju = Qb o 75 TF 8 i TR S5 400 B0 (OB ARRG 0L, S0 7 U A Ty 2
RE 5 CIR I NS R B 2 HA:

=‘]sc(Eg/q)=¢ehEg (6)
T P P,

in in

Hrh, E /o WHBREIE, AV Py =15 S(E)AE ABIRM NI R EE, #
frw/m?. ¥ ¢, F1P, RN (6), W1

Iﬁg@dE

E w 1
= —————=E S E)—dE , (7
] J'SOS(E)dE ngg norm( )E

HAt, S (E) S (E)H—fLIB

ur

S(E)
[7S(E)E

S(E)RIS(A) (Hhr: Wim*nm)) AIHEAT U1 4.
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Snorm (E) = (8)




2
S(E:ng=s(ﬂy1 , (9
A hc

Hrr, A8, #fnm: h AERATCE A (6.62607015x1074 J-s); ¢ Al
H (3x108 m/s).

% &R SEPRE L AR AEAN RIS A L SR EERICCT 3 OGRS ikt
ATIH—A AR, DA GRS AN RIS 5% AR R T S T FLA BUARRAE, AT REAE S —
FEAE N LERCR R BB T A ER MR R RIS P odid A (100 13-

830 nm

L=K,P

r'in

Soom (A)V (2)d2 (10)

360 nm
Horb, LOAMREE, Bfzluxs K ONHE (683.0021m/W), V (4) AAIRMIILGEE
AR R 2L

it X, n, ATE1E:

qVOC
nd:E_ ’ (11)
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V THIAS (3) HESEH, AT (1=0):

Voc=kBT In(ﬁjtlj:kBT In(iﬂj , (12)
q 0 q 0,rad

Hor, By AR O0 Rl e, BAmst Ry, N B ERS A R SR T
W, BAm?ste Ry AR R R TR R TR RO T IE

Feh =¢eh = Pan.:; Snorm(E)édE ¢ (13)

F I Ry REBEAFAEI 1 P25 N (RS AR o AR L B 5 PR
TR S E )

4 E?
E)= : (14)
7 (F) hc® exp(E/keT )1

Hrb, g, (E) NEEERET MRt FEE, FRERtmEnE 5T
[ a3 18] B ROR S, TET5 R

. ., E?

dE , (15)
h®c® " exp(E/kgT ) -1

Fors = Ioég P (E)dE =

Nee 1 FH GreenZ2 56 A AT 524



(16)

v, —In(v,, +0.72)

e =
v, +1

Hrp, v, =qV,, /(kT) AH— LI HLE

2.3.2SQ-CVik
27k B I SR AE K BH AE FLB R F - R REE T AE (BP A 20 (3)) 13 .
Hrp, MR EmERE I AT
J.=alt ¢, (E)dE , (17)
FETCIRES, fR4EA (1D:
J,=0l¢ ¢, (E)dE (18)
A3 I R AR AR (17 FAR (18). KPHAE HLIb 4 i
RO E SO KA DR B G NG Th R B B LA, R B IR AR Ay

P JV
ncv:mafo out):maxp( ) ’ (19)

n n

H, P NS IR, HALW/m?,
L SQ-TFEAHL, SQ-CVIALEARBRIA R IR I K H 1 BB SR i i K Ih 3% S
R, MAEGreenZ2 K AR, XS FH MRS R RHE

2.3. 3 SLMEVk
SLMEVAAES-QIR IR B HEAt |, 3 —20 25 18 1 sehabp el i R B AR A 44
SR A, DRI T PR A PR 28056 B8 T SR 10 o
Wt a( E) HiBeer-Lambert & 45 H
a(E)=1-exp(-2a(E)l) » (20)
Hop, a(E) WMRHIOROLEE: a(E) MM EIRICREG | WRIUZEE . a(E)
i FH SEER I B (B0l , 76 E < E WP H B o, b, 2R R AERIUE
WHET — AR IR 3. Bk, R s A sSUB IE R :
J.=al"a(E)e, (E)dE , (21
AT RRAESE AW, SIN RS AR T, TrEHEELAE
E L], B IE R AR R B, -



Jo=2 =97 a(E)p, (E)E | (22)

Horp, oA E BN S A RS, FENEERT f HHBEZ 2T
KA

da
f. exp{—w} ; (23)

kT
Hr, B b SR B VB (Direct allowed gap), #fieV. f =1
FoRKBAREHRIBE & e e REH & . AAERK A =ES - E KA P
SRS SEORILSZN £ AE, FTLALA>0.156eV [ f — i B 107020, @it in i
AL U 5 B R R it F) B K D 2R 8 T 1221,

3 =g [ Yeloo(etD) | (24)
PP Vo —log (v, +1)+1

Vo= I(B—T(voc —log (v, —log (v, +1)+1)) , (25)

mpp q

SLME# AR PR RCR N -
J VvV

mpp " mpp

USLME = P— ’ (26)

in

3 HFHR5idie

Kl1(a)4 tH 7 AMIL.5G (100 mW/ecm?). 3000 K WLEDAHI2700 K FLI¥) & 5%
e FTRUEH, =ARIESAMLSGARH IS BRI SR AP AR R 2 0. KFH
Tt sE BEs:, MRS W BILLANX I = YRR A i e R R TE400-
700 nm ¥ AT WG X3, JUHAE WS 4R G B B IAE . LA & 405612,
5 ETRAE BT I 25 R T IR TS 5N HIR F AL o 1 e R A B A TR R
TP DTSR . WLED ) A S B 2 78 °T Wt XHoZE 8290 A1, FLAR S i il e 8
B R B2 . AR, = Y GIR B 3 LEAM L. SGAR 100~1000F5M . B, AL
M 73000 K WLEDA12700 K FLYGURE200. 500F11000 lux B8 FE 2544~ B 61 45
REEE, WP 1(b) R 1(c) TR - B L(a-c) o itk Hicdts 35 S S 36 I & e 19, 0 st A A
X HTHOPOOCOLOR HPCS-330P 2 JYt; i¥% [ &2 7+ 73 3] ] &€ Ccobalance T5/6 W 24

WLED % JE 5NVC YZ08-T5/8 WHRIFL R I R IR EE . R, K5%3000 K
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WLED 52700 K FL P 55 A G5 Ol 48 IR R 040« K5 1-200 lux. 500 lux 1000
lux =Fp B2 26 1F, XA KT B NG R IR ST R 85, ERmirHAA R
R TN (3 AT B o 12 ARG 20 HE R N4 nm, DI BRI BRSO
+0.5 nm. FTAMNRBITERE A T, DABT IEFREE 2R BOR #2128, 3000 K WLED
(G TR FE 1276 pW/em?( 1000 lux ) 137.5 pW/em?(500 lux )+ 55.7 pW/cm?
(200 lux), TM2700 K FLIGDIZE % L4351 29280.2 pW/em? (1000 lux). 139.1
uW/em? (500 lux). 55.1 pW/em? (200 lux). S5REH, AR MRELML:FHE
VRV A TG B AR, NGOG A N R R AR R R R R

(a) (b) (c)
=20 = 3 =0.10 3
E ——AM1.5G E —— 1000 Iux H--- E —— 1000 hux _ar =7
o WLED 3000K x 50 o 500 lux - PR 500 lux - .
E ——FL 2700K x 10 50'02 ——2001ux £ £ ——200 ! &
g W g z 2 3
g z s 3 s
S10f V g 2 £005 =
© o c @© c
2 L $0.01 - 3 =
T T - g o
05| : : = :
5 5 / e &
z 3 C 3
g | i g 2
2] @ 0.00 0 0.00
1000 1500 400 600 600
Wavelength/nm Wavelength/nm Wavelength/nm
(d) (e) (f)
0 &0 WLED 3000K & FL 2700K
—_— 0l S ——1000 lux SQ-TF
= L AM1.5G —SaTF = ;32?.:; s?fl[F ) 500 m:x'm‘rF
< £50 200 lux SQ-TF £50 200 lux SQTF
&30F o —— 1000 lux SQ-CV n —— 1000 lux SQCV
c < | —— 500 lux SQ-CV 5 40 —— 500 lux S@TV
2 2 40 | 2001ux sQ-CV 240r 200ux SRCY
k7 20 % 30 % 30
5 3 3
E i = =
E 10 E 207 54 E 207 56
» F : . 3 64 A
g | S10 = i 10 i \
0 13 1.4 0 iT 18 18 0 18 19 20 —
0 1 2 3 0 1 2 3 0 1 2 3
Band gap/eV Band gap/eV Band gap/eV

B A FEDEIR G R & S-QIR PR AR 5 2 SR BR KOS R (2) AM1.5G. 3000 K
1000 lux WLEDA12700 K 1000 lux FLE A il b 75 #XT B, WLEDAIFL A1 5
B2 BITROK T 5045 /11045 (b-¢) 3000 K WLEDAI2700 K FLZE1000. 5001200 lux#E F& 2% 11
T HOGIESE M SOCIIRE R (d) AMLSGHRIE &1 T, SQ-TFMSQ-CV M At 575
12 R IIS-QIRBRRCE 5 B A A R it Z; - (e-f) 10004 500H1200 luxf)3000 K WLED
12700 K FLYESQ-TFRISQ-CV M Fl it 57772 1 S-QAR PR AL 577 B - 18] A K 5=
s
Fig. 1. Spectral characteristics of various light sources and the dependence of S-Q limiting
efficiency on the semiconductor bandgap: (a) Comparison of the spectral irradiance of AM1.5G,
3000 K WLED at 1000 lux, and 2700 K FL:at 1000 lux. For clarity, the spectral intensities of
WLED and FL are magnified by 50 and 10 times, respectively; (b-c) Spectral irradiance and
incident optical power density of 3000 K WLED and 2700 K FL under illumination of 1000, 500,
and 200 lux; (d) The dependence of the S-Q limiting efficiency on the bandgap under AM1.5G
illumination, calculated by the SQ-TF and SQ-CV methods; (e-f) The dependence of the S-Q
limiting efficiency on the bandgap for 3000 K WLED and 2700 K FL at 1000, 500, and 200 lux,
calculated by the SQ-TF and SQ-CV methods.
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ARIE SR HISQ-TFAISQ-CVI Al it 5 757%, #3FIAM1.5G. 3000 K WLED
H12700 K FLEEAS [F)4 B SR A T 1 S-QAR PR AR B Ay B AR A i b £, 1 (d-0) e
N HARKIRGITERIP . FEERNE, X BEEHSQ-TRZEAT MR W
I, BT AN ) R T FRD ' 1% 2 % 1 1000 lux WLEDRIFLYG i I — 4 - 45 & IR
BB T AR R NG R AT LAE A OGIRWLEDANFLX R (¥ S A 5 B 4373
1.84711.94 eV, =T AMLSGX] N (1) e 31 [71.34 eV o AN [RIGYE N B e £ 77 I 1)
B 52 2 B T MR 15 5 1 TR I B 2 A RAFUT T o [l — Y IR TE AN R T
X I ) B A BRI R R AR AR, 3 B T G YR TS R A AN i B AR AT 5 o [
I, PRl —GUE T, [o] o X S 1) B 1 3 R 20 3 o R 388 K 1K

% 1 KA SQ-TF 1 SQ-CV Fifh it H A58 AM1.5G LA 1000, 500 200 lux %8 214
“F 3000 K WLED 5 2700 K FL Y6 S-Q B R 2 K Hoxt B g pe i Bt o
Table 1. The S-Q limiting efficiencies and corresponding optimal bandgaps under the
illumination of AM1.5G, 3000 K WLED, and 2700 K FL using SQ-TF and SQ-CV methods. The
illumination intensities of WLED and FL are set to 1000, 500, and 200 lux.

Light Sources E,/ev Nre /% Ney /%

AMI1.5G 1.34 33.05 33.04

3000 K 1000 lux WLED 55.31 55.28
3000 K 500 lux WLED 1.84 54.54 54.51
3000 K 200 lux WLED 53.09 53.05
2700 K 1000 lux FL 56.60 56.56
2700 K 500 lux FL 1.94 56.07 56.03
2700 K 200 lux FL 55.51 55.48
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(a) (b) (c)
?0.10 60
2 ook wien 1000 lux <84 SQTF - A ——okwme
E0.08 §500K WLED B £50 % 500K WLED
=3 ——2700K FL e 2 —2700KFL
50 06 | ——4000K FL ‘ 280 £40- 4 \ —— 4000K FL
o 6500K FL = =
g r\ E E 30 ‘ 6500K FL
o
£ 0.04 | ‘ Bo® 8 Il
E I E ——3000K WLED E207 N
©0.02 } L 4 a5? ——2700K FL 10 s
3 [N A @ @
o 0 r‘\j'f\ j/ \\ "‘ﬁ\ﬁ\
Gooola MNSAT U LA | 48 . ‘ ‘ o _
400 500 600 700 800 0 2000 4000 6000 8000 10000 Q 1 2 3 4
Wavelength/nm llluminance/lux Band gap/eV

B2 ANFECCT WLED- S5 FLE A Gl A St Ko M IR 21 SQ-TF 7 12 I S-QA BR 2L
FEFPE () 3000 K. 4000 KF16500 K WLEDA12700 K+ 4000 KF16500 K FL7E1000 Tux#g &
FMFRIE I (b) 3000 K WLEDFI2700 K FLERRZ1F R, JETSQ-TFitH 7% 11S-Q
PR BCR 5B )52 22k () 3000 K. 4000 KA16500 KAWLEDFIFLLE 1000 lux % & 5%

T, FETSQ-TFHE 712 1 S-QI PR AR 5 BRI 5¢ 2R I 42
Fig. 2. Spectral characteristics and S-Q limiting efficiency of WLED and FL light sources with
different CCT, calculated by the SQ-TF method: (a) Spectral irradiance of WLEDs (3000 K,
4000 K, 6500 K) and FLs (2700 K, 4000 K, 6500 K) at 1000 lux illumination; (b) S-Q limiting
efficiency versus illumination intensity for 3000 K WLED and 2700 K FL, calculated using the
SQ-TF method; (c) S-Q limiting efficiency versus bandgap for WLEDs and FLs at 3000 K,
4000 K, and 6500 K under 1000 lux illumination, calculated with the SQ-TF method.

K]2(a) 51000 lux#E HE 2% K WLEDAMIFLYE A [FCCT K i & SHeitk . X[ —
R HEIEA L, A FECCTR RIS R A B 2 5 . TR & WLEDIE ZFL:
U&, CCTHE R 2 P HUR S 6 m R 7 M de, RIS 36 S (450-480 nm)
WSRO A (550-580 nm) JRES. E2(0)F7R, FROGIR BIS-QIk PR 2%
b6 E IR R s T R, A 22 B Vo AR BR Bl (A R12). B I
JEGIN, ARG IR SRR T, R BR B E 1 Voo fEI E RREE R
(R e s T 22 .

CCTX &1 S M RHERCPE BAA 2 MIEER . B2, X TWLEDSFLIK
FTR, B IR 13000 KERTHZE6500 K, AR F I ) 53 15 Bt 1) 5 117 B %
5)), HARBRBCRIEAE FIE /Mg PR [EI2(0)] o X EZRF N mCCTHRIDEIE A K
¥, mRERLBOG T b T, T UL S 5 A B A S A R DL R BBk . [
BT, 1 B RO I3 i 2 B K I FA A 1, AT 5 B B W A /DN e
Hok, = WORARBRTE A8 7 B X SBE A CCT I T i M B A, T 78 B i B X 3
CCTHIT &M Ty . WLEDJGYRATFLYGYE F AR AL 73 5 5 73 I AE1.92 eVI1.98 eV
BT o X AR A ARG AE T I — e A IR SR KT IR
(R ok 5 v T BRI AR R 2 AR IE S 4 K R o TR BRIX 3, Tk
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AT IR E DG IREE TR, U LBVE IR RO JEIRCCTR S, et 1 b Ll
R, AT, R A o A 917 B DX 3 AR T B AR GRS K 7 3225
JCIRCCTHE R, RREYE 7 A bllmr, AR T BRI e SR o/, R Sy

(a)65 (c) (d)

1 EUD 91.5

I V/LED 3000K I WLED 1 o I WLED 3000K I V/LED 3000K
o I FL 2700K L8 -FL 2700K g1.4 | I FL 2700K
1475 =
555 > L
3
&0 = !
1450} [
: -
40 1425
1000 1000 200 500 1000
(e) llluminance, llumi luminance/lux
55.0 14
[ WWLED 1000 lux -WLED 1000 lux I V/LED 1000 lux
g 2 E #
0525 01494 <12 = 91.35
[ =~ 3 [
B

50.0 148 1.0 91.30
3000 4000 6500 3000 4000 6500 3000 4000 6500 3000 4000 6500

Comelated colortemperatureii Conelated color emperaturen< Conelated colortemperatureri Conelated color temperaturen<
3. BIOTARH fiE b AFAE A A = N TR B2 1 R IARER e FEPERES AL (a-d)3000 K
WLEDA12700 K FLY¢J5#£200 lux. 500 luxF11000 luxf& & 4&4F T, Ll (e-h) 3000 K. 4000
KA16500 K 1000 lux WLEDYGIARRE R AF T, 2T SQ-TFIH ST i3 BIMIPCE. Vocs Jscfl

FF.

Fig. 3. Ultimate photoelectric performance parameters of BiOI solar cells under different indoor
light irradiation conditions: (a—d) PCE, Voc, Jsc and FF calculated via the SQ-TF method under
the irradiation of 3000 K WLED and 2700 K FL light sources at 200 lux, 500 lux and 1000 lux,
and (e-h) those under 1000 lux irradiation of WLED light sources with CCT of 3000 K, 4000 K

and 6500 K.

Wi EIR T, AR A REAE WLED, J6UE i s AR
N 1.84 eV, TEFL LI FHIEAEMEN 1.94 eV, TR, ASCEIG R
7 B FEUUAC ) BiOl Cris BN 1.93eV) FE IR IS AL, i3t — B WF 7L a8 1 G
Ve 2 B b R S A P AR ), T SQ-TF B /9%, 1HE T BiOIl B4,
PREGAFAE I 2H HL Y 25 P SR IR S A T iR Ooe IR RE S 4, s 3 s A
BRI N: BEE Y 200 lux. 500 lux. 1000 lux (%) 3000 K WLED 5 2700 K
FL Ot B[ € 2y 1000 lux, CCT 4317y 3000 K. 4000 K 5 6500 K ] WLED
iR, SEREW: PCE. Voo Jsc Al FFE #4865 B8R 17 s i [ B 3(a-d)],
H. 2700 K FL 4@ M 25 T 1 25 PR REHF 2 & T 3000 K WLED . [RIFf, 7 1000 lux
WLED #8824 F, PCE. Voc~ Jsc M1 FF i CCT W38 & 3(e-h)].
X EE SRR CCT Fhia, WLED KAl tm st 1 b tbigrt, 5444 1.93
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eV 1% s BRUG G B 5, Yo E 8 FIR AR T CCT B FHe s, &Ll
Voc Fl Jsc IR Ft. [RIR), FF BE2 o3, & ffissF PCE #1& L Ft.

(a) (b)
10—
| S
0.8} %
@ I 1=
o6 - \so model | g
g | Real & | 5
§Dd— solar cell o : 3
< | u o £
@ Cs,AgBiBr,
oot . . - o . ‘
500 600 700 800 900 R U X r zZ u 16 1.8 20 22 2.4
Wavelength (nm) Band gap/eV

K4 Seb- AR MIOGRFE . HLTRETT S5 A 3 N 5906 T BEDCIRMRHREER IR 20 (a)
BB BRI SEBRIROEE s (D)L T REFFESHIIEL; (c)3000 K 1000 lux WLEDYE IR I 2% 1+
N HIS-QIR PR AR e 2 R I EYES R0 E KA EHFISLME o
Fig. 4. Light absorption characteristics, electronic band structure of Se semiconductor and
limiting efficiency analysis of lead-free photovoltaic materials under indoor low-light conditions:
(a) Ideal step-function absorption and actual absorbance; (b) Electronic band structure; (c) S-Q
limiting efficiency and SLME of various lead-free perovskite-inspired materials under 3000 K,

1000 lux WLED illumination.

S RTTE T 18 BSQ-TFMISQ-CV M A U7 1A AHEL . SLMEVE 25 [& T 2 34k 44
FHBR R RBOREESR B E AR . DU (Se) N, FRATOELER TS-Q
FSLMER AR B ZE 5, a0 El4(a-b)Fos o AT FH e T UL UR A ZH B4 o o
BTG HL VT L FR) S e WAL J R ) SR BRI FE R AT TH B2 BT U7)e - Seft) ELHHr Bt A ]
P B E 3 F K avanagh %8 A\ BEG F 545 OO SLMEBE A 185 5 ) 184 KT
PRIt MIEERONE, MORDERORES, SLMERUAMRAL, A FEMRLER SO
ZESWHS, TEXARE, KREMIER L 9B, Fra AR B
AEFEHF SLME#S 22 W S B R — MR FRE, APREAERIBGE T St 3Bk 2
SSRAT G, O AR R, X B, fESLMEMTHRE R, FRATiE
F1500 nm g — >3 (I S0z TS PR

Kld(a) 7R T Set- S AMA R BRAR I BRIR Y 2 AN S BRI FE I X 3 7T A
H, SERRIOL BEEZ1675-700 nmil KA IR ZEME T 1 . X Ut BITESERR BN T, Ot
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T REEAR T3 B 0006 Tt A 7T B b Sete S AR SRy P I BRI REZL AT UL . RIS, 5K
BRIRE BE £ 500-675 nmif K AL RE 2 £E0. 9B I, IX 3 W92 pryd i 5t T TR R
FAHF BRI T8 R 90%HIME R . FAb)AH T T 28— MR E T E 0 Se
fIReH S5 EL, f4 T T ReE S AR OREXFRETT D FI5CREY, i
FioR, BB B SR T JERIAN 1 TOO B (138 AR 2, 7 1) DAZE R — A
TR, AT ERERIT B S, ATRES A R SR 5 A
Mty IO R R A AR S, B~ AU TR 21 5 IR, B TIRIOE -, 1B/
BRI T HMESh R . WEFTR, Sef—FhlaEar il Tk, FHiaEarp B
SRECE B RN, (ER RS B 2s (B]_ RN B, R B e B 2 SRR B A1
IR T E NS F LASR B s T E B . 7 5 5N (R R R S AR A R B
MR A TR I A, RN T] ARV R FRIR S B, T B R R R i — 5 A [
B3, b T BB A &, WA RS R W B R, BER =E; . S-Q
BRI f =1, RIXHTArA PR npRl, e e — e EdR. X
— RO T BB B SR B A, G BT I AR AR S A A
SR AR T A B AR, R E S (REE G w5 R
T A f <1 P i, BN f SEbr BARRE B m AR ES A . A

SCAEREE IR (3000 K 1000 lux WLED) #EHET, RGUTHE T AR H BRI 54K
W Ja R SR EHFISLME[ El4(c)],  TEAEHRBTER2H . El4(c)rl LAE H, Se.
SbaS3v AgBiLAEHT 6 SRR IPVIERETE /I FIAE AL (a-Si:HD 124, {EIPV
I L T R B S A5

%2 3000 K 1000 lux WLEDYEIRAR M T, 253 B 5 A e ORBA AR A Bt 1 it B BV AR 2
%
Table 2. Bandgap properties of materials and theoretical efficiency of three models under
3000 K 1000 lux WLED illumination light source.

Material E,/eV Eg eV N Tev  Msime Ref.
BiOI 1.93 1.95 5240 5237  37.05 [29]
Se 1.88 1.98 54.60 54.66  47.78 [30]
Sh,Ss 1.76 1.84 54.32 5429  50.17 [34]
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Bils 1.72 1.87 53.14 5311 45.89 [35]

Cs3Sh2ls(0D) 1.95 2.37 50.90 50.87  42.66 [36]
Cs3Sba(1,Cl)e(2D) 1.95 2.05 5090 50.87  45.81 [36]
AgBils 1.80 - 5506 5503  54.47 [37]
(MA)3Sbolg 2.14 - 2984 2983  27.64 [38]
(FA)3Bi2ls 2.19 - 2455 2454 2313 [39]
Cs3Bizlg 2.20 1.95 2345 2343 952 [40]
Cs2AgBIBrs 2.25 151 19.44 1943 1141 [a1]
RbsSbylg 2.10 2.24 3474 3472 31.20 [+2)
a-Si:H 1.94 - 5178 5175  50.63 [43]

B35, FATKSLMEVE ¥ sebRos BE AR R I B &k ol &, IF
S-QAE AL FEAT X LG LA SE B 43 T S — 2F SRR 2 (R Bl 2k A AR R i 2 A
PR TR Horb, JERIR R 8 SO AT AR 4R S 2 A M BAR 6, A A
BRI OGRE 715 S-QIE Y B AR OS2 St SR B R ik . X IR IRAT TR E
a(E) At BRI RS, T A=E" —E, =0. JR4EHE &4 E ONELE
WRSTHE S AN B AR R A R B R MR Bk . X BBA TR E o (E) 42 E 2 E, i
N1, FBEN0, A NSERRA R B R B R B BRI 2 (E . BTk, TR
BiOIF GRS 2k N 14.73%,  AREE5S &0k 80.76%, X i B RE I 32 25
BN AEFRARNL IS s SefI e IS5 2 M0.9%, JEfE ST A1k N4.43%; ShSsHIE
MR8 2 N0.6%,  ARAEST A A 15 N3.51%; AgBiLARHIE IR I 2k M0.1%,
EEH E AL N0, ZHEKY]: Se. ShuSyFIAgBiluffIEI ISR e A AR4E T 2 &
PURIBIEN, GRaTERe RIF, 2% WOGRSUSEAS B RO 7L 1 A0 R
L
44 ie

L RGH T T % AR 1 W FR AR T P B AR U H B 7 1%, JEx 2
iRt 2% 2 9 SR B R I PEREIE JEAT TPl . SO e E S IR E BRI T
SQ-TF. SQ-CV M SLME —Fuii ] T~ % P} e R st IR R v B 5%,
TAFEVHE BB R mZERIR S &L, Hrd SQ-TF 5 SQ-CV

15



BT HARBCE RS AR B I BT PR R, T SLME I 7 FPkHEE AR

WS AR R i G, 8 TN 5 5 G S bR R R S PR BE . 18 SR S

MFrE 7 WLED 5 FL W2E LAY = POBIREA R EE . A OGO G 1B R

AR T N R SR 2 AR R i i B S B B PR R i R A

WLED 1 FL Jt 4% BT 1= WA RHR T R 205 9 1.84 eV AT 1.94 eV

3000 K WLED £ 2700 K FL % P JIRTE 1000 lux 58 & AF N H S-Q ERIBARFR 2%

o liEIk 55.31%F1 56.60%; AR AR FR 24 3 Bl 5 8 BE T = S I =

MR X (Al T-HA ;s JGIR CCT T M) 2 e 5 e U R0 97 1) e i R 1) 5 B

FfRAS . EUCIERE -, 30T SLME R451TFME T BiOI. Se. SbaS; Al AgBils %5

TRFH T IPV MR RETE 71, BT T S BRI AR R AL ORI, K

Il Se. SbaS3 Hl AgBils M BRI G US A 2k 5 4RI B &4 R 5 40 T-HAK-, 78

= WIGAR N 37 5 HL A& TR I K BT /0 o I FE AL 1 B AR B AR B 381 S

B4 L 75 11 BE IR 2 N DGR B SR PG R R, B D% = WOAR A B TR« 7€ 7]
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Abstract

With the rapid development of low-power wireless sensors for the Internet
of Things (IoT), the indoor photovoltaic (IPV) is emerging as a promising
sustainable off-grid power supply technology to overcome the limitations
of traditional battery-powered systems. Compared with the standard
AMI1.5G solar spectrum, indoor light sources, including white light
emitting diodes (WLEDs) and fluorescent lamps (FLs), possess relatively
narrow visible spectra (400-700 nm) and low illuminance (200—-1000 lux),
leading to distinct optimal bandgaps and theoretical efficiency limits for
[PV applications. Moreover, existing studies in this field suffer from three

notable limitations: firstly, most investigations adopt only one calculation

method without systematic comparison of the underlying physical

assumptions, deviation sources and applicable boundaries of different

methodologies under a unified framework, leading to poor comparability

among reported results: secondly, the quantitative -influences of

tlluminance and correlated color temperature (CCT) on the optimal

bandgaps and theoretical efficiency of IPV materials remain incompletely

clarified, lacking quantitative guidelines for direct material screening;

thirdly, most evaluations of the theoretical IPV performance of emerging

lead-free photovoltaic materials in the literature lack a systematic database

and performance bottleneck analysis to support targeted material

development. To address these issues, this study evaluates the Shockley-

Queisser (S-Q) theoretical efficiency limit and the spectroscopically
limited maximum efficiency (SLME) based on the detailed balance
principle. The spectral irradiances of typical WLED and FL light sources

under various illuminance levels (200, 500, 1000 lux) and CCT values
20




(2700 K to 6500 K) were measured using a calibrated spectroradiometer,

and further used as the spectral input for subsequent efficiency calculations.

On this basis, the dependence of the theoretical efficiency limit on the

semiconductor bandgap is systematically analyzed. It is revealed that the
optimal bandgaps for [PV are 1.84 ¢V under 3000 K WLED illumination
and 1.94 eV under 2700 K FL illumination, both higher than the 1.34 eV
optimal bandgap under AM1.5G irradiation. The S-Q theoretical [PV
efficiency limits reach 55.31% and 56.60% under 1000 lux 3000 K WLED

and 2700 K FL indoor illuminations, respectively. The theoretical

efficiency limit increases with the illumination intensity and tends to
saturate at high illuminance levels. Moreover, for a given indoor light
source, increasing CCT blue-shifts the emission spectrum and further
results in the shift of the optimal bandgap to larger values. Based on the
SLME method, we evaluate over 10 emerging lead-free materials for IPV
applications. It is found that the absorbers of Se, Sb,Ss, and AgBils show
relatively low optical absorption loss and non-radiative recombination loss,
exhibiting great prospects for IPV applications. This work establishes a
full-chain evaluation system from ideal thermodynamic limits to practical
device performance, clarifies the applicable scenarios of different
theoretical models, and quantifies the impacts of indoor light parameters
on key performance indicators. The findings provide a systematic
theoretical basis and quantitative tools for material screening and
optimization, as well as IPV performance prediction, which are of great
significance for promoting the large-scale application of IPV for self-
powered loT systems.

Keywords: Indoor photovoltaics, Detailed balance principle, Shockley-Queisser limit,
Spectroscopically limited maximum efficiency
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