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Fig. 1. (a) Heterojunction structure diagram; (b) heterojunction equivalent circuit diagram; (c) infinite mobility band distribution
under appropriate voltage; (d) infinite/finite mobility band distribution under high voltage. R, is the resistance to electrons (Q-cm?),
and Ry, is the resistance to holes (Q-cm?). D;, and Dy are equivalent diodes made of narrow bandgap and wide bandgap materials. J,

and Jy are photocurrent generated by narrow bandgap and wide bandgap materials, respectively.
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Fig. 2. Energy band diagram under limited mobility condi-

tions.

2.2 IEMETHEER
FR A BEAARER B 03X, TR T Y BRIK, 3R EPE
FREE AR TES SEE DL TS FRRN
F(Ey, Eo,p, T, (2)

E; 2
= ;?3!022 /E yzilu dy, (3)
' oexp ( il > -1
Hrp, 2 STk, BT rad; b N SEATEHRG ¢ N
G w Ry BRI L AN S R TRl A e Az, |
RUETOK BB L A2, BT eV kg NIHIRIE S W
8 By, By MAESHGTRER XA FRR . FRR, H07 eV,
y HETREE:, eV.
mE 2 PR, 4K PHBE FL T i) o T 2
FE JEMEER (RIS 2 J00Q), Ny I, iE8E7E
z = 0 AT
J=Je(0)+ Jn(0), (4)
Hrp, J 2 A R, AL mA /em?; J, 25
FOR BT, B mA Jem?. BT BUARL S TH
5638 KU, DN 7 AL T TR S (R
FAH W b 5E LA, I J, (z=-W,) =0,
Jo AR

= Jo (0) = e(Femr — Fups1) (5)
Hor, r oSO B A, AL cm®; g AH
T2 R PR AR B em Sy Fom L RN R AR
DX I BN EF [] B T FR R S 6 T8 Faps . 35
TS A DX ok B st ] AR BELAS T R A T4
1E 00" 22 XJEF N TS P AEE S, J(z=0) =
Jo(z = 0"); e HHFICHA.

Fem,L:Fem,L,F :F(El :EL3E2 :OO,M:ML,T:TC,.Q:TE), (6&)

T
Fabs,L = Fabs,L,S + Fabs,L,amb + (1 - a)(Fabs,H,S + Fabs,H,amb) =F (El = EL7 E2 = EH7 B = KL, T = T37 N = )

+F (Ey= B, By = Bup =, T =T, @ =7 — ﬁ) + [F(Bi=Bu, B2 =00, u=pon, T=T, 2=

+F(E1:EL,E2:007AL:NH,T:TC7Q:7I

~ ga00)

46050

T
46050)
1—a), (6b)

038801-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 3 (2025) 038801

Ho T, T, R FHFIERSEIRE, B00 K Fps 1.8 /amb
A e )7 BR A RE DK BH /3R 5 Hh B A7 1S ] B
LT AR BT HG Fo e 75717 BRAT R R SR
T ERLASE FS] ) 1B TR R S O 4R o, TR
W

= — Jh(0) = e(Favst — Femn)s (7)

Horp, R BCAE R FL i W Ab 58 KBk, I Jy(z =
—Wg) = 0; Fomu 22718 T8 55 DX 7 ] 1] 11 5
PLTH AR HIDCTEG Fapsn 278 SEEEHF DAL
I [ 1 B T AR S D' 78 22 IX T L A 7 A
ME4E, J,00)= J,(0).

Fempn=Femur + Femnn

= F(E1=Ey, Ea=o0,pu=p, T=T,2=n)

+F(E1=Ey, Ey=00, p=py, T=1T¢,2=mn),(8a)
\

J = Jo(0) + Jn(0) =

DL JL

Fasn = a(Fabs s + Fabs Hamb) (8b)
Horp, (6) FOMT(8) ZUHY pagy, g, 0 DT B A2 77 Bt
PHEHEHE B oK BB FR # e
WRPEESME R (1) Al (2), 7T

_ dEF,e _ EF,e(Ol) - EF,e(O)
S P TG
HeTl ’
d (0/7 0) ( Fe (0 ) Ve (0))
Vie (0) = Vee (0) _ Ve (0) — Vre (0)
N 5z (0,0) - R.
efigT
= Y f_{euL ’ (9&)
dFE — / V-
Jh = pn—= & Vin(0) — Ven(09) _ iz (9b)

dz ~ Ry Ry
Horp RO, B Q-cm? BEHASCES T#H 4
XA BRIEH R SHEHEZ PP CR, BB
PRMRISCFRFENR, 2% 1-V )TN

DH JH

—~
Fem,L,F - Fabs,L,S +Fabs,L,amb + (1 - a)(Fabs,H,S +Fabs,l-l,amb) + Fem,H,F+Fem,H,B - a(Fabs,H,S +Fabs,H,amb) €,

Forf, BN o = 1 R i B SR BRI B
WA DG T2 o = 0.2 FoR TR T
PRBERRGS PR B PN O 7 Ml 20%, 4y 80%
i GEAT B S AR AR BRI

3 ERG0Hr

TIAEER 2 R S IR b %) (4)—(10) X
AR AR, 18 BIARRE (o, By, By, Re, Ry) B4
LV ilhgk, BEEAPAAR (o, By, By, R, Ry) XF
HL AR (By) EFTHA T (FF) IR (Vo)
JE I (Je) HRLT L MR RE SO ) S LA L.

M R, Ry AREUE/IMERT, BOR A6 5 ) i 45
K PH AT, AN &l 3 TR By &5 i 2k S i #]
MGhI |, [ By, W& By 38K, By A
A ] A ) R TR AR ) L, [ E By
{H, B By 35K, By Fel RGN, BURT, 23 (a3
X IFRE ALK, X2 F-BHAT RN, X H 3l A
RESZ W HL /N, Dy, Dy It 32 R ALL R SR &

(10)

\
Bl =V 4+ JRe~V <El,yuu=V+ hRya~V <
By, By REBRGIEM, TR REN B 7F 1.22—
1.32 eV Z [ BB S L 305, 2978 30.5%,

Ex/%

EL/eV b7

1
0.520.620.720.820.921.02 1.12 1.221.321.42
3.12

2.92
2.72
2.52

2.32 2.32

EH/E‘V

2.12

1.92

MMMMMMMMM

0.92
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Fig. 3. Ey profile (a = 1, R, = 0.01 Q-cm?, R, = 0.01 Q-cm?,
By =152—3.12 ¢V , B, = 0.52—1.42 eV).
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Fig. 4. IV curves (e = 1, E, = 0.82 eV, Ey = 0.92, 1.52,
2.82 eV, R, = 0.01 Q-cm?, R, = 0.1, 1, 10, 1000 Q-cm?).
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Fig. 5. Ey profile (o = 1, R, = 0.01 Q-cm?, R, = 1 Q-cm?,
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Abstract

The ideal solar cell defined by the Shockley-Queisser (S-Q) theory is an important milestone in the analysis
of photovoltaic devices based on some assumptions. One or more of the above assumptions are gradually
avoided, and even exceed or approach the S-Q efficiency limit, so the development and improvement of S-Q
theory is necessary. Heterojunction solar cells are one of the hot research fields in photovoltaics. In order to
address the hindering effect of energy band discontinuity in the spatial barrier region of heterojunction solar
cells on the transport of photogenerated carriers, the assumptions of S-Q theory based on the original S-Q
theory of photovoltaic cells are revised in this work. The carrier mobility in the barrier region is assumed to be
finite, and the infinite mobility in the S-Q model is abandoned. But the mobility in the N-type and the P-type
neutral region are still infinite. The lumped relationship between carrier mobility and resistance in the barrier
region is derived. Therefore, the physical process of charge transport is described in detail in this paper based on
the continuity equation for semiconductors by considering the effect of absorption coefficients to prevent the
quasi-Fermi level from crossing the conduction or valence band. Thus, the revised S-Q theoretical limit model of
heterojunction solar cell is constructed. The diode equivalent circuit diagram is deduced and the photovoltaic
conversion efficiency is evaluated eventually. The loss effects of charge transmission and band gap mismatch on
the performance of heterojunction solar cells are analyzed in detail. The calculation results under the condition
of 5780 K blackbody radiation and 300 K cell temperature with N-type wide bandgap (Ey) and P-type narrow
bandgap (E;) materials show that the highest conversion efficiency is about 31% with a hole resistance of
0.01 Q-cm? and electronic resistance of 0.01 Q-cm? The calculations show that the electronic resistance has a

more negative and complicated effect on solar cell performance than hole resistance. When R, and R, are small,
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the best conversion efficiency is in a range between 1.22 eV and 1.32 eV of the narrow bandgap. Increasing R,
can increase the open circuit voltage of solar cells, but there are losses in efficiency and fill factor of solar cells.
When R, is large enough, for example, R, = 1000 Q-cm?, the open circuit voltage of solar cells is not limited by
EL and can exceed the bandgap limit of the narrow bandgap material. Increasing R, will also reduce efficiency,
but the effect is not so great as R,. The change of absorption coefficient can cause the photogenerated current of

L and H branches to change, and the radiation recombination losses of both branches can be regulated.
Keywords: Shockley-Queisser model, heterojunction solar cell, carrier mobility, absorptivity
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