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Fig. 3 Simple solar cell structure used to analyze

operation of a solar cell
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Fig. 4 The 7 as function of bottom E, for GalnP top and
GaAs middle cell with same lattice constant of 3] IMM cell.
The lattice mismatch between InGaAs bottom cell and GaAs

substrate is also indicated
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Fig. 5 The J.. the upper two subcells as function of top cell

thickness t,and J..of GaAs middle cell as function of

middle cell thickness t,
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subcells thickness

T B 3E T GalnP/GaAs/Gagslng-As 18] 55 45 #4)
SEERPHE N EF TR 8 T R vl R R A
A R ALK R, BB 7 AL EF AE
T I PR A R B e A AR e B N A s
A 14.70 A1 15.01 mA/em?, B 5 & F Jo Jeo, 1M
R A P b R 3 BRSNS DN JE R b e B L %8 B T
A AR H A R IS R AN R, TS E 1A
PEAT IO, e ol S A A st R0 5% TOU e 3ttt J2 8 A G
ZFEMIERTE . S5 42 2, 2 H b JEEJEE 40 S 16
F 379 pm (FHP T ) 319 pm (F RIS, HL
b fe KA R AR T IR G218 1R BRI R & T AN,
Jo BRI FIFEM LS XFIELIEE T pn

i 10 100
JPC HaL 7t S S/ um
7 GalnP/GaAs/Gayslng,As B 250 =25 K BH AT £ 45
F RGN R B P I B ARG HL R R AN
JEEHL L JEEE (1) Z )Y G 2R
Fig. 7 The J..of bottom cell and theoretical 1 as function of
bottom thickness t; for combination E and F of

GalnP/GaAs/Gagslng;As 3] IMM cell



554 XK [H

2
He

% i 39%

ZENER TN A 2 R — R O
FEAR AT T AR 43 M OSOR 1 25 7O H T T B
P 22 [i] LA DX E , (45 5T 22 1 L 25 O FE R Y
BRI MR X E S T, AR A et
LI, S I A5 I B A o R R BT B, A 7
JioR o BT ISR R 2 TR A R S PR IE LT A
RO X5 0 2 R ZH U TR A R e 1
BN 100% 7 A BT AR, 3t B A SO i KA
BEARIR et . 255 8 4, IE Bl TRXF A 808 725
ORI [ 75 B F 215 XTI Y R KOG H R Ak
RIS MR N I R T 2% 1,
I LA R R R X6 T v A A A BH R 3 T A G
B
2 GaInP/GaAs/GayIn;As Fl2E 45 KPR 1 | 11
HETEFRBNBEREEMLBEEIRYGER
Table 2 The individual junction’s J..and theoretical 7 for
combination I and II of GaInP/GaAs/GaosInesAs 3] IMM cell

HE S8 Toi h I/i§ B 1%
JE B /um 1.62 4.50 3.79
I FL 285/ 44.7
13.80 13.90 14.70
mA -cm”
JEJE/um 1.35 2.83 3.19
I HL UL/ 44.3
13.62 13.68 15.01
mA cm

8 JE AL T A SCHN AR 7E R 3
1 1L AR Y 25 TR R AT IR B S
iR RSN TR (EQE) , R T A7 XF L 1558
Ge R FH LM 1Y b & FRCR W —Jf s . HIE 8
AT (B2 254 — 45 K P R I A TR b GalnP FTHR
F b 1749 T00 FE b %) TR Tt GalnP TR R GaAs R
W R B EAE L Ge FEHLMLAT 7~12 nm. X & H 1%
58 Ge H Hi it A T AL B GaosIngsP A1 AR FA il
GaosolnooAs NERUES Ge o JIC 1 fh A% DL , 5245 256
SERISEIN T In BOZH 0, B 00 AR, BRI
HL UL BE RN . 255 38 3 405 00 4% 1 i L 1) L I8
LU 2 52, Ge R PH FL M A IS AL T Ge B2 35 181058
R DG R T R Al T 245 v v 2 A%, 3 R
TG A R B 17T I (2 2 R = R B R
FHL VAL 2% B 303l A 13.62,13.68 ,15.01 mA/em’, H it JT
TC 5 v, FRCOR T IS L U R B Ge R BH AR T

BT 3%, (HIF L E LT T 14% , BRI s 53k
RIEAEGE Ge FE =45 KA MR = T 4% , X 213
2B 2 AR A BH E St A AR T 7

1.0

0.8 N
il Gay, In, As ‘l
ﬁ?;} 0.6 / '
b '
M_f Ge I
E 04 1
= :

0.2 .

0906600 900 1200 1500 1800

P/mm
K8  GalnP/GaAs/GaoInesAs {FI2E 2544
IR PH b 1 AR i
Fig. 8 Quantum efficiency of GaInP/GaAs/GaoslnesAs
3) IMM cell

+3 GaInP/GaAs/Ga,In,:As 8] 3 25+ KPR EE it AY
EREREE

Table 3 Short-circuit current density of
GalnP/GaAs/GaysIny;As 3] IMM cell

o e GalnP/GaAs/ GaoslnesP/
R PERES AL o
Gaojlno_}AS cao_gglno_mAS/Ge
Jeeu 13.62 14.05
Jod
Jic2 13.68 14.12
mA-cm”
Joos 15.01 25.37
VIV 3.58 3.14
0% 44.4 40.3

3 XIIEIE

GalnP/GaAs/GaosIngsAs 5125 = 45 K BH HL it 44 L
KK 42 @ A LA A2 AT (LP-MOCVD ) 1%
#FhK . AR PR =R (TMGa) | = H 3L 40
(TMIn) 55 4 J& A3 VL Ak & W 1E 9 T % U5, fift A
(AsH;) Bk (PH)AE N V &R ,10.16 cm n 5 GaAs
P F i, B GalnP/GaAs/GaosIngsAs HPEJZE . 4R
Je R K TEAME R A E A AR ST AT B R R
A GaAs #F KRB, AR5 % AL G IE 2 Ge 5
GalnP/GaAs/Ge =45 K FHH b T 2278 8% 4 Jm B AL
D R R, A T AL 5.5 mmx5.5 mm K FH
CER(LALY e



21 T RIMESS . GalnP/GaAs/InGaAs {81254 =45 K fH e i3 S5 101k 555

9 A fn #E 6 BR R (AML.5) GalnP/GaAs/
GaorlnesAs 5125 = 25 A BHHL W Irii #5314 J-V #h £k, i
PRI R HT T o] 5% B4 1) 2 85 ) == 245 K o L Tt 1 F J v
FER 2,93V, 5 FE HL U %5 BE A 13.06 mA/em®, DGHLE
R 33.02% , 8 BT E PR L& GalnP/GaAs/
GaoslnosAs 18] 2 = 25 K FH HL i Y 55 1 550 % 37.90%
(AM1.5)™ 8 —xE 2280, AME 2 A K H AR A F5
P 1w H AT E PR —2 8RR H) GalnP/
GaAs/Ge =45 A BH HEL b 1) 5F B R 0 Rl B FL 97 5
3R 2.62 V Fl 1437 mA/em?, B #50R Hy 32%
(AM1.5)%" ) bl 1 v DS 25 = 295 O BH R b 26 865 9
B Ge F& — 45 K PH it AR AL AN (H T I H
PET 03V, BE5H Ge =45 K BH ot I %
FE BT T 12%, B sCRE S T 1A H 2 8.
GalnP/GaAs/GaosIngsAs {5125 = 25 K L il o B L e
ML S R 8 3BT I ZS R e WA, NI B IIE T
ARSI A ST AR ) TR A

g

e

<

£

i —o— AMI.5 33.02%

gg 6r  —— AM1.537.90%5 %/ ]
:ﬁﬁ]

3 L

0 L L L L
00 05 10 20 25 .0

1.5
HUT/V
9 GalnP/GaAs/Gap;Ine:As fEIZE 4545 A FH FEL L)
HL i 2 - (J-V) 4k
Fig. 9 J-V curve of GalnP/GaAs/GaysIngsAs 3] IMM cell

4 & i

A SCHESEA T R R T, IS AT e 4h & 5L PR
HFRCR S R RSB O R |, LISK IRAS ok
ESERTUR Y v €A = (1P 0y 2 = X | DY 1
T 1.0 eV B GalnP/GaAs/GalnAs {325 45 4y =25 K BH
HL YL ) DG HL e R s o BRI BRSO SR AR
M FEL Y L R 3R I L — BN R . AR SR
RS HL M R B O o 55 R HT 8 T, B S X GalnP/
GaAs/GaoslnosAs (1.0 e V) 8 2 25 ¥4 = 45 K BH Ha itb 1)
T i S B AT A 15 8 EF A5 SR 4 )

Xt EF DA TR EE AL, 4 AR E T
0 94 % 07 1 e A P b SRR S AL 6, 255 M R AS e
SR A PR AR SE R ZR T A R A ol S 4 A o
Do, e s 0 B8 B 40 R 44.4% , R T IR
0.3% . HeJii 3 T A SCHAT AT RARY 45 1 1 AL
K5.5 mmx5.5 mm KIS o @A J-v
i £k 7T 401, GaInP/GaAs/GansnesAs 1812 = 45 K BH
b 1 T [ R R B F O B R 43 R 2.93 VO
13.06 mA/em?, AL GE Ge 5 R H |, b F1%) 4 5% HL 7 2%
JEASAEAS  HTF B B R T T O 12% , G H 5%
RIE T 1%, biEIMNEZE KR HE R, GalnP/
GaAs/GaosInosAs 8 %% = 45 K FH HL #9434k
il

(5% 30k ]

[1] King R R, Law D C, Edmondson K M, et al. 40%
efficient metamorphic GalnP/InGaAs/Ge multijunction
solar cells[J]. Applied Physics Letter, 2007, 90(18) :
3516—3518.

[2] King R R, Boca A, Hong W, et al. Band- gap-
engineered architectures for  high-efficiency
multijunction concentrator solar cells [A]. Proceedings
of the 24th European Photovoltaic Solar Energy
Conference and Exhibition [C] , Hamburg, Germany,
2009.

[3] Guter W, Schone ], Philipps S P, et al. Current
matched triple-junction solar cell reaching 41.1%
conversion efficiency under concentrated sunlight [J].
Applied Physics Letters, 2009, 94(22): 3504—3506.

[4]  France R M, Geisz J F, Garcia I, et al. Quadruple-
junction inverted metamorphic concentrator devices [J].
IEEE Journal of Photovoltaics, 2015, 5(1): 432—437.

[5] Green M A, Emery K, Hishikawa Yoshihir, et al. Solar
cell efficiency tables (Version 46) [J]. Progress in
Photovoltaics: Research and Applications, 2015, 23
(7): 805—812.

[6] Green M A, Emery K, Hishikawa Yoshihir, et al. Solar
cell efficiency tables (Version 45)[J]. Progress in
Photovoltaics: Research and Applications, 2015, 23
(1):1-9.

[7]  Dimroth F, Grave M, Beutel P, et al. Wafer bonded
four- junction GalnP/GaAs//InGaAsP/InGaAs

concentrator solar cells with 44.7% efficiency [J].



556

X M

[Ny

it 39%

L10]

[11]

[12]

[13]

[14]

[15]

Progress in Photovoltaics: Research and Applications,
2014, 22(3): 277—282.

Sasaki Kazuaki, Agui Takaaki, Nakaido Katsuya, et al.
Development of InGaP/GaAs/InGaAs inverted triple
Junction concentrator solar cells [A] Proceedings of 9th
International Conference on Concentrator Photovoltaic
Systems[C] , Miyazaki, Japan, 2013.

Stan M, Aiken D, Cho B, et al. Very high efficiency
triple junction solar cells grown by MOVPE [J]. Journal
of Crystal Growth, 2008, 310(23): 5204—5208.

Kurtz S R, Myers D, Olson J M. Projected performance
of three- and four- junction devices using GaAs and
GalnP [A]. Proceeding of the 26th IEEE Photovoltaic
Specialists  Conference [C], Anaheim, California,
USA, 1997.

Takamoto Tatsuya, Agui Takaaki, Yoshida Atsushi, et
al. World’ s highest efficiency triple-junction solar cells
fabricated by inverted layers transfer process[A].
Proceedings of the 35th IEEE Photovoltaic Specialists
Conference[ C |, Honolulu, Hawaii, USA, 2010.
National Renewable Energy Lab. Reference solar
spectral irradiance: Air mass 1.5 [EB/OL]. http : //rrede.
nrel.gov/solar/spectra/am1.5, 2016-02-02.

Abram F I. New semiconductor materials. characteristics
and properties [EB/OL] http://www.ioffe.ru/SVA/NSM/
Semicond /index. html, 2016-02-20.

Luque A, Hegedus S. Handbook of photovoltaic science
and engineering[M]. New York: Wiley, 2011, 323—
326.

Ghannam M Y, Poortmans J, Nijs J I, et al. Theoretical

study of the impact of bulk and interface recombination

on the performance of GalnP/GaAs/Ge triple junction

[16]

[17]

[18]

[18]

[19]

[20]

[21]

tandem solar cells[ A J. Proceedings of the 3rd World
Conference on Photovoltaic Energy Conversion (cj,
Osaka, Japan, 2003.

Yamaguchi Masafumi, Amano Chikara. Efficiency
calculation of thin-film GaAs solar cells on Si substrates
[J]. Journal of Applied Physics, 1985, 58(9): 3601—
3606.

Kurtz S R, Faine P, Olson J M. Modeling of two-
Jjunction, series-connected tandem solar cells using top-
cell thickness as an adjustable parameter[,]]. Journal of
Applied Physics, 1990, 68(4): 1890—1895.

SRARME, 2RI, XU, S5, AR 22 )2 X GaAs ik
InosGaosAs BABPRAERYSZ0E L) ). A HL 527 00F 58 5
J&, 2010, 30(3): 470—472.

Zhang Yingiao, Cai Jianjiu, Zhang Shuangxiang, et al.
Effect of different buffer layer on the characteristics of
the IngpsGagsAs layer grown on GaAs substrate [ J .
Research & Progress of Solid State Electronics, 2010,
30(3), 470—472.

Létay G, Bett A W. EtaOpt—A program for calculating
limiting efficiency and optimum bandgap structure for
TPV  cells [A].
Proceedings of the 17th European PV Solar Energy
Conference[ C ], Munich, Germany, 2001.

Green M A, Emery K, Hishikawa Yoshihir, et al. Solar

multi- bandgap ~ solar  cellsand

cell efficiency tables (Version 42) [Jl. Progress in
Photovoltaics: Research and Applications, 2013, 21:
827—837.

Green M A, Emery K, Hishikawa Yoshihir, et al. Solar
cell efficiency tables (Version 38) [Jl. Progress in
Photovoltaics: Research and Applications, 2011, 19:
565—572.



21 T RIMESS . GalnP/GaAs/InGaAs {81254 =45 K fH e i3 S5 101k 557

DESIGN AND OPTIMIZATION OF INVERTED METAMORPHIC
GalnP/GaAs/InGaAs TRIPLE JUNCTION SOLAR CELL

Ma Dayan', Chen Nuofu', Fu Rui', Liu Hu'?, Bai Yiming', Chen Jikun’
(1. School of Renewable Energy Sources, North China Electric Power University , Beijing 102206, China;
2. Department of Mathematics and Physics, Shijiazhuang Tiedao University , Shijiazhuang 050041, China;
3. School of Materials Science and Engineering , University of Science and Technology Beijing , Beijing100083, China )

Abstract: Based on the p-n junction formation mechanism and meticulous equilibrium condition, the gap of inverted
metamorphic GalnP (1.90 eV )/GaAs/InGaAs battery system and the thickness of each sub-cell were simulated and
optimized by using Matlab language. The results showed that the bottom cell band gap of 1.0 eV has the highest
conversion efficiency. By optimizing the junction thickness of GalnP (1.90 eV)/GaAs (1.42 eV)/InGaAs (1.0 eV)
inverted metamorphic triple junction solar cell and considering the material cost and production technology , the optimal
thickness combination is 1.35, 2.83 and 3.19 wm, the photoelectric conversion efficiency is 44.4% , only 0.3% lower
than the maximum conversion efficiency.

Keywords: solar cell; detailed balance method; p-n junction; inverted metamorphic structure



