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HaRBEE  (a) InGaAs (1.0 eV); (b) InGaAs (0.7 eV)

Fig. 1. Configurations of the InGaAs (1.0 eV) and InGaAs (0.7 eV) sub-cells: (a) InGaAs (1.0 eV); (b) InGaAs (0.7 eV).
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Fig. 2. IV curves of the InGaAs(1.0 eV) and InGaAs (0.7 eV) sub-cells: (a) InGaAs(1.0 eV); (b) InGaAs (0.7 eV)..
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Bl 3 1 MeV HLT7E InGaAs (1.0 eV) Fl InGaAs (0.7 eV) T ith 132 S il
Fig. 3. The trajectory of 1 MeV electron in InGaAs (1.0 ¢V) and InGaAs (0.7 V) sub cells: (a) InGaAs(1.0 eV) ; (b) InGaAs
(0.7 eV).
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Fig. 4. Surface morphology and cross section of InGaAs sub-cell before and after 1 MeV electron irradiation by AFM: (a) The unir-

radiated sub-cell; (b) the sub-cell after 1 x 10' cm ? electron irradiation; (c) the cross section comparison.
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Table 2. V., I, and P, of InGaAs (0.7 V) sub-

cells before and after electron irradiated.
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Fig. 5. Normalized V., L. and P,,, curves of InGaAs sub-cells anneal at different annealing temperatures for different times.
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Fig. 6. EQE curves of InGaAs (1.0 eV) sub-cells anneal at different annealing temperatures for different times.
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Fig. 7. EQE curves of InGaAs (0.7 eV) sub-cells anneal at different annealing temperatures for different times.
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3.2 EE4FME
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XUFEHR A 22 X6 7 r A -V 2Rtk A 7
PLE SR B Ly B A HR Ly, BB
R, FFFHEHLBH Ry, 7E1R kAT 2 v i A8 b, XU %L
PR -V it 2

U — IR
I =1, -1
L s1 (exp AUz )
U — ILRS U - ILRS
I — — 3
+ Is2 (exp AQUT ) Rsh ’ ( )

A Up WIRELTE, A FL Ay 8. R 3 FIR 4
3 ) A O B R, Yl 4 BRI FS D5 BT AR Y Ry, Ry,
Iy A L. 5 BEHL T 58 IR 51 A %W BB G, fi 95 Fh
InGaAs THijh R, AR, Ry, 2B/, Iy L, K.
Hrr InGaAs (1.0 eV) 1Y R, ZZ AL TR H InGaAs
(0.7 eV) ZALRREE R, Ry, ABALAH . 1M AP Hi
) Iy Ly AL FR 2 22 S B0R, InGaAs (1.0 eV)
THA R Ly A Ly 3 5138 T 178 A5 1 155 £%
1M InGaAs (0.7 eV) THMLH Ly F1 Ly (X3 KN
5.19 fFA 5.76 4%, PIRPTRIMAIRIR I, 1 I, AH2E
s BEMHIE, InGaAs (1.0 eV) B9 I, F1 L, e InGaAs
(0.7 V) /NS, X2 B TR R I RE R A
BR85S, PR VA B AR, 5 PR
3 K BH EEL b A 235 ) AR T 20 S Tl A R R
HREW. I R, Ry, I, F1 L, UM S8 AL
LKA, InGaAs (1.0 eV) FHL A28 fLFR B 2K

# 3 HRIAHTE InGaAs (1.0 eV) THLM Ry, Ry,
Isl *ﬂ 152
Table 3. Ry, Ry, I; and I, of InGaAs (1.0 eV)

sub-cells before and after electron irradiated.

InGaAs (1.0 eV) R/Q  Ry,/Q Ia/A Lo/A

KA AR 1.5 4.3 x 10% 3.6 x 107 4.2 x 107
L] 6.2 5.3 x10% 6.4 x 105 6.5 x 10°
FIRF 4.13% 0.123% 178% 155%

* 4 RERHIE InGaAs (0.7 eV) THIMBE R,
Rs]17 Isl ﬂ] 152
Table 4. Ry, Ry, I, and I, of InGaAs (0.7 eV)

sub-cells before and after electron irradiated.

InGaAs (0.7 eV) R/Q  Ry/Q Ia/A Io/A

A5 29 1.3x10* 27 x 10° 3.3 x 10°
WR)E 75 1.4 %103 1.4 x 104 1.9 x 10*
FIAF 2.59% 0.108%  5.19% 5.76%

T InGaAs (0.7 eV), X Ui InGaAs (1.0 eV) $i
RBRER K. 455818, v LLE
Iy T Ly PR AR, 330X by T S 1) A R FEL 3 £ A8
I, 281 MeV HFHRRAY InGaAs (1.0 eV)
TH A S R AT (L + L) AT LA B
L. W 1%, 1 InGaAs (0.7 eV) Hi 3t A4 52 17 4
FLS ) I, 19 6%, 1306 K BH Ha 3l (%) 4 14 A
4 AN P Z AR s e, A 3 e P 3 L3 2 1R K
PRE WL AE G SCrhtE— 2D AT

Kl 8 Al InGaAs FHL b A ] i T 3B k.
AN[F Rl R I U5 BT8Ry, Ry, Ly A Ly 1Y
IH—Ab AR 4. BT LA H Pl InGaAs FHi
B MR LG S B A, 18 KR B
Vi AZ AR, PR S 0 5 i A o ] ) S 4 32 T ik
1% . 7EiR K 60 min J5, PRI L0 A PERE S E0E
AR IR T- I R, A1 Ry, YK 2 A2 AH
i, InGaAs (1.0 eV) FHIMAY R, Ml Ry, KT
# InGaAs (0.7 eV) FHL LI K. 1 HFP InGaAs
FHLM Y L, R Ly 2R 22 R UK, InGaAs
(1.0 V) FHHIAY I, Al L, IEFREEIE AT InGaAs
(0.7 eV) FHi .

Ry 2T it (A L B, 5 A e vk
FEAK, ATV TR X RS IR, Ry, OV
S BH E 3 T A TR L, S A X B EHEAT OG, T
i X . AR R IR E A, InGaAs
(1.0 eV) FHIB M R, /N T InGaAs (0.7 eV) FH
i, B InGaAs (1.0 eV) FHMAEG G EER > T
InGaAs (0.7 eV); InGaAs (1.0 eV) Ry, KT InGaAs
(0.7 V), i InGaAs (1.0 eV) IRHE IR E /D, 45
X 0T WA, FERR AT AR v, PP Y R, 3
K, BIVEAC BRI, (A 22 AR Y, X Ui+
B IR ol 8 8 AR 25 T R F Y Y
Ry, W/, HLWIEAS AL LG BAE Y, 158 B4 47 72 B A
. FER KGR, R BT/, Ry, B R, X
ST F - R G LACT 0 5 28 W s /L, T L U U
/N FE 180 °C B 4k 180 min J&, PIFhFHL ML R,
TREAEY, T Ry, MR B A 2251, X & TAEIf
I L BH AR I, T FRL TR /DS, 5 IE B 58 2 ) @i, Af
DA K E R R . Ly 77 R TRERZ M
DY R E NN TR G, Ly &FER
Erh e s R o E A E A rho s DR, 7R
R R, PR AR 2 RN DX T
W R, BAMERIEIN, L, A Ly, 43K, R
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Fig. 8. Ry, Ry, L; and I, curves of InGaAs sub-cells annealing at different temperatures.
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JETRE, 2 T2 A HERBUN, Ly Ly ¥250).
InGaAs (1.0 eV) FHMA I, 1 L, ZAFEEI K
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THIMEA PIN 454, RIS IXIE, 45 XL &
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Hooft N, b TR A BB FE, Ny, o
TARIE A PR E, Ny 4 KGR 5 4o
BVRFE. Ny oo 3R I B BBATIE, Ny snnen
SRR AR A RO, B R BIR T
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BRI, X T RZER B, —F N ¢ seg a0
#5 PR KT InGaAs (1.0 eV) FHIM J, 221
Table 5. J,, of InGaAs (1.0 eV) sub-cell in irradiation and thermal annealing.
_ B KEHE J./min-mA

InGaAs (1.0 eV) iR KIESEE R T /mA)

0 3 5 10 15 30 60 120 180

60 C 13.57 10.26  10.26  10.28 10.29 10.31 10.38 1041 10.48 10.53

90 C 13.31 10.19  10.21 10.23  10.28 10.30 10.34 10.39 10.41 10.46

120 C 13.75 1041 1046 1049 10.57 10.65 10.78 10.79 10.81 10.84

150 C 13.51 10.31 10.43 10,59 10.84 11.07 11.68 11.73 11.83 11.98

180 C 13.55 10.38 10.72 1096 1146 11.90 12,50 12.67 12.85 12.88

6 ARME LGRSO T InGaAs (0.7 eV) THL J, 251k
Table 6. J,. of InGaAs (0.7 V) sub-cell in irradiation and thermal annealing.
B B KA J,,/min-mA*

InGaAs (0.7 eV) B K R J,./mA

3 5 10 15 30 60 120 180

60 C 8.17 6.27 6.27 6.27 6.31 6.32 6.36 6.40 6.45 6.47

90 C 8.33 6.46 6.47 6.48 6.53 6.53 6.55 6.59 6.63 6.67

120 C 8.28 6.19 6.21 6.22 6.24 6.28 6.33 6.35 6.42 6.44

150 C 8.24 6.15 6.18 6.21 6.25 6.29 6.45 6.71 6.79 6.82

180 C 8.25 6.2 6.25 6.3 6.44 6.51 6.8 7.34 7.59 7.69
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dN anneal
% = _aN¢7anneal7 (10)
454 (9) 2, A (10) ok, 155
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N, == g2 = exp (—at) , (11)
sco scO
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o= qpe kT . (12)
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AR BN RIER KR 1Y o fB, angk 7 s,
XF (12) AP RIS A

E,
Ina = —k—; + Inay. (13)

Bk 7 PR R o [EFIR (13) AUH9SC

£ 7 AMERKEET InGaAs (1.0 eV) 1 InGaAs
(0.7 eV) T HL M BRBAR AL R AL o A 1H

Table 7. Fitting value of the variation defect con-
centration coefficient(«) of InGaAs sub-cell at differ-

ent annealing temperatures.

BAEE a[InGaAs (1.0 eV)/s '] a[lnGaAs (0.7 eV)/s]

60 °C 1.74 x 103 1.47 x 103
90 °C 4.09 x 103 2.43 x 103
120 C 7.33 x 103 4.70 x 103
150 C 2.52 x 102 7.38 x 10°°
180 C 5.72 x 10?2 1.82 x 102
—2.5
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Fig. 9. Curve of logarithm of the defect concentration

change coefficient (In(«)) with reciprocal of temperature

(/D).
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Thermal annealing effects of InGaAs (1.0 eV) and InGaAs
(0.7 eV) sub-cells of inverted metamorphic four junction
(IMM4J) solar cells under 1 MeV electron irradiation®
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2) (School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China)

3) (Institute of Microelectronics, Chinses Academy of Sciences, Beijing 100029, China)

( Received 15 April 2020; revised manuscript received 7 July 2020 )

Abstract

In this work, thermal annealing effects of InGaAs (1.0 eV) and InGaAs (0.7 eV) sub-cells for inverted
metamorphic four junction (IMM4J) solar cells after being irradiated by 1 MeV electrons are investigated by
using light -V characteristic, dark I-V characteristic and spectral response. Annealing temperature range is
60-180 °C and annealing time is 0-180 min. The results indicate that the open-circuit voltage V., short-circuit
current I, and maximum power P_,. of two sub-cells are gradually recovered with annealing time increasing,
and the rate of recovery increases with annealing temperature increasing. Besides, the recovery rate of InGaAs
(1.0 eV) sub-cell is less than that of InGaAs (0.7 eV) sub-cell under the same annealing temperature and time.
Double exponential model is used to fit the dark I-V curve for the key parameters (the serial resistant R, the
parallel resistant Ry,, the diffusion current I; and the recombination current Iy). It is found that Ry, I; and I,
of two sub-cells decrease gradually and Ry, increases during annealing and the rate of recovery increases with
annealing temperature rising. However, the recovery of I; and I, of InGaAs(1.0 eV) are much greater than that
of InGaAs(0.7 eV). The equivalent model between short-circuit current density (J,.) and defect concentration
(N) induced by irradiation and annealing is established. N changes follow the first reaction kinetics, and the rate
constant follows the Arrhenius equation with the annealing temperature. Therefore, the thermal annealing
activation energy of InGaAs(1.0 eV) and InGaAs(0.7 eV) sub-cells are 0.38 eV and 0.26 eV, respectively. These

efforts will contribute to the IMM4J solar cells, in particular, to space-based applications.

Keywords: inverted metamorphic four junction solar cells, electron irradiation, annealing effects, activation

energy of thermal annealing
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