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Abstract 

Combinations of crystalline silicon (c-Si) wafers with excellent electronic properties 

and layers with high-quality surface passivation are now widely available for the fabrication of 

solar cells with high conversion efficiency. Carrier recombination at the electrical contacts is the 

major source of electrical power loss in such solar cells, because direct metal/silicon interfaces 

feature a high density of localized states. This high surface-state density increases the 

recombination rate of photogenerated carriers at the interface. Such recombination can be 

minimized by introducing a high level of surface doping to screen the metal/silicon contacts 

from the minority carriers. To this end, films made from intrinsic hydrogenated amorphous 

silicon (a-Si:H) with a thickness of a few nanometers are a particularly attractive choice for 

solar cells, because they are conductive upon doping and simultaneously provide excellent 

passivation of the c-Si surfaces. Consequently, the so-called silicon heterojunction (SHJ) solar 

cells using doped/intrinsic a-Si:H have been reported to exhibit a 26.6% conversion efficiency, 

which approaches the theoretical efficiency limit of 33.3% for Si-wafer-based solar cells. As the 

fabricated cell possesses a fully back-contacted layout, the current properties almost reach the 

limit. However, there is still potential to increase the fill factor (FF) by optimizing the electrical 

properties of the solar cells. To increase the FF, high-quality passivation at the hetero-interface 

is a key factor, as is the use of low-resistivity transparent conducting oxide (TCO) electrodes on 

the doped a-Si:H layers. 

However, high-quality passivation has already been established by optimizing the 

deposition and post-annealing methods for a-Si:H. Hence, alternative approaches are necessary 

to further improve the performance. In addition, because of free carrier absorption due to plasma 

oscillation, TCO electrodes with low carrier density are suitable for improving the current 

properties of solar cells. Therefore, high carrier mobility is necessary to improve the FF. 

In this study, we developed both a light-induced method for increasing the 

performance of SHJ solar cells and materials with high Hall mobility to serve as the TCO 

electrodes therein. 

Firstly, we demonstrate that the SHJ solar cells exhibited an increased FF and 

operating voltage during light soaking, leading to an absolute increase in the conversion 

efficiency of up to 0.3%. We found that this performance increase was due to improved 
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passivation of the a-Si:H/c-Si interface and induced by injected charge carriers either by light 

soaking or applying a forward biasing voltage to the device. We discuss this behavior and 

establish that (i) the performance increase is observed in solar cells as well as modules; (ii) the 

phenomenon requires the presence of doped a-Si:H films, although it is independent of whether 

the light is incident from the a-Si:H(p) or the a-Si:H(n) side; (iii) UV and blue photons do not 

play a role in this effect; (iv) the underlying physical mechanism likely differs from 

annealing-induced surface passivation; (v) the performance increase can be observed under 

illumination intensities as low as 20 W/m2 (0.02 sun) and appears to be almost identical in 

strength at illumination intensities below 1 kW/m2 (1 sun). 

Secondly, we describe the development of cerium oxide and hydrogen co-doped 

indium oxide (ICO:H) films with a superior Hall mobility of 145 cm2 V 1 s 1. The ICO:H films 

deposited at 150 °C by dc arc-discharge ion plating were post annealed at 200 °C. We 

ascertained the following design principles for ICO:H films: (i) the Ce species that replace the 

In atoms act as donors, and (ii) CeO2 and H decrease the residual strain and the contribution of 

grain boundary scattering to carrier transport. 

The ICO:H films were next used as TCO electrodes in SHJ solar cells. The 

incorporation of ICO:H instead of conventional tin-doped indium oxide (ITO) films or 

hydrogenated indium oxide (IO:H) films simultaneously improved the FF and current properties. 

The best ICO:H cell (243.4 cm2) based on Czochralski silicon wafers exhibited a conversion 

efficiency of 24.1%, an open-circuit voltage of 745 mV, a short-circuit current density of 38.8 

mA cm 2, and an FF of 83.2% after light soaking as mentioned above, which is the highest 

value achieved so far for solar cells using the six-inch full-square dimensions widely used in the 

fabrication of commercial photovoltaic modules. In addition, we also achieved a conversion 

efficiency of 23.0% in SHJ solar cells based on n-type epitaxially grown kerfless c-Si. This 

result suggests that the combination of the findings in this study and kerfless technology could 

provide an alternative for the low-cost industrial production of SHJ solar cells.  

The technologies developed here for improving FF can be applied in actual 

production of SHJ solar modules. For example, a high-performance SHJ solar module 

(CS-320G31, Choshu Industry, Japan) with 19.5% efficiency (peak power: 320 W) based on the 

findings in this study was released in the Japanese market in August 2016.
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3

3.1 

SHJ

3.2 

3.1 SHJ

4 SHJ

Cz Si ITO

6 Ce

H In2O3 ICO:H 5

SHJ Cz Si

Epi Si

SHJ ISO 7 ISO 8 10,000

100,000 SHJ 

mm 

Voc FF
SHJ 200°C

a-Si:H

SHJ WET PECVD

PVD Print 3.1

3.2.1  3.2.4
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3.1 SHJ a 4 b 5 c 6

3.2.1 WET

WET Si

WET

Si NaOH KOH NaOH

(3-1)

Si 111 Si 111

100 2 111  1 

3-1

3.2 110 1 Si 3

2 111

(a), c)Cz Si, 2 cm, 243.4 cm2

Texturing with random pyramids, etch depth of 5 m per side

RCA standard clean

Oxide removal dipped in HF 

Deposition of doped and non-doped a-Si:H on both sides

(a)Deposition of ITO on both sides

Back-side metal deposition (Ag)

(c)Epi Si, 2 cm, 243.4 cm2

(b), (c)Deposition of ICO:H on both sides

Post-annealing at 200 in air for 30 min.

Printing the front-side electrode (Ag paste)

Light induced enhancement treatment

WET

PECVD

PVD

Print
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1

WET

Si

Si Cz

Epi Si Cz

200 m Si

Si

NaOH HNO3/HF

NaOH

3-1

GP Solar ALKA-TEX.Free

0.5  2 wt.% NaOH 0.01  0.1wt.%

10  20 5 m

3.3

3.2 Si (a) Si (100) (b) Si (111)

Í·

Í·
Í·Í·Í·
Í·

Í·
Í·

Í·

Í·

Í·

Í·Í·

Í·Í·

Í·

Í·
Í·

Í·

Í·
Í·

ø¿÷ ø¾÷
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3.3 Si (111)

40 RCA

RCA 2

Si RCA

RCA 3 3

SC-2 PECVD SPM

SC-1 NH4OH+H2O2+H2O Si

SC-2 HCl+H2O2+H2O Fe Ni Cu

SPM H2SO4+H2O2+H2O

a-Si:H Si

NH4F HF

HF

(3-2)

HF Si 4
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a-Si:H 5wt.% HF 1

3.2.2 PECVD

a-Si 5 1969

Chittiki SiH4 a-Si:H

1975 Spear LeComber a-Si:H pn 6

PECVD a-Si:H 7 8

PECVD SiH4 H2

200°C a-Si:H 6

Te

eV eV

Te = 104  105 K ne = 109  1012 cm-3

Te Tgas Te/Tgas = 102  103

9

a-Si:H

3.4 200 °C p-a-Si:H

200 °C

PECVD a-Si:H

2

10 2.2.1 2.2.2 Si-H Si-H2

SiH2

11

SiH3 SiH2 Si-H

PECVD

SiH4 SiH3 SiH2 Te
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3.5 PECVD a-Si:H

a-Si:H n a-Si:H p a-Si:H

150  200 °C 13.56 

MHz 40.68 MHz SiH4 H2 n
PH3 p B2H6 (CH3CH2)3B

3.4 SHJ a-Si:H/c-Si H2 i
n p (a) n-a-Si:H (b) p-a-Si:H 12

3.5 PECVD
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3.2.3 PVD

CVD 

12 In2O3 ZnO

3

SHJ a-Si:H 20 nm

DC HPE high-density

plasma-enhanced evaporation dc arc-discharge ion plating reactive plasma deposition

13 14 HPE

HPE 100 Pa

1 Pa

Te

15

10  30 eV

100 eV

HPE

HPE

HPE

5×10-5 Pa 0.4 Pa

Ar O2 H2

In2O3

1wt.% 2wt.% 3wt.% CeO2 In2O3 10wt.% SnO2 In2O3

1wt.% WO3 In2O3
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30 mm 40 mm

HPE

Eagle XG

Ag

3.2.4 

200 m Si

Ag

SHJ Ag

200°C 20  40

3.3 

SHJ - J-V 2 mm

2 1 kW/m2 Airmass 1.5G

SHJ J-V
WACOM ELECTRIC

SHJ

JET

0.1%

SHJ J-V GridTOUCH

SpotLIGHT Pasan in Meyer Bruger group GridTOUCH

35 35
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35 5

35

16

GridTOUCH

SUPSI: The University of 

Applied Sciences and Arts of Southern Switzerland 17

22.3% 22.4%

22.2% 3.1 60 Smart 

Wire Connection Technology SWCT 18 SWCT

3.6

22.3% GridTOUCH 60 SWCT

20% 327 W

3.1  GridTOUCH SHJ 60 SHJ

(mA cm-2) (mV) (%) (W) (%) 
38.7 728 79.2 5.43 22.3 

3.6  SWCT 3.1 SHJ

SUPSI
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transient

Sinton WCT-120 SHJ

CEP-25RR

16 SHJ

PL Photoluminescence

PVX330

SR-MAP

3.4 

ETH

RBS Rutherford Backscattering Spectrometry

19 ERDA Elastic Recoil Detection Analysis

RBS In O 2 MeV He Ce 5 MeV

He ERDA H 2 MeV He

X 6 PANalytical 20

Hall Hall

ResiTest 8300

FE-SEM Field Emission Scanning Electron Microscope SU8240

AFM Atomic Force Microscope

NX20

V-770 250 nm

2500 nm ICO:H Ce

X HAXPES X XAS

Spring-8

BL23SU 3d-4f
ICO:H Ce

HAXPES HAXPES Cr k 5.4 

keV X  3 21

HXPES 0.55 eV
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4 SHJ

4.1 

20

2 a-Si:H Si-Si

40 a-Si:H

SHJ

a-Si:H/c-Si

4.2 

4.1 4 SHJ a-d

4 e-h SHJ

4.1a

b sample set A B 3

Sample set A p-a-Si:H sample set B n-a-Si:H

 4.1c sample set C

243.4 cm2 SHJ

4.1d sample set D

SHJ 4 cm2 a-Si:H

p-a-Si:H/i-a-Si:H/c-Si/i-a-Si:H/n-a-Si:H, i-p/i-n)

3 i-n/i-n, i-p/i-p i/i
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4.1  SHJ a Sample set A: 3

p-a-Si:H

b Sample set B: 3 n-a-Si:H

c Sample set C: 

d Sample set D: 

e Sample set E: 

f Sample set F: n-a-Si:H i-a-Si:H

n-a-Si:H

g Sample set G: p-a-Si:H i-a-Si:H p-a-Si:H

h Sample set H: i-a-Si:H

i-a-Si:H

p-a-Si:H

i-a-Si:H

n-a-Si:H

TCO (Transparent Conductive Oxide)

Finger
Busbar

Cz c-Si (n-type, textured, 243.4 cm2)
i-a-Si:H

Rear reflector

(a)

(b)

n-a-Si:H

i-a-Si:H

p-a-Si:H

TCO

Finger
Busbar

Cz c-Si (n-type, textured, 243.4 cm2)

i-a-Si:H

Rear reflector

n-a-Si:H

i-a-Si:H

p-a-Si:H

TCO

Finger

Cz c-Si (n-type, textured, 243.4 cm2)

i-a-Si:H

Rear reflector

(c)

p-a-Si:H

i-a-Si:H

n-a-Si:H

TCO

Cz c-Si (n-type, textured, 4 cm2)
i-a-Si:H

Rear reflector

Finger
Contact electrode

(d)

p-a-Si:H (6.4 nm)  

i-a-Si:H (6.4 nm) 

n-a-Si:H (6.4 nm) 

Cz c-Si (n-type, textured, 25 cm2)
i-a-Si:H (6.4 nm) 

(e)

n-a-Si:H (6.4 nm)  

i-a-Si:H (6.4 nm) 

n-a-Si:H (6.4 nm) 

Cz c-Si (n-type, textured, 25 cm2)
i-a-Si:H (6.4 nm) 

(f)

(g)

i-a-Si:H (16 nm) 
Cz c-Si (n-type, textured, 25 cm2)

i-a-Si:H (16 nm) 

(h)

p-a-Si:H (6.4 nm)  

i-a-Si:H (6.4 nm) 

p-a-Si:H (6.4 nm) 

Cz c-Si (n-type, textured, 25 cm2)
i-a-Si:H (6.4 nm) 
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4.3 

4.2 1-sun SHJ

2 p-a-Si:H

sample set A n-a-Si:H

sample set B t1-sun 1-sun

Sample set A sample set B

21.8% 21.9%

0.3% Voc FF
UV SHJ

UV

2.8 V

41 mA/cm2 4.2d SHJ

4.4

sample set C SHJ

SWCT 3.3

2 C-1 C-2 UV

UV

4.1 330h 2 1-sun

0.3  0.4%

SHJ

0.3  0.4%

FF
FF

4.3

4.3 0.3%

C-2 0.4%
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C-1 0.4%

4.2 SHJ

a-c 1-sun t1-sun Sample 

set A p-a-Si:H Sample set B

n-a-Si:H

6 d 1-sun

t1-sun tbias

3

21.8
22.0
22.2

t1-sun (min)

initial
(a)

sample set A
sample set B

100 101 102
1.000

1.005

1.010 (d) 

t1-sun or tbias (min)

 Light Soaking
 Forward-bias

sample set B

730
732
734
736 (b)

101 102 103
80.0
81.0
82.0 (c)
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4.1 Jsc

Voc FF
SHJ sample set C Smart Wire Connection Technology

C-1

C-2

Sample 

ID 

Light 

Soaking 
Jsc (mA/cm2) Voc (mV) FF (%) (%) 

C-1 
before 36.5  731  77.8  20.8 

330h 36.5  734  79.2  21.2 

C-2 
before 36.6  734  77.8  20.9 

330h 36.6  736  78.5  21.2 

4.3 ID C-1

C-2 4.1 a C-1 b C-2

c C-1 330h d C-2 330h
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4.4 

UV UV

UV a-Si:H

6

GG395, GG495, OG590, OG695, RG830, RG1000, Schott AG

25 cm2 5 cm × 5 cm 4.4a b

SHJ sample set D EQE

4.4a c

4.4b EQE

EQE AM 1.5 G (1 kW/m2)

Jsc 40.0 

mA/cm2 395 nm, 495 nm, 590 nm, 695 nm, 830 nm, 1000 nm c Jsc

35.1 mA/cm2 32.0 mA/cm2 26.7 mA/cm2 20.1 mA/cm2 12.1 mA/cm2

4.23 mA/cm2

4.4 a b

SHJ sample set D EQE
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4.5 4.4 14h

SHJ sample set D

4.5 1-sun 14h SHJ sample set D

243.4 cm2

ITO 9 SHJ

6 54 42

14h

a-Si:H UV

a-Si:H

1.7 eV 700 nm a-Si:H

1000 nm

c-Si

a-Si:H/c-Si 1000 nm c

0.1-sun 1-sun

4.7
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4.5 

a-Si:H/c-Si 4 sample set 

E-H 4.6 a-Si:H/c-Si

tann

i/i sample set H

1

2 SWE p n a-Si:H/c-Si

i-p/i-n i-p/i-p i-n/i-n sample set E-G

85h

Sample set E F G

60% 40% 17

3 0.99 cm/s 0.39 cm/s i-p/i-n
1.3 cm/s 0.73 cm/s i-p/i-p 0.42 cm/s 0.27 cm/s i-n/i-n

Mahtani i-p/i-p 4

i-p/i-n i-p/i-p i-n/i-n

5 i-p/i-n i-p/i-p
4.6c

4.6 a, c 1-sun b, d 200°C 2

sample set E-H Sample set E p-a-Si:H

n = p = 1 × 1015 cm-3
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4.7

R2

4.7 n
i-p/i-p i-n/i-n sample set F G

4.7 a-Si:H/c-Si 6

2

Ns Qs Ns

Si 6

/ = 1/20 /  = / = 500

6 4.7

Auger 7

Si

i-p/i-p Ns i-n/i-n Ns

Qs

4.8

1 8
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i-i
1 8 Ns

Power Law, PL SWE

8 i-a-Si:H/c-Si i/i SWE

i-p/i-p 4.7

Ns 4.8b PL

8 PL

i-p/i-p

(4-1)

0<  <1

i-n/i-n 4-1 4.8c

4.7

i-n/i-n Ns Qs a-Si:H/c-Si Ns < 1×108 cm-2

Field Effect, FE 9

4-1 SiOx/Al2O3 Liao

10

  (4-2) 

a0 ai SiOx/Al2O3

2 11 12 Al2O3

13 a-Si:H/c-Si

Si

Ns Qs
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4.8 t1-sin n = p = 1 × 

1015 cm-3 a, c power 

law PL field effect FE b PL

a, c PL

R2

 (4-3)

a1 1 2

Ns Qs 4.8
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4.6 

/

4.6 /

300 nm

neutral-density ND 4.9

IEC60904-2 c-Si

4.10 /

SHJ i-p/i-n sample set H

tsun tann

6 3

3 200°C
0.02-sun 0.05-sun 1-sun 3

a-Si:H SWE

13 4.10

0.02-sun 1-sun

4.5 0.1-sun

4.7

4.9 ND ND filter 1 ND filter 2

0.02-sun 0.05-sun
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4.10 a 200°C b 0.02-sun 0.05-sun 1-sun

sample set E p-a-Si:H

n = p = 1 × 1015 cm-3

a stretched exponential SE

b power law PL field effect FE

PL

R2 0.99

4.2

14 4.10a

stretched exponentials SE 8

SE 15 16

a-Si:H

Si

6 i-a-Si:H/c-Si

Si-H

8
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a-Si:H 8

20 min 4.10b

SE

4.10b SHJ

SHJ

200°C 4.2 SHJ

4.10b 4.10b

4-3 4.2

4.2 4.10a stretched exponential SE 4.10b
power law PL

a1

 model  (ms) (min) a1 (ms) (min)

Ann, for 0.02-sun SE 6.60 0.17 0.35

Ann, for 0.05-sun SE 6.60 0.28 0.35

Ann, for 1-sun SE 5.45 0.14 0.35

0.02-sun w/o ann PL 7.70 8 10-2 0.12 1.05 6000 

0.02-sun w/ ann PL 7.60 1 10-7 0.15 0.45 900  

0.05-sun w/o ann PL 7.70 9 10-2 0.10 0.70 9000 

0.05-sun w/ ann PL 7.90 1 10-5 0.14 0.60 700  

1-sun w/o ann PL 8.30 9 10-2 0.10 1.10 3000 

1-sun w/ ann PL 6.90 1 10-5 0.11 0.75 300  
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4.11 1 min 9960 min 4.10b

n Auger

7 n
1016 cm 3

Auger

implied Voc implied FF

17 Suns-Voc 18 4.12

4.10b 1-sun implied Voc

implied FF 9960 min 2.4 mV 0.72%

0.28% 0.08% 0.2%

4.2 SHJ

SHJ

implied FF improved Voc

4.11 sample set E

MPPs, maximum power points
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4.12
4.10b 1-sun a implied Voc b  implied FF

4.7 

N Si a-Si:H

FF Voc

a-Si:H 19

20

Advanced Semiconductor Analysis ASA version 5.21 21

SHJ Re

p/i- i/n-a-Si:H 4.3 ASA

4.13 a-Si:H

ASA 4.14 1-sun SHJ

Ec Ev EF,n EF,p
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4.14b 0.02- 0.1- 1-sun

Re c-Si a-Si:H/c-Si Re

1017  1020 cm 3 s 1 c-Si p-a-Si:H

i-a-Si:H Re 1019  1020 cm-3

s-1 0.02-sun

1-sun Re i-a-Si:H

p/i-a-Si:H i-a-Si:H

a-Si:H/c-Si Re

4.5 a-Si:H

0.1-sun 1-sun c-Si

a-Si:H/c-Si

4.3 ASA

Parameters p/i-a-Si i/n-a-Si n-c-Si 

Thickness (nm) 5 5 5 5 180 µm

Dielectric constant 11.9 11.9 11.9 11.9 11.8 

Electron affinity (eV) 3.8 3.8 3.8 3.8 4.05 

Band gap (eV) 1.75 1.75 1.75 1.75 1.124 

Effective CB DOS (cm 3 eV-1) 2×1020 2×1020 2×1020 2×1020 2.86×1019

Effective VB DOS (cm 3 eV-1) 2×1020 2×1020 2×1020 2×1020 3.10×1019

Electron mobility (cm2 V 1 s 1) 10 20 20 10 1300 

Hole mobility (cm2 V 1 s 1) 1 5 5 1 400 

Activation energy (eV) 0.45 - - 0.15 - 

Donor concentration (cm 3) - - - - 1×1016

Band tails and defects      

VB tail slope (meV) 60 45 45 60 - 

CB tail slope (meV) 40 30 30 40 - 
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4.13 a doped a-Si:H b i-a-Si:H

4.14 a 1-sun SHJ b 0.02-sun

0.1-sun 1-sun SHJ Re

p-a-Si:H

-1.5 -1.0 -0.5 0.0
1015

1016

1017

1018

1019

1020

1021

Energy w.r. to CB (eV)

i-layer (p-side)

i-layer (n-side)

1015

1016

1017

1018

1019

1020

1021

-1.5 -1.0 -0.5 0.0
Energy (eV)

-1.5 -1.0 -0.5 0.0
1015

1016

1017

1018

1019

1020

1021

Energy w.r. to CB (eV)

p-layer

n-layer 

1015

1016

1017

1018

1019

1020

1021

-1.5 -1.0 -0.5 0.0
Energy (eV)

(a)

(b)

n-layer
p-layer

i-layer (p-side)
i-layer (n-side)
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4.8 

SHJ

a-Si:H SWE Stutzmann Si-Si

19 Si-Si

N0 Nss Nss Urbach 

energy E0

22 SWE

Nss > N0 i-a-Si:H Scuto

a-Si:H

23

p n a-Si:H i-a-Si:H

5 i/i
i-p/i-p SWE

i/i
4.15a-b

i-p/i-p
4.15c-d

i-a-Si:H Si-Si

H

Defect-pool 24-30

4.14 ASA

SHJ
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4.15 a-b c-d a i-a-Si:H/n-c-Si

b

c p-a-Si:H/i-a-Si:H/n-c-Si d

4.9 

SHJ FF Voc 0.3%

(1)

(2) SWE

(3)

(4) p-a-Si:H n-a-Si:H

(5) UV

(6) 20 W/m 0.02-sun

1 kW/m 1-sun

SHJ 0.3%

20%

EF

EF

EF

EF

i-a-Si:H
n-c-Si

i-a-Si:H

illumination

p-a-Si:H

i-a-Si:H

p-a-Si:H

n-c-Si
i-a-Si:H

illumination

Recombination-active interface states

(a) (b)

(c) (d)
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320 W 324.5 W

1 GW

14 MW 7  10
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5 ICO:H

5.1 

SHJ

2.3.1

6  Ce4+

 (0.104 nm)  6  In3+  (0.094 nm)

Ce H

In2O3 ICO:H

5.2 

In2O3

HPE 3

HPE

10-7 Pa

Prisma Plus QMG220, Pfeiffer Vacuum

5.1 H2 QH

H2O PH2O H2 PH2

O2 11% PH2O Ar 36Ar2+

mass-to-charge ratio (m/z) 18 PH2

PH2O QH

H2O H2 HPE

H2O

H2 H2O CO2

HPE 100 Pa

1 Pa

Te DC 1 Te
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Te

HPE H2

5.1 HPE H2 QH H2O

H2 PH2O PH2

5.3 

ICO:H Ce In2O3 ICO

RBS ERDA 3 5.2 ICO:H H

QH QH

5.1 In2O3 IO:H QH = 1% 2% ICO

CeO2 3 CeO2 = 1 2 3wt.% ICO

QH = 0% ICO:H QH = 1% In Ce O

100 nm QO 11%

200 °C 30

CeO2 Ce ICO

0 1 2 3 4 5
10-4

10-3

10-2

H2 gas flow ratio (%)

PH2O
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CeO2 Ce 1/5

Ce ICO

ICO ICO:H Ce

IO:H ICO ICO:H

CeO2

CeO2

5.2 HPE H2 QH

ICO:H H ERDA

5.1  IO:H ICO ICO:H In Ce O RBS

HPE CeO2

CeO2 (wt.%) QH (%) In O Ce 

0 1 2 3 <0.002 

0 2 2 3 <0.002 

1 0 2 3 0.008±0.001 

2 0 2 3.05 0.021±0.002 

3 0 2 3.1 0.037±0.002 

1 1 2 3.05 0.0075±0.01 

2 1 2 3.05 0.020±0.002 

3 1 2 3.05 0.0355±0.002

0 1.0 2.00

1.0

2.0

QH (%)
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5.4 

H XRD

5.3 ICO

2 ICO:H QH = 1%  1.5% XRD

3wt.% CeO2 HPE

Eagle XG 100 nm 200 °C

30 XRD 1

XRD

ICO:H XRD

ICO:H

Bixbyite In2O3 6.25% Sn

ITO 2

ls ls L
S

L S
ICO L S H

H

5.3 XRD a  ICO b ICO:H (QH = 1%) c ICO:H QH

= 1.5% 200 °C 30

20 30 40 50 60
Two-Theta (deg.)

(a)

(b)

(c)

S=0.044%

S=0.059%

S=0.319%
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5.5 

5.4 CeO2 CeO2 = 1 2 3wt.%

5.1 H 0 < QH < 2% H 5.2

ICO ICO:H Hall

H WO3 In2O3 IWO:H

HPE 100 nm

200 °C 30 2-3wt.% CeO2

ICO:H 130-145 cm2 V-1 s-1

IO:H Ce H

CeO2 1wt.% ICO:H

100-120 cm2 V-1 s-1 In2Ce0.0075O3.05 Ce

H

I ionized impurity scattering

G grain boundary scattering I

3 Brooks-Herring-Dingle B-H-D 4 5

G Seto 6 2 1020 cm-3

I G G I

I G H

           (5.1)  

IWO:H H ICO:H 2-3wt.% 

CeO2 H I

ICO:H

IO:H I G

H Ce

ICO:H IO:H

Hall

5.5 ICO ICO:H 

IO:H Hall

ICO:H

85 K 217 cm2 V-1 s-1
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IO:H ICO:H

CeO2

H

5.4 ICO ICO:H IO:H IWO:H Hall

200 °C 30

5.5 ICO ICO:H IO:H

200 °C 30

1020 1021101

102

103

Carrier density (cm-3)

I
G
H

ICO(CeO2 = 1wt.%)
ICO(CeO2 = 2wt.%)
ICO(CeO2 = 3wt.%)
ICO:H(CeO 2 = 1wt.%, QH = 1%)
ICO:H(CeO 2 = 2wt.%, QH = 1%)
ICO:H(CeO 2 = 3wt.%, QH = 1%)
ICO:H(CeO 2 = 3wt.%, QH = 1.5%)
IO:H(QH = 1%)
IO:H(QH = 2%)
IWO:H(WO3 = 1wt.%, QH = 1%)

Ionized impurity scattering
(Brooks-Herring-Dingle theory)

Grain-boundary scattering

H = ( I
-1+ G

-1)-1

1.0

2.0

3.0

2.0

4.0

6.0

8.0

10.0
 ICO (CeO2 = 1wt.%)
 ICO (CeO2 = 2wt.%)
 ICO (CeO2 = 3wt.%)
 ICOH (CeO2 = 1wt.%)
 ICOH (CeO2 = 2wt.%)
 ICOH (CeO2 = 3wt.%)
 IOH (QH = 1%)
 IOH (QH = 2%)

100 200 300
0

100

200

Temperature (K)



61 

5.6a ICO:H IO:H

5.6b ICO:H

IO:H SHJ 300-1200 nm

ICO:H

ICO:H

2 1020 cm-3

ICO:H ICO:H

400-700 nm

5.7

7

5.6 ICO:H IO:H as

ann QO 13% a Tobs

Robs b Tint A Tint

Tint = Tobs/(100-Robs) A A= 100- Tobs-Robs

1000 2000
0

50

100

0

50

100

 (nm)

QO = 13%-as. IO:H
QO = 13%-ann. IO:H
QO = 13%-as. ICO:H
QO = 13%-ann. ICO:H
 substrate

IO:H (Ce = 0at.%, QH = 2%)
ICO:H (Ce = 0.4at.%, QH = 1%)

1000 2000
0

50

100

0

10

20

 (nm)

QO = 13%-as. IO:H
QO = 13%-ann. IO:H
QO = 13%-as. ICO:H
QO = 13%-ann. ICO:H

IO:H (Ce = 0at.%, QH = 2%)
ICO:H (Ce = 0.4at.%, QH = 1%)

(a)

(b)
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5.7
7 Fig. 1 ICO:H

400-700 nm

Sp sputtered (DC or RF) PLD pulsed laser deposition CVD chemical vapor 

deposition APCVD atmospheric pressure CVD CBD chemical bath deposition SPS

spark plasma sintering SG sol-gel SprPy spray pyrolysis TF tube furnace HPE

high-density plasma-enhanced evaporation +an post-annealing step ICO:H

/ O2/Ar = 11% 1.99 10-4

cm

5.8

ICO ICO:H IO:H Hall

tDH

85°C 85%

HPE Eagle XG ICO ICO:H

3wt.% CeO2 100 nm

200 °C 30

HPE+an
ICO:H (This study)
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ICO:H QH = 1% tDH = 1000h 3%

IO:H QH = 2% IO:H QH = 2% tDH

= 1000h 125% QH 1.5%

ICO:H tDH = 1000h 37% QH 1%

IO:H QH 1%

H2O OH- 8 H

H H2O OH-

5.8  ICO ICO:H IO:H tDH

85°C 85%

1.0

2.0

2.0

4.0

6.0

8.0

 ICOH (Ce = 0.7at.%, QH =1%)
 ICOH (Ce = 0.7at.%, QH =1.5%)
 ICO (Ce = 0.7at.%)  IOH (QH = 1%)  IOH (QH = 2%)

0 500 1000 1500
60

80

100

120

140

tDH (min)
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5.6 

5.9 FE-SEM ICO  ICO:H

IO:H BSE Eagle 

XG 100 nm CeO2 3wt.%

BSE

200 °C ICO 100 nm

5.9a ICO:H QH = 1%

XRD

ICO:H

Ce In Ce In

H ICO:H QH = 1.5%

200 °C

SHJ

SHJ

200 °C H

H

H QH = 1% ICO:H H QH > 1.5%

IO:H QH = 1% 1 m

H ICO:H IO:H QH

= 2% H

5.8 H

ICO:H IO:H

5.10 ICO ICO:H QH = 1% AFM

Ra

Rq ICO:H ICO

2 nm Ra

0.232 nm FE-SEM AFM

2 nm

ICO:H 1 nm
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Ra 0.257 nm 0.266 nm

ICO:H

ICO:H

5.9 BSE a post-annealed ICO b as-deposited 

ICO:H QH = 1% c-d post-annealed ICO:H QH = 1% e-f post-annealed ICO:H

QH = 1.5% g post-annealed IO:H QH = 1% h post-annealed IO:H QH = 2%
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5.10 AFM a post-annealed ICO b as-deposited 
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5.7 ICO:H

Ce Ce Ce2+ Ce3+ Ce4+

2 (f2)  1 (f1) 0 (f0) 4f
Ce4+ Ce3+ Ce2+ In3+ Ce4+

Ce4+ In2O3

In3+

Ce 9

Ce Ce 4f

4f
10 3d-4f
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d X

5.11b d - -
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8 eV O 2p 9 eV In 5d 3  8 eV O 2p
X 9 eV In 5s

HAXPES 12 13 5.11a c

2.95 eV 5.11a 3.18 eV

5.11c

0.23 eV

ICO:H XRD
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5.11
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5.12 a ICO:H

Ce 3d X HXPES b ICO:H

Ce 3d-4f

5.12 a ICO:H Ce 3d HAXPES

f0 f1 f2 14
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14 Ce2+
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I II III IV

In 5s O 2p In 

5p O 2p 5.13a

b 883 eV #5 870 eV #1 884 eV #6 870 eV #1

Ce3+ Ce4+

Ce3+

Ce 4f O 2p
Ce4+ I II IV

Ce3+

Ce4+ I

Ce3+ Ce4+

I II

III IV 5.14c d

Ce3+

q II III IV

0 q I

q 0.5

Ce3+

I

q 0.5 1 II III

IV

Ce 3d-4f Ce 4f
5.11b d

X X Ce 4f Ce 5s-5p
X X

In 5s-5p
ICO:H H

In3+ 26% Ce3+ 9

32 cm2 V-1 s-1 5.11 5.13c

ICO:H

Ce4+

In2O3 O 2p
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b

5.15 ICO:H

O 2p
In3+ Ce4+ 4f Ce4+ In3+

O 2p
In 4s 4p

Ce 4f-O 2p-In 4s4p

5.15

1020 cm-3 Ce

5.15

Ce3+ Ce 4f O 2p
O 2p 5.15 bonding O 2p-Ce 

4f In 5s-5p In3+
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Ce3+ Ce 4f
5.15 antibonding Ce3+
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5.15 ICO:H

Ce3+ Ce4+ Ce4+ In3+ O 2p
In 4s O 2p 4p

Ce3+ In3+

O 2p O 2p
Ce4+

Ce3d

O 2p

Ce3+ ((4f)1(5d)0(6s)0)
tail state due to randomness

EF

In s+p (localized states)

In s (electron filling in the 
conduction band state)

In 5p - O 2p
Ce4+

In 5s O 2p

Conduction 
band

E

Ce4+ ((4f)0(5d)0(6s)0)

antibonding 

bondingValence 
band
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5.8 

In2O3

3 In

6  Ce4+

0.104 nm  6  In3+ 0.094 nm

In  Ce

3

Ce Ce 4f O 2p Ce3+

Ce4+ Ce4+ In3+

Ce3+ Ce4+ Ce3+ Ce4+ + e-
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6 SHJ

6.1 

4 5

ICO:H SHJ FF
SHJ

2 c-Si

Cz Si Epi Si 2.4

Cz Si Epi Si

Epi Si

6.2 

6.1 7 SHJ

a-g

ICO:H 6.1a

sample set A 243.4 cm2 Cz Si 3

SHJ

Fig 6.1b sample set B 243.4 cm2 Cz Si

SHJ Fig 6.1c sample 

set C 243.4 cm2 Epi Si SHJ

Fig 6.1d sample set D

SHJ Cz Si Epi Si

 4 cm2 Fig 6.1e f 243.4 cm2

SHJ sample set E

n-a-Si:H stacking fault, SF sample set F p-a-Si:H

SF Fig 6.1g sample set G 243.4 cm2 Epi Si

SHJ
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6.1  SHJ a Sample set A: 3 Cz Si

ICO:H TCO SHJ

b Sample set B: Cz Si

ICO:H

SHJ c Sample set C: Epi 

Si Epi Si SHJ

b stacking fault:SF n-a-Si:H d

Sample set D: Cz Si Epi Si

Epi Si

SF n-a-Si:H e Sample set E: 3

Epi Si

SF

n-a-Si:H f Sample set F: 3 Epi Si

SF p-a-Si:H g  Sample set G: 

Epi Si Epi SHJ

SF p-a-Si:H
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6.3 ICO:H SHJ

SHJ 6.1

pe

2

*1
nq
m

pe
pe

,     (6-1) 

pe m* q
6-1  = 4.0 0 1 0 m* = 0.3m0 2 m0

pe 6.1

pe

1

6.1 6.2 ICO:H QH = 1% ICO QH

= 0% ITO QH = 0% IO:H QH = 1% IO:H QH = 2%

Material

H2 gas 

flow 

ratio QH

Resistivity Carrier 

density N
Hall 

mobility H

Plasma 

wavelength pe

Optical band 

gap Eopt

(×10-4

cm) 

(×1020

cm-3)

 (cm2 V-1

s-1) 
( m)  (eV) 

ICO:H 1.0% 2.21 2.01 141 2.58 3.84 

ICO 0% 4.07 1.93 79.3 2.63 3.82 

ITO 0% 2.48 9.72 25.9 1.17 4.24 

IO:H 1.0% 5.60 1.20 92.8 3.34 3.77 

IO:H 2.0% 3.19 1.87 105 2.67 3.81 
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6.2 SHJ sample set A Pmax

Jsc Voc FF i ICO:H QH = 1% ii ITO 

QH = 0% iii IO:H QH = 1% iv IO:H QH = 2% ICO:H

6.2 ICO:H ITO IO:H SHJ

Pmax Jsc Voc FF ICO:H

ICO:H SHJ FF Jsc

ICO:H QH = 1% ITO QH = 0 IO:H QH = 1%

FF ICO:H

SHJ FF IO:H QH = 2%

FF IO:H QH = 2% IO:H

QH = 1% SHJ FF IO:H QH = 1%

6.3 pe Jsc SHJ Jsc pe

ITO

Burstein-Moss shift 3 4 ITO

Jsc pe ITO

6.4 ICO:H ITO SHJ

IQE ICO:H 2 1020 cm-3

IQE ITO ITO

IQE

0.94

0.96

0.98

1.00

Pmax Jsc Voc FF

(i) ICO:H (ii) ITO (iii) IO:H (iv) IO:H
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6.3 pe SHJ sample set A

Jsc

6.4 SHJ sample set A a IQE b

i ICO:H QH = 1% ii ITO QH = 0%

FF
6.2

QH WO3 In2O3 IWO

1 2 3

0.96

0.98

1.00

Plasma wavelength pe ( m)

(i) ICO:H
(ii) ITO
(iii) IO:H( QH = 1.0%)
(iv) IO:H(QH = 2.0%)

0

20

40

60

80

100

900 1000 1100 1200
0

20

40

60

Wavelength (nm)

 (i)  ICO:H
 (ii) ITO

(a)

(b)
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SHJ IWO QH

0.26 0.29 cm

6.5 QH SHJ FF QH

1% FF SHJ 10 k

FF SHJ Barraud 0.8 

mPa IO:H SHJ IO:H

FF 5

SHJ transmission line method

IO:H QH = 1% PH2O = 0.42 mPa QH = 2% PH2O = 0.61 

mPa 1 m  cm2

n p a-Si:H

a-Si:H

IO:H QH = 1% IO:H QH = 

0 10%

QH QH

1%

ICO:H QH 1% 130-145 cm2 V-1 s-1

QH

6.5 QH 0.26  0.29 m cm

IWO SHJ sample set A FF
IWO QH = 0 SHJ

0 1 2 3

0.97

0.98

0.99

1.00

1.01

H2 gas flow ratio (%)
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Cz n Si ICO:H SHJ

= 243.4 cm2 SHJ 1-sun

14 h 0.3% 4

SHJ 24.1%

6.6 243.4 cm2

Si

Voc FF Jsc 745 mV

83.2% 38.8 mA/cm2

24.7% 101.8 cm2

SHJ 6 24.7%

Jsc 39.5 mA/cm2

Jsc Jsc

6.6 ICO H SHJ sample set B J-V 1-sun

14 h

0 200 400 600 8000

10

20

30

40

Voltage (mV)

Jsc = 38.8 mA cm-2

Voc = 745 mV

FF = 83.2%

Efficiency = 24.1%

In-house measurement
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6.4 SHJ

Epi Si Epi Si Si 3

1017 cm-3 7 Cz Si

Epi Si Cz Si 7

24.1% n Cz Si SHJ Cz SHJ

n Epi Si SHJ Epi SHJ

6.7 Cz SHJ Epi SHJ Photoluminescence PL

Epi SHJ Sopori

SF Si

8 PL FE-SEM 200 m

10 m 6.8

Sopori SF PL SF

PL

SF 1 mm

6.8b SF 1 m

a-Si:H

6.7  SHJ Photoluminescence PL a

Epi SHJ b PL Cz SHJ

(a)

(b)

10 mm

10 mm
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6.8 FE-SEM Epi Si SF

6.9 Epi SHJ Cz SHJ J-V
J-V dark J-V PL

Epi SHJ dark spot density, DSD 1 cm-2 Epi SHJ

22.5% Voc = 735 mV FF = 0.791 Jsc = 38.6 mA/cm2

Cz SHJ 24.1% Voc = 745 mV FF = 0.832

Jsc = 38.8 mA/cm2 Cz Epi Si

130 m Jsc FF Voc 0.041

10 mV 1.2% 0.3%

FF
two diode model dark J-V

1
2

exp1exp 0201 kT
JRVqJ

kT
JRVqJ

R
JRVVJ ss

sh

s (6-2) 

J01 J02

Rs Rsh q k T p-n
J-V

6.9b JIS C 8913 Epi SHJ

Cz SHJ Rs 1.4  cm2 1.1  cm2 Epi 

SHJ 0.2 k Rsh 8.2 fA/cm2 J01 6.2 nA/cm2 J02 Cz SHJ

10 k Rsh 8.2 fA/cm2 J01 2.1 nA/cm2 J02 Epi SHJ Rsh

J02 Cz SHJ Rsh J02 p-n

ëð ³ ï ³

ø¿÷ ø¾÷
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6.9 Epi SHJ sample set C Cz SHJ sample set B

a J-V b J-V dark J-V

Fujiwara SiC

9

Yamamoto p-n
Epi Si Fe

10 Powell p
Epi Si 300 s n = 1015 cm-3 11

6.10 n Epi Si 3 ms

6.9 Epi SHJ

10 nm i-a-Si:H

Epi Si

Epi SHJ Cz SHJ

SF

Epi SHJ FF Epi Si SF

FF SF

0

10

20

30

40

Voltage (V)

Epi SHJ
Cz SHJ

0 0.2 0.4 0.6 10-8

10-7

10-6

10-5

10-4

10-3

10-2

Epi SHJ
Cz SHJ
fitting (epi Si)
fitting (CZ Si)

(a)

(b)
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6.10 Epi SHJ Cz SHJ

6.11 Epi SHJ Cz SHJ

sample set D 243.4 cm2 ICO:H 9

4 cm2 Epi SHJ 18 Cz SHJ 9

DSD PL DSD Epi 

SHJ DSD FF
Epi Si SF FF

SF DSD = 0 Epi SHJ FF
Cz SHJ 2% Voc 1%

PL

Epi Si a-Si:H

100 Epi Si

Cz Si Jsc SF

SF PL

SF Voc DSD

SF

8 SF Voc

1014 1015 10160

2

4

6

8

Injection level (cm-3)

Epi Si
Cz Si
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6.11 Epi SHJ Cz SHJ sample set D Jsc Voc

FF EFF PL DSD

Cz SHJ

0.98

0.99

1.00

1.01

0.99

1.00

1.01
Epi SHJ
Cz SHJ

0.92
0.94
0.96
0.98
1.00

0 1 2

0.90

0.95

1.00

Dark spot density (cm-2)
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SF p-n
SR-MAP

1-sun

6.12 Epi SHJ sample set E F

SpotLIGHT 3.3

6.2 Sample set E F

Jsc 36.9 mA/cm2 37.1 mA/cm2

Jsc 37.2 mA/cm2 37.5 mA/cm2

615 mV

sample set E F 1 mm

FE-SEM SF

electroluminescence EL 6.13

SF

PL EL SF

SF

SF sample set F SF

sample set E SF

SF FF
SF FF

6.10 Epi SHJ 3.5 ms

SF

SHJ

6.14 Epi SHJ sample set E F

-8 V Sample set B

-12 V sample set E

p-n
sample 

set E F SF p-n
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6.12 a sample set E (b) sample set F

0 mV 482 mV

615 mV

0 mV 482 mV

615 mV

(b)

(a)
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6.2 SpotLIGHT 1-sun 3

Epi SHJ

Sample ID 
Jsc 

(mA/cm2) 
Voc 

(mV) 
FF 
(%) (%) 

Sample E 37.2 713 76.5 20.3 

Sample F 37.5 725 77.5 21.0 

6.13 615 mV a b c d

electroluminescence EL (a c) sample set E (b d) sample set F

(a) (b)

(c) (d)
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6.14 a sample set E (b) sample set F

0 V -6 V

-10 V -12 V

0 V -6 V

-7 V -8 V

(b)

(a)
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6.15 Epi SHJ J-V

6.16 23% Epi SHJ EQE

SF FF SF

Epi Si

Epi Si

SF 1.3  0.2 cm-2 0.6  0.1 cm-2

0 200 400 600 8000

10

20

30

40

Voltage (mV)

Jsc = 39.6 mA cm-2

Voc = 725 mV

FF = 79.9%

 = 23.0%

In-house measurement

400 600 800 1000 1200
0

20

40

60

80

100

Wavelength (nm)
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SF

Epi SHJ SF

SF SF

Epi Si SF

0.6  0.1 cm-2 SF Epi Si

Epi SHJ 6.15 6.16

Epi SHJ sample set G J-V
EQE 243.4 cm2 Epi SHJ 23.0%

Epi SHJ 39.6 mA/cm2 Jsc 725 mV Voc 0.799 FF
0.8 FF SF

Epi SHJ Cz SHJ 24.1% Epi Si

Epi SHJ 24% Epi Si

Epi Si

6.11 SF Cz SHJ

Epi Si SF

FF Epi Si SHJ

Epi Si

6.5 

4 5

ICO:H SHJ 243.4 cm2 Cz Si

24.1% ICO:H

IO:H ITO 2

i 140 cm2 V-1 s-1 2.0 1020 cm-3

SHJ 0.83 FF 38.8 mA/cm2

Jsc ii IO:H

ICO:H FF
Epi Si SHJ

23.0% Epi SHJ Cz SHJ
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7

7.1 

c-Si a-Si:H SHJ

FF Voc 0.3%

a-Si:H

Staebler-Wronski effect SWE

1

2 SWE

3

4 p n a-Si:H p-a-Si:H n-a-Si:H

p-a-Si:H n-a-Si:H

5 UV

6 20 W/m2 0.02-sun

1 kW/m2 1-sun

SHJ

implied FF implied Voc

SHJ

In2O3

CeO2 H

ICO:H 200°C 3

1 In

2 6  Ce4+

 (0.104 nm)  6  In3+  (0.094 nm)

3 In

 Ce
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3

X X

Ce Ce4+ In3+ Ce3+

Ce4+ 3

 Ce 4f
2 1020 cm-3 130-145 cm2 V-1 s-1

ICO:H SHJ

2 1020 cm-3 130-145 cm2 V-1 s-1

ICO:H

FF Cz Si

SHJ ICO:H 83.2%

FF 243.4cm2

24.1%

Cz Epitaxy

Epi Si 23.0%

Epi Si SHJ FF Epi Si

SHJ

19.5% 320 W CS-320G31

2016 8

7.2 

SWE

a-Si:H 40

defect pool a-Si:H

ASA

SHJ
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Ce H ICO:H 200°C

130-145 cm2 V-1 s-1

ICO:H

243.4 cm2 Cz Si SHJ

24.1%

SHJ 101.8 cm2 24.7%

Jsc

243.4 cm2 Epi Si SHJ

23.0% Epi Si Cz Si

Epi Si Cz Si

Cz Si Epi Si

Epi Si

S-Q

SHJ
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  ASA SIMULATION INPUT FILE 

options ignore.bounds; 

layers front=1 electrical=5 back=2; 
grid[f.1] d=70e-9; 
grid[1]  d=5e-9 spaces=20; 
grid[2]  d=5e-9 spaces=20; 
options ignore.bounds; 

layers front=1 electrical=5 back=2; 
grid[f.1] d=70e-9; 
grid[1]  d=5e-9 spaces=20; 
grid[2]  d=5e-9 spaces=20; 
grid[3]  d=180e-6 dx.t=0.5e-9 dx.c=20e-6 dx.b=5e-9; 
grid[4]  d=5e-9 spaces=20; 
grid[5]  d=5e-9 spaces=20; 
grid[b.1] d=100e-9; 
grid[b.2] d=200e-9; 

optical[f.1] lnk.file=input¥imt_ito.nk; 
optical[1] lnk.file=input¥lj_n-aSi.nk; 
optical[2] lnk.file=input¥imt_i-aSi.nk; 
optical[3] lnk.file=input¥c-Si-Green.nk incoherent; 
optical[4] lnk.file=input¥imt_i-aSi.nk; 
optical[5] lnk.file=input¥lj_n-aSi.nk; 
optical[b.1] lnk.file=input¥imt_ito.nk; 
optical[b.1] lnk.file=input¥ag_johnson.nk; 

bands[1] e.mob=1.75 chi=3.8 nc=2.0E+26 nv=2.0E+26 epsilon=11.9; 
bands[2] e.mob=1.75 chi=3.8 nc=2.0E+26 nv=2.0E+26 epsilon=11.9; 
bands[3] e.mob=1.124 chi=4.05 nc=2.86E+25 nv=3.10E+25 epsilon=11.8; 
bands[4] e.mob=1.75 chi=3.8 nc=2.0E+26 nv=2.0E+26 epsilon=11.9; 
bands[5] e.mob=1.75 chi=3.8 nc=2.0E+26 nv=2.0E+26 epsilon=11.9; 

doping[1] e.act.acc=0.45; 
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doping[3] n.don=5e21 ;
doping[5] e.act.don=0.15;

mobility[1] mu.e=10.0e-4 mu.h=1.0e-4; 
mobility[2] mu.e=20.0e-4 mu.h=5.0e-4; 
mobility[3] mu.e=0.13    mu.h=0.04; 
mobility[4] mu.e=20.0e-4 mu.h=5.0e-4; 
mobility[5] mu.e=10.0e-4 mu.h=1.0e-4;  

vbtail[1] n.emob=1.1e27 e.char=0.06;  
vbtail[2] n.emob=1.0e27 e.char=0.045;  
vbtail[4] n.emob=1.0e27 e.char=0.045;  
vbtail[5] n.emob=1.1e27 e.char=0.06;  

cbtail[1] n.emob=1.0e27 e.char=0.04;  
cbtail[2] n.emob=1.0e27 e.char=0.03;  
cbtail[4] n.emob=1.0e27 e.char=0.03;  
cbtail[5] n.emob=1.0e27 e.char=0.04;  

model[1] amorphous defect.pool ; 

model[2] amorphous defect.pool ; 

recom[3]tau.e=10e-3 tau.h=10e-3 esrh.t=-0.5 esrhd.e=-0.4 esrhd.h=-0.4 nsrh.e=1e21 
nsrh.h=1e21 caug.e=2.2e-43 caug.h=9.9e-43 caug.i=1.66e-42; 
model[3] extended srh lifetime auger; 
model[4] amorphous defect.pool ; 

model[5] amorphous defect.pool ; 

dbond[all]  levels=40 e.corr=0.2;  
dbond[1] n=1e24 e.neut=-0.6 ce.pos=5e-15 ce.neut=1e-15 ch.neg=3e-16 
ch.neut=1e-16; 
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dbond[2] n=1e23 e.neut=-0.9 ce.pos=5e-15 ce.neut=1e-15 ch.neg=3e-16 
ch.neut=1e-16;
dbond[4] n=1e23 e.neut=-1.1 ce.pos=5e-15 ce.neut=1e-15 ch.neg=3e-16 
ch.neut=1e-16; 
dbond[5] n=5e23 e.neut=-1.2 ce.pos=5e-15 ce.neut=1e-15 ch.neg=3e-16 
ch.neut=1e-16; 

frontcon ohmic; 
backcon  ohmic; 

frontopt reflect=0.03; 
backopt  reflect=0.2; 

settings temp=300 eps.pois=1e-5 eps.cone=1e-5 eps.conh=1e-5 max.iter=40 damp=4 
dv.max=10 gummel.starts=2 max.step.reduc=4 tunn.mass=0.25 ; 
settings field.lim=4e6 e0.fdme=1.2e7 t.freeze.in=500 gru.factor=3 gru.steps=10 
cap.dv=0.002 Rs=10e-4 Rp=4 D0=10e-9 newton; 

c opticgen spectrum=input¥am15_350-1200.dat lb mult=1.2; 
c print  opticgen file=output¥gen830.dat;    
 opticgen        gen.file=output¥gen1.dat mult=0.1; 

solve equil; 
 print dos.en.complete file=output¥dos-p.ban at.pos=2.5e-9; 
 print dos.en.complete file=output¥dos-ip.ban at.pos=7.5e-9; 
 print dos.en.complete file=output¥dos-in.ban at.pos=180.0125e-6;
 print dos.en.complete file=output¥dos-n.ban at.pos=180.0175e-6; 

c print  doping file=output¥charge.ban; 

 solve jv v.start=-0.1 v.end=0.75 n.step=67 illum; 
 print jv file=output/div.dat; 
 print  sol.par; 

 print bands file=output¥band-fe.ban at.bias=0.73; 
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c print hole file=output¥hole.dat at.bias=0.73;
c print rho file=output¥rho.dat at.bias=0.735; 
c print q.cb file=output¥qcb.dat at.bias=0.73; 
c print q.vb file=output¥qvb.dat at.bias=0.73; 
c print q.db file=output¥qdb.dat at.bias=0.735; 

print rec file=output¥rec-oc-01.dat at.bias=0.68; 

c print solpar file=output¥solpar.par; 
c solve equil; 
c solve sr wl.start=350e-9 wl.end=1200e-9 wl.step=10e-9; 
c Print  sr file=output/sr.dat; 
c solve  rt wl.start=350e-9 wl.end=1100e-9 wl.step=10e-9 illum; 
c Print  rt file=output/rt.dat; 


