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The AZO deposition parameters are listed in Table S1. A batch of AZO films (more
than 10 samples) were deposited on different substrates in order to clarify the effect of
substrate on the properties of films. For AZO deposition, the sintered AZO ceramic
target with a mixture of ZnO (99.99% purity, 98 wt%) and A1203 (99.99% purity, 2 wt%)
was employed as the sputtering target. AZO films were directly grown on
glass/Mo/CIGS/CdS/i-ZnO without further treatment. For characterizations, AZO films
were also grown on soda-lime glass substrates. Before deposition, the glass substrates
were cleaned with acetone, ethanol, and deionized water. After that, the substrates were
dried with high purity nitrogen (99.999%, 5N) gas and loaded into the RF magnetron
sputtering chamber to grow AZO films. The RF magnetron sputtering chamber was

pumped to a base pressure of 5 x 10 Pa before AZO deposition.



Table S1. Deposition parameters for AZO films.

Target-substrate distance (mm) 110-150
Sputtering gas Ar
Ar flow rate (sccm) 15

RF power density (W cm) 2.38-3.98

Sputtering pressure (Pa) 0.05-0.20
Substrate temperature (°C) 2545 (RT), 100£5,200%5
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Figure S1. The statistical distribution of (a) PCE, (b) Vo, (¢) Js, and (d) FF of CIGS

solar cells.
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Figure S3. (a) Dependence of growth rate (thickness/growth time) and resistivity of
AZO films grown with a RF power density of 2.38 W-cm™, a target-substrate distance
of 150 mm, a substrate temperature of 2545 °C (RT), and a deposition pressure of 0.05-
0.20 Pa. The thickness of AZO is 260, 280, 260, and 250 nm when the deposition
pressure is 0.05, 0.10, 0.15, and 0.20 Pa, respectively. (b) Relationship between MFP,

APC of Al, Zn, and O and deposition pressure.
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Figure S4. XPS spectrum of (a) AZO, (b) Zn 2p core level, (¢) Al 2p core level, and

(d) O 1s core level.
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Table S2. MFP of Al, Zn, O at different pressure.

Atom MFP (mm) at different Pressure (Pa)
0.05 0.10 0.15 0.20
Al 318 159 106 79
Zn 390 195 130 97
0 1299 649 433 324

Table S3. APC of Al, Zn, O at different deposition pressure.

APC of different atom at different pressure (Pa)

Atoms 0.05 0.10 0.15 0.20
Al 0.47 0.94 1.41 1.88
Zn 0.38 0.77 1.15 1.54
O 0.12 0.23 0.35 0.46
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Figure S5. Typical XRD pattern of the obtained AZO thin film grown at 0.10 Pa.
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Figure S6. (a) Growth rate of AZO thin films obtained at 2.38-3.98 W-cm™ with a
target-substrate distance of 150 mm and a deposition pressure of 0.10 Pa. The thickness
of AZO is 280, 305, 420, and 490 nm grown with a RF power density of 2.38, 2.78,
3.37, and 3.98 W-cm™. (b) Transmittance spectra of AZO in the wavelength of 300-
1500 nm. (c¢) Mobility, carrier density, and resistivity of AZO thin films obtained at
2.38-3.98 W-cm™ with a target-substrate distance of 150 mm and a deposition pressure

of 0.10 Pa. (d) (ahv)? versus photo energy of AZO thin films.



Table S4. Comparison AZO properties of our AZO films with published results.

Method

Substrate
temperature
“C)

Transmittance
(%)

(400-900) nm  (900-1500)

Transmitta
nce (%)

nm

Resistivity
(Q-cm)

Ref.

RF
magnetron
sputtering

RT

85

9.80 x 107

RF
magnetron
sputtering

RT

~80

8.16 x 10*

Pulsed DC
magnetron
sputtering

RT

~80

~80-55

1.99 x 102

MF
magnetron
sputtering

400 °C

&3

7.56 x 104

RF
magnetron
sputtering

RT

102

DC
magnetron
sputtering

150

80

1.78 x 10°3

Reactive
RF
magnetron
sputtering

RT

4.08 x 107

RF
magnetron
sputtering

RT

92

81

2.2 x 103

This work




Figure S7. SEM images of AZO thin films obtained at RF power density of (a) 2.38
W-cm2, (b) 2.78 W-cm™, (¢) W-cm™, (d) 3.98 W-cm™ under a deposition pressure of

0.10 Pa and a target-substrate distance of 150 mm.
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Figure S8. (a) Resistivity of AZO obtained with target-substrate distance of 110 mm,
130 mm, and 150 mm, RF power density of 2.78 W-cm™, and deposition pressure of
0.10 Pa. AFM images of AZO obtained with a RF power density of 2.38 W-cm™, a

deposition pressure of 0.10 Pa, and a target-substrate distance of (b) 7 cm and (¢) 11

cm.
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Figure S9. Three-dimensional AFM image of AZO obtained with a RF power density
of (a) 2.38 W-cm™, (b) 2.78 W-cm™, (¢) 3.38 W-cm™, (d) 3.98 W-cm™. (e) Dependence

of AZO roughness on the RF power density.

We simulated the CIGS solar cells with the SCAPS-1D software. The device
structure of the CIGS solar cell for simulation is: soda lime glass
(SLG)/Mo/CIGS/CdS/i-ZnO/AZO/Au. The parameters for different layers in the CIGS
are listed in Table S5. The thickness of CdS, i-ZnO, and AZO is 5-100 nm, 20-80 nm,
and 200-800 nm. Our simulated results show that little difference is seen in the band
diagram of the CIGS solar cells with different thicknesses of CdS, i-ZnO, and AZO. In
addition, the effect of the doping concentration of AZO on the band diagram of the

CIGS solar cell is also simulated.



Table S5. Properties for different layers in a CIGS solar cell for the simulation via

SCAPS-1D software.

Parameters CIGS ovC CdS i-ZnO AZO
Thickness (nm) 2000 15 5-100 20-80 200-800
Band gap E (6V) 1.0-1.2 1.45 2.45 3.30 3.37
Electron affinity y (eV) 4.6 4.5 4.4 4.3 43
Relative dielectric permittivity &r 13.6 10.0 10.0 9.0 9.0
Effective conduction band density Nc (cm™) 6.8 x !’ 2 xel8 13xe® 3 xeld 1 xe®
Effective valence band density Ny (cm™) 1.5 xe! 2 xel8 9.1 xe* 1.7xe? 3xel8
Electron thermal velocity va (cm/s) 1 x¢e’ 1 xe’ 3.1 x¢’ 1 x¢e’ 1 x¢e’
Hole thermal velocity vp (cm/s) 1 x¢’ 1 x¢’ 1 x¢’ 1 x¢’ 1 xe’
Electron mobility un (cm?/ Vs) 100 100 72 100 100
Hole mobility zp (cm?/ Vs) 12.5 20 20 31 31
Donor concentration Np (cm™) 0 0 5xel? 1 x el b 62022_
I xe
Acceptor concentration Na (cm™) 2 xel6 1 xel3 0 0 0
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Figure S10. Energy band diagram of CIGS solar cell in equilibrium under the
illustration of AM1.5 G at 300 K simulated via SCAPS-1D soft-ware by varying the

doping concentration in AZO. (a) 1 x e’ cm>, (b) 1 x e*' em™.
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