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Orthogonal Design of ITO Thin-film Deposition

Table S1. Combination of parameters for Lo (3%) orthogonal test.

Level Parameter Residual
Deposition Water vapor Multi-step Deviation ~ Percentage
power (kW)  flow (sccm)  deposition (time) columnC Yo (%)

I 10 2 1 n=1,2...9
I 30 5 2

" 50 8 3
Sample name
ITO-s1 I I | I 10
ITO-s2 I I I I 1
ITO-s3 I i i i
ITO-s4 ] I I i 60
ITO-s5 ] I i I 70
ITO-s6 ] i | I 33
ITO-s7 " I i I 90
ITO-s8 " I | i 87
ITO-s9 " i I I 45
Sum of residual percentage corresponding to each level of each parameter
Ky 11 160 130 125
Kz 163 158 106 124
K 222 78 160 147
Average of Kj;

Ki; 4 53 43 42

Ky, 54 53 35 41

Kas; 74 26 53 49
Square of Kj
Ky? 121 25600 16900 15625
Ky 26569 24964 11236 15376
Ks® 49284 6084 25600 21609

Note: Table S1 was designed with the help of the software “Orthogonality
Experimental Assistant” (Sharetop Software Studio).[1] Y» means a residual percentage
of ITO in the etching area, and column C is a blank column used for checking the
significance degree of the three parameters, in which parameter C has no actual values
for I, 11, and I11. The I, 11, and 111 are distributed according to the orthogonal principle,
ensuring that the three experiments corresponding to each value of each parameter
could be attributed to I, I, and 111, such as ITO-s1~1TO-s3 with a deposition power of

10, 30, and 50 kW corresponding to I, 11, and I1l, respectively. Multi-step deposition
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(times) refers to dividing the original film deposition into several short parts without
the final film thickness change. During each intermediate pause, turn off the power and
maintain ventilation for 10 seconds. Kj (i=1-3, j=1-4) means the sum of residual
percentage of the samples adopting a same parameter level, where the subscript i=1, 2,
3 refers to the three values of each deposition parameter and the subscript j=1,2,3,4
corresponds to the deposition power, water vapor flow, multi-step deposition, and
parameter C, respectively. For example, K1 is the sum of residual percentage of the
samples obtained using a deposition power of 10 kW (i.e., ITO-s1, ITO-s2, ITO-s3),
calculated as K11 =(Y1+Y2+Y3) = (10+2+1) =13, e.g., Y1 represents the residual value of
ITO-s1. K23 is the sum of residual percentage of the samples produced using a 2-steps
deposition (i.e., ITO-s2, ITO-s4, ITO-s9), calculated as K22 = (Y2+Ya+Yg) = (2+60+45)
=107, e.g., Y2 represents the residual value of ITO-s2.

Table S1 lists nine experimental parameter combinations based on the orthogonal
arrangement principle with the help of the software “Orthogonality Experimental
Assistant” (Sharetop Software Studio).[1] The orthogonal arrangement principle means
that the significant effect of all these parameters can be investigated without
considering their interactions since the interactions are uniformly distributed in each
column.[2] The three-parameter three-value orthogonal design consists of four
discussed parameters, i.e., deposition power, water vapor, multi-step deposition and
parameter C in this study. Parameter C was kept empty to analyze the effect of random
errors on the experimental results,[3] which can evaluate the significance level of the

other three parameters.[4]
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Range Analysis and Variance Analysis of ITO Residual Percentage

The mathematical analysis of Lo(3*) orthogonal experiment includes the range
analysis and the variance analysis of the residual percentage:

(1) The range analysis was used to assess the various trends of the average residual
percentage with the increase of respective parameter values. The average residual rate
of a value of a parameter is denoted as Kjj, in which i, ranging from one to three, denotes
the values of respective processing parameters and j represents the four discussed
parameters (e.g., K1 is the average residual value of ITO-s1-3 using a deposition power
of 10 kW). K is calculated by taking average residual value of the three samples for a

same parameter value using Eq. S-1.

-
©

K, ==Y, (S-1)

n
i=1

w

Where the subscript i=1,2,3 indicates the three values of each deposition parameter,
the subscript j=1,2,3,4 corresponds to the deposition power, water vapor flow, multi-
step deposition, and parameter C, respectively. For example, Ki1 is an average sum of
residual percentage of three samples using same deposition power of 10 kW (i.e., ITO-
sl, ITO-s2, ITO-s3), calculated as K11 =1/3*(Y+Yo+Y35)=1/3* (10+2+1)=4, e.g., ¥;
represents the residual value of ITO-s1.

(2) The variance analysis was performed to identify the most relevant parameters
on etching residues. In the Lo(3%) orthogonal experiment, the sum of mean deviation
squares of the parameters’ residual percentage is denoted as SS; (i.e., deposition power,
water vapor, multi-step deposition and parameter C) and is calculated using Eq. 2 in the
manuscript. Then, F rate value was defined as the ratio of SS; of three deposition
parameters and SSy, which is the sum of mean deviation squares of parameter C (Eq. 3
in the manuscript). F,, is the standard value in variance analysis used to judge the
correlation between parameters and etching residue, which can be gained from the F
distribution table invented by George Snedecor, according to the freedom degree of
parameters and significance level a.[5-8] In the Lo(3*) orthogonal design, a is a

statistical concept and usually takes a value of 0.1, which indicates a 10% risk of
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concluding that a difference exists when there is no actual difference.[9] Subsequently,
F rate of three deposition parameters is compared with the standard F value (Fi). A
parameter has a significant effect when F' rate is larger than the standard value Fi.

Alternatively, the parameter has no significant impact on the test results if F<F.[4, 10]
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Methods for Measuring and Calculating Internal Stresses of Gate and SiNx Layers

The silicon wafers used for stress measurement were attached to clean glass
substrate with high-temperature double-sided adhesive tape, and went through the
fabrication of ITO film electrode, Al/Mo gate electrode, and SiNx insulating layer
together with the glass substrate.

FLX-2320 film stress measurement system was used to calculate the layer internal
stress by measuring curvature radius variation of the silicon wafer before and after film
deposition. Twelve points of internal stress for each layer were measured at different
locations on the entire glass substrate, and the average value was taken. The internal

stress is calculated using Eq. S-2:

a—ix—E xdi“b (S-2)
6R (1-u) d

Where ¢ and d represent the internal stress and thickness of the layer, respectively. E,
1, and dy» are the Young's modulus, Poisson's ratio, and thickness of the silicon wafer,
respectively. R is the relative radius of silicon wafer curvature after film deposition and
R=RR>/(R;-R>), R; and R; are the curvature radii of the silicon wafer before and after

film deposition, respectively.

Length (1.3 m)

T

Silicon wafers were attached by
high-temperature double-sided tape.

Width (1.1 m)

Fig. S1. Distribution of twelve stress tests of silicon wafers for Al/Mo gate and SiNx

layers on glass substrate.
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Table S2. FWHM values of {222} crystal plane of ITO-s5 and ITO-s7~9 films after

deposition and annealing.

Sample After deposition  After annealing
ITO-s1 - 0.6°
ITO-s2 - 0.8°
ITO-s3 - 0.9°
ITO-s4 - 0.6°
ITO-s5 1.4° 0.5°
ITO-s6 - 0.4°
ITO-s7 1.1° 0.2°
ITO-s8 1.7° 0.3°
ITO-s9 2.1° 0.6°

Note: The origin software fits the FWHM value of the {222} crystal plane. ITO-s1-4 and ITO-

s6 have no FWHM value after deposition because there is no diffraction peak at 20 = 32.3°.
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Fig. S2. (a) SEM top view and (b) cross-sectional images of TFT-s3.

S-8



au}

sj013u09 34eO

Fig. S3. TFT sample used to measure TFT electrical properties.



4550 vm 4505 m
Fig. S4. AFM topographies of ITO films: (a) ITO-s1, (b) ITO-s4, (c) ITO-s5, (d) ITO-

s6, (e) ITO-s8, and (f) ITO-s9.
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Fig. S5. SEM residue morphologies of etched areas of (a) ITO-s1, (b) ITO-s4, (c)
ITO-s5, (d) ITO-s6, (e) ITO-s8, and (f) ITO-9, after lithography and wet etching.
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Fig. S6. SEM residue morphology and EDX spectrum of etched areas of ITO-s7, after

lithography and wet etching.
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Fig. S7. ITO residue distribution of ITO-s7 electrode on the glass substrate, where red

area indicates the residue.
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Fig. S8. Total yield rate of vehicle displays based on TFT-s3 and TFT-s7, as well as

the rate of dark-area defect of TFT-s3 and TFT-s7. Note: Total yield rate of vehicle

display for TFT-s3 is not 100% is due to some display defects unrelated to our

experiment.
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Fig. S9. (a) Transfer characteristics (forward and reverse), (b) Current switching ratio

Lon/Log, and (¢) Vi and mobility of TFT-s1, TFT-s4-6, and TFT-s9.
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