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Table S1. A summary of measured optical bandgap (E,,,), the energy from the valence band
maximum to the fermi level (AEyg), and the conduction band offsets (AEcg) for ZITO thin
films with different t ;s from UV-vis spectroscopy and XPS

Egqp (€V) AEyg (eV)  AEcg (eV)
teh =4 nm 3.81 2.61 1.20
teh =5 nm 3.47 2.76 0.71
ten = 6.2 nm 3.38 291 0.44




Table S2. Representative charge-carrier mobility (1, cm?/Vs), current on/off ratio (Z,,/I,y),
threshold voltage (Vy, V), turn-on voltage (V,,, V), and subthreshold swing (SS, V/dec) ZITO
TFT with t., value of 4 nm on SiO, 100 nm devices during in-situ proton irradiation with a dose
of 10'3 cm~.2 The average values are obtained from 5 samples.

Ao 102 L/l Vo Von ss
Iteydde  103:11 U3 TOO;S) *02+04 003 114023
mieyle 117+25 COTLDY o6s12 4x09 2.6+0.5
Facycde  132:29 (4 ﬂ;(gj) X 48+14 : 3.1+ 1.0
aveycde  139+33 (I fé)f) “ 79+16 : 38412
sheycle  143+39 (1 f(%s) “1105+2.0 : 40+1.6
6heye 13231 CPTLOT gauis L0512 2909
Theycle 132415 (5'6il(3)g1) 76414 -102+12  26+10
gheyele  13.0=14 47 fozgo) 73413 99+12 24407
9% cycle EREST RN ?016'0) o 72+13 9.9+12 24+08
Wheyele 130214 O27 A 0014 00s12 23405
neyle  131+13 O 90013 96215 22407
heyele 130214 OTTEDT g1 g6k 21406
Bheydle 130514 COT IS 671003 96s12 20206
Mneyle 130413 70 67005 03415 20405

2 Gray area indicates device characteristics during proton irradiation.



Table S3. Representative charge-carrier mobility (1, cm?/Vs), current on/off ratio (1,,/I,p),
threshold voltage (Vy, V), turn-on voltage (V,,, V), and subthreshold swing (SS, V/dec) for
ZITO TFT with t¢, value of 5 nm on SiO, 100 nm devices during in-situ proton irradiation with
a dose of 10'3 cm=.2 The average values are obtained from 5 samples.

ZITO / SiO,
100nm Ion/Ioff I/th Von SS
Pteyde 13215 (70 Toi'z)x 2.0+0.8 340.6 11404
2eyele  185+30 U folgo) © 45431 - -
Facydle  199+33 (1 fé’z'g) “ 192+59 - -
aneyle  209+35 U8 TO({'@X 355+ 8.6 . :
5th cycle 21.6 £3.6 6.8 +4.2 -45.8+12.2 - -
6t cycle 16.4+4.5 49+3.7 -58.0£15.4 - -
7t cycle 162+ 1.8 51+32 -62.1+7.4 - -
8th cycle 16.5+1.7 51+33 -60.2 £ 8.7 - -
9th cycle 16.5+1.7 53+3.1 -59.4+ 8.4 - -
10t cycle 16.2 £1.8 53+3.2 -58.8 £8.1 - -
11t cycle 16.3+1.9 54+3.0 -582+7.6 - -
12t cycle 16.1 +1.8 5729 -57.7+£7.2 - -
13t cycle 16.1 £1.7 5.8+2.6 -57.6+7.0 - -
14t cycle 160+ 1.8 5.8+£2.5 -57.1+7.4 - -

2 Gray area indicates device characteristics during proton irradiation.



Table S4. Representative charge-carrier mobility (1, cm?/Vs), current on/off ratio (1,,/I,p),
threshold voltage (¥, V), turn-on voltage (V,,, V), and subthreshold swing (SS, V/dec) for
ZITO TFT with t¢, value of 6.2 nm on SiO, 100 nm devices during in-situ proton irradiation
with a dose of 10!3 cm=.2 The average values are obtained from 5 samples.

ZITO/ SiO,
100nm Ion/Ioff I/th Von SS
seyle 15612 USERD 35010 37109 20405
picydle  218+34 17 f(?é'g) “ L60+3.1 : ]
Jcyde  236+37 U4 ﬂlcosl'?’) * 225+82 i :
Ahcycle  253+36  73+26  -37.0£95 i :
Sheycle 237439  55+2.1  -55.1+14.4 i :

6 cycle  17.7+41  35+23  -853+193 i :
Theyele  17.6+35  3.6+2.1  -77.1+103 i i
8hcycle  17.5+3.1  35:23  -76.1+107 i i
Ohcycle  174+3.0  3.6+24  -755+9.5 i i
10%cycle  17.4+32  35+23  -75.0+94 i i
ltheyele 174431 3.6+22  -749+88 i i
12tcycle 173433 37421  -746+9.1 i i
Bheyele 172431 37420  -744+90 i i
ldheycle  172+28  38+£2.0  -743+87 i i

2 Qray area indicates device characteristics during proton irradiation.



Table S5. Representative charge-carrier mobility (1, cm?/Vs), current on/off ratio (Z,,/I,p),
threshold voltage (¥, V), turn-on voltage (V,,, V), and subthreshold swing (SS, V/dec) for
ZITO TFTs with different t., values on Si0, 100 nm devices before and right after and 6 h after
proton irradiation with a dose of 10!3 cm=. The average values are obtained from 5 samples.

ZITlt))()/n iil()z Dose [ L/Ly Vi Vo SS
Referene 103+ 1.1 0.(51).1 Yo 02%04  0x03 ¥
tm=4nm  10%dose 143+39 0(51)1;; o 105%20 i wE
After6h 104409 2_(3'% o 07403 -1z06  OF
Refrene 13215 Q00 20208 3xos
tm=5nm  10%dose 164+45 49+37 -580=154 i i
After6h  16.0+ 1.4 o_%iji o 221463 i -
Referene 156412 4'(37)'8;;06 35410 37:09 OF
te,=62nm 1083 dose 17.7+4.1 35+23 -853+193 - -
After6h  17.0=10 U5% 3971175 i i

0.7) x 10!




O zn o In ° Sn © Oxygen

Figure S1. Schematic diagram of high-energy proton irradiation on bottom-gate/top-contact
amorphous zinc-indium-tin oxide (a-ZITO) thin-film transistor device.
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Figure S2. X-ray Reflectometry (XRR) of ZITO thin films with different t;, values of 4 nm, 5
nm, and 6.2 nm.
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Figure S3. (Is)"” vs V, plots of pristine ZITO thin film transistors (a) with different t, values
(4 nm, 5 nm, and 6.2 nm), (b)-(d) before (solid black lines) and 6 h after 5 MeV proton
irradiation dose of 10'3 cm (solid red lines): t., value of (b) 4 nm, (c¢) 5 nm, and (d) 6.2 nm.
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Figure S4. Transfer curves of the ZITO TFTS with different t., values measured bidirectionally
before proton irradiation: t, value of (a) 4 nm, (b) 5 nm, and (c) 6.2 nm.
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Figure S5. Atomic force microscope (AFM) images of ZITO thin films before and after 5 MeV
proton irradiation (10'* cm dose): ZITO thin films with different t.,g of (a) 4 nm before proton
irradiation, (b) 5 nm before proton irradiation, (c) 6.2 nm before proton irradiation, (d) 4 nm
after proton irradiation, (¢) 5 nm after proton irradiation, (f) 6.2 nm after proton irradiation.
The scale bars correspond to 2 um. Ry is RMS (root-mean-square) roughness.



(a) (b)

ZITO thin film (Reference)

ZITO thin film (Proton irradiation)

—_ 4nm —_ 4nm

3 ol T Y PUTRPR PR ITY PO PUDTAR RPN
L 8

.:-":" 5nm _:-":" 5 nm

() TS VTR WRRTH P P AR TP I | % oo el s o
| = =

[+1] [+F]

= -t

£ =

| —_—5.2 nm —6.2 nm

0 25 30 35 40 45 50 20 25 30 35 40 45 50
20 (degree) 26 (degree)
Figure S6. Grazing-incidence X-ray diffraction (GIXRD) spectra of ZITO thin films with

different t., values before and after 5 MeV proton irradiation doses of 10'3 cm=2: ZITO thin film
with tg, values of 4, 5, and 6.2 nm (a) before and (b) after proton irradiation.
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Figure S7. X-ray photoelectron spectroscopy (XPS) data of amorphous zinc-indium-tin oxide

semiconductor thin film before and after 5 MeV proton irradiation (dose of 1013 cm?). Ols
spectra for ZITO thin film with ty, values of a) 4 nm, b) 5 nm, and c) 6.2 nm.
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Figure S8. (a) Dependence of photon energy on (ozv)? for ZITO thin films with different tq,g
on glass substrate, XPS spectrum measured near the valence band for ZITO thin films with
different t¢, of (b) 4 nm, (¢) 5 nm, and (d) 6.2 nm.
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Figure S9. Transfer curve of ZITO thin film transistors with different t.,s in linear region at
before proton (solid black lines), right after proton with electrical bias (solid red lines), 6 h after
proton (solid green lines): ZITO TFT with t.;, values of (a) 4 nm, (b) 5 nm, and (c) 6.2 nm.



