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Figure S1. The growh rate per cycle (GPC) of (a) In;0s, (b) Ga;0s, and (c) ZnO as a function of

substrate tem perature.
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Figure S2. Carrier density (Ne) and Hall mobility (z+an) of the ALD-derived base layer, boost layer and
bilayer 1GZO thin films at Ta = 500 °C on the glass substrate.

Table S1. Ne and unan of the ALD-derived base layer, boost layer and bilayer IGZO thin films at Ta =
500 °C on a glass substrate.

Material Ne [10/cm?] Lran [cm?/(V s)]
INo.52Ga029ZN0 190 (13 nm), Base layer 0.47+0.14 10+2
INg.82Ga0.08ZNo.100 (13 nm), Boost layer 12.81 + 3.49 73+5
1N .82Ga0.08ZN0.100 (3 NM)/INg.52Gap.20ZNn0.160 (10 nm), Bilayer 5.24 £ 0.91 52 +3
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Figure S3. Representative transfer characteristics of ALD-derived 1GZO bottom-gate structure TFT
with 10 different cation compositions; (a) Ino42Gao4sZno100, (b) INo.47Gan40Zne130, (C)
IN0.52Ga0.20ZN0.190, (d)  INo28Ga0.30ZN0.420, (&) INo32Gao21Zn0470, (f)  1np42GagsZno100, (Q)
IN0.42Ga0.15ZN0.430, (h) INo.54Gao.12ZN0 340, (i) INo.67Gao.10ZN0.220, and (j) INo.s2Gao.0sZNo.100. The devices
were fabricated on the SiO./Si substrate where the thermal SiO; and p*-Si substrate act as the gate
insulator and electrode, respectively.

Table S2. Summary of electrical parameters: uee, SS, Vi, and lonorr Of the ALD-derived 1GZO
bottom-gate structure TFTs with 10 different cation compositions.

Gate Catiqn_ ke s Vi lonore Corresponding
Channel | clator [Iﬁ%’gpgfl't;‘;&) | [omi(v] [Vided V] [x 107 I'nVF;“r;’;
42:48:10 10.6 0.37 158  ~54 @)
47:40:13 145 0.40 105  ~72 (b)
52:29:19 18.2 0.43 057  ~83 ©
28:30:42 13.7 0.34 135  -~68 (d)
32:21:47 29.8 0.42 092  ~133 ©
120 1%?5‘2”‘
38:18:44 38.5 0.52 024 ~177 ®
42:15:43 435 0.60 269  ~195 ©)
54:12:34 58.6 0.71 732 ~312 )
67:10:22 68.7 172 1168 ~38 Q)
82:8:10 79.4 263 1644  ~001 0
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Figure S4. Electrical characteristics of the ALD-derived high-k dielectric film with an Al,O3 (50 nm),
HfO, (50 nm) and Al,O3 (4 nm)/HfO, (50 nm) stack: (a) leakage current density (Jq), (b) breakdown
field (Ewr), and (c) frequency-dependent areal capacitance.

The leakage current density (Jg), critical breakdown field (Eyr) and dielectric constant («) of the MIM
capacitors with different ALD-derived high-x dielectric films were measured to evaluate their
suitability as a gate insulator for IGZO TFTs. The fabricated MIM capacitors were subjected to PDA at
400°C in a vacuum ambient. Figure S4a shows the variations of the leakage current density (Jq) as a
function of the applied electric field (E), which was thickness-normalized for better comparison. The
capacitor with an Al,Os film had a Jy value of 2.37 x 10° A/lcm? at 1 MV/cm. The Jg value slightly
increased to 5.55 x 10-° A/cm? for the capacitor with the HfO, film. This phenomenon can be attributed
to the existence of the grain boundary defects in HfO, as a leakage current path (Figure S10). Since the
IGZO/HfO; interface is known to be inferior to the IGZO/SiO, and IGZO/AI,O3, the 4-nm-thick Al,O3
film was inserted as the interface stabilizer. The capacitor with an Al,Os/HfO; dielectric stack film had
a Jg value of 3.59 x 10 A/cm?, which is an intermediate value between the Jy value of Al,Os and HfO;
film, indicating that the inserted Al,O3 thin film can suppress the leakage current. The Epr value, which
is defined as the electric field yielding a rapid increase up to the compliance limit, is also shown in
Figure S4b. The Epr value for the different ALD-derived high-x dielectric films shows the same trend
as the Jq value. Figure S4c shows the variations in the areal capacitance value as a function of applied
frequency for the MIM capacitors with different ALD-derived high-x dielectric films. The areal
capacitance values of the MIM capacitors with the Al.O3, HfO,, and Al.Os/HfO; dielectric stack films
were 175.1, 375.8, and 334.9 nF/cm? at 100 kHz, respectively. From these values, the k values were
calculated to be 9, 21, and 20, respectively. It is evident that the Al,Os/HfO; dielectric stack film with
the inserted 4-nm-thick Al,O3 thin layer had better Jg and Eyr values compared to the HfO, only

capacitor, whereas « values of 20 were obtained that are comparable to that of the HfO only capacitor.
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The Jg, Enr, and x values for different ALD-derived high-« dielectric films are summarized in Table
S3.

Table S3. Summary of electrical parameters: leakage current density (Jg), critical breakdown field (Esr),
areal capacitance (Cox), and x values of the ALD-derived high-« dielectric films.

. J Cox
. Thickness ¢ Ebr K
Material [Alcm?] [nF/cm?]
[nm] (@ 1 MVicm) [MV/cm] (@ 100 kHz) (@ 100 kHz)
Al,O3 50 2.37 x 10° 6.1 159.31 ~9
HfO, 50 5.55 x 107 51 375.80 ~21
54 9
AlLO3s/HTO; 3.59 x 10 5.3 334.91 ~20

(A|203 = 4, HfOz = 50)
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Figure S5. Representative transfer characteristics of the base layer 1GZO TFTs with different
thicknesses of HfO; as a gate insulator; (a) 60, (b) 70, (c) 80, and (d) 90 nm.

Table S4. Summary of electrical parameters: ure, SS, Vn, lonoer, and Ntmax Of the base layer 1IGZO
TFTs with different thickness of HfO, as a gate insulator.

Channel Gate Cox HFe SS VrH loniorr NTmax
Insulator. [nF/cm?] [cm?/(Vs)]  [V/dec] [Vl [x 1071 [cmBev]
6|_?ng 313 205+038 0.15+001 127+025 ~22  3.96x 10
7°f”m 269 1894045 017+002 138+031  ~15  3.97x 10
INg.52Gag 290ZN0.190 HTO,
Base layer
( yer) SF?ng 234  17.4+056 020+002 147+029  ~14  3.96x 10%
90 nm 18
O, 208 156+031 024+001 161+021  ~12  4.00x 10
50 50 50
——V, =0V (a) ——V, =0V (b) ———V, =0V (c)
40|~ Vo. =08V 40| Vo, =08V
I V,, =16V v, =16V
—_ ——V, =24V —_ _ —v—V,_ =24V
1 30 - v, =32V 'i '§_ 30 ¢ v, =32V
— e ot ——V_, =40V
- - = 20}
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Figure S6. Corresponding output characteristics of the base layer 1IGZO TFT with different gate
insulators of (a) HfO, (100 nm), (b) HfO, (50 nm), and (c) Al,O3 (50 nm).
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Figure S7. Representative transfer characteristics of the boost layer IGZO TFTs with different gate
insulators of (a) Al,Os3 (50 nm), (b) HfO, (50 nm), and (c) Al,Oz (4 nm)/ HfO, (50 nm).

Table S5. Summary of electrical parameters: ueg, SS, Vi, lonorr, and Nt max for the boost layer IGZO
TFTs with different gate insulators of (a) Al,O3 (50-nm), (b) HfO, (50-nm), and (c) Al,O3 (4-nm)/ HfO,

(50-nm).
Channel Gate Cox Ure SS VTH lonioFr NT max

Insulator  [nF/cm?] [cm?/(V s)] [V/dec] [Vl [x 1077 [cm3ev?]
50 nm 18

159 87.8+0.73 0.63+0.02 -4.36+0.22 ~17.8 8.08x 10
INo.82Gap 0sZNo0.100 50 nm ) - 18

(Boost layer) HfO, 376 92.3+£0.73 0.36+0.03 -558+0.28 35.0 10.9x 10
54 nm 335  957+0.66 0304002 -484+014 ~37.4 8.10x 10
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Figure S8. Corresponding output characteristics of the bilayer IGZO TFTs with different gate insulators
of (a) HfO, (50 nm) and (b) Al,O3 (4 nm)/ HfO, (50 nm).
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Figure S9. (a) Schematic diagram of the bottom gate structure bilayer IGZO TFT with gate insulator

of SiO; (100 nm) and (b) corresponding transfer characteristic. The device went through PDA at 500°C
for 1h in air ambient.

Table S6. Summary of electrical parameters: ure, SS, and Vrw, and lonore Of the bilayer 1IGZO TFT
with gate insulator of SiO, (100 nm) through PDA at 500°C for 1h in air ambient.

Channel Gate Cox Hre SS Vi lonvorr NT max
Insulator [nF/lcm?]  [cm?/(V s)] [V/dec] V] [x 1077 [cm@ev!]
INo.60Gan21ZN0.190 100 nm i _ 18
(Bilayer) SiO, 34.5 64.6+1.21 0.79+0.01 3.80£1.02 221 2.21x10
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Figure S10. Cross-sectional HRTEM images of (a) Al.Os/bilayer 1IGZO, (b) HfO/bilayer IGZO and
(c) HfO4/Al,Oz/bilayer IGZO. Fast Fourier transform (FFT) patterns of the selected area in IGZO film
are inserted in the given TEM images.
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Figure S11. Elemental distributions of the HfO2/Al.Os/bilayer IGZO stack by energy dispersive
spectroscopy (EDS) mapping.
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Figure S12. Representative transfer characteristics of the bilayer 1IGZO TFT with gate insulator of
Al;O3 (4 nm)/ HfO, (50 nm) stack varying PDA conditions; PDA at (a) 300°C, (b) 400°C for 1h in air,
and (c) 400°C for 1h in O, ambient.

Table S7. Summary of electrical parameters: ure, SS, Vrr, and lonorr, and Ntmax Of the bilayer 1GZO
TFTs with gate insulator of Al,O3 (4 nm)/HfO, (50 nm) with varying PDA conditions.

Channel Gate PDA HFE SS VTH loniorr NT max
Insulator  Condition [cm?/(V's)]  [V/dec] \Y| [x 10" [cm3ev?]
300°C 8351103 046+002 -2.64%067 ~266 12.4x 101
1hin air
INg.60Gap 21ZNng.190 54 nm 400°C i ~ 18
e ALOSHIO, 1h ey, S08086 030£002 -149:042 ~248 810x 10
400°C 61941925 020+001 -038+014 ~217 5.40x 10
1hin 02
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Figure S13. Representative transfer characteristics of the (a) base layer IGZO TFTs with the Al,O; (4
nm)/HfO; (50 nm) gate insulator and (b) bilayer IGZO TFTs with a Al,O3 (50 nm) gate insulator.

Table S8. Summary of electrical parameters: e, SS, Vi, lonoer, and Nt.max Of the base layer 1GZO
TFTs with the Al,O3 (4 nm)/HfO, (50 nm) and bilayer IGZO TFTs with Al,O3; (50 nm) gate insulator.

Gate Cox HFE SS V1 lonjorr N7 max

Channel Insulator  [nF/cm?] [cm?(V' s)] [V/decade] \Y% [x1077  [cm®ev]

INo.52Gao 20ZN0.100 54 nm

~ 18
(Base layer) ALO3/HFO, 335 245%058 0.10+0.01 1.52=+0.27 3.8 2.70 x 10

IN0.60G&0.21ZN0.190 50 nm

- 18
(Bilayer) ALOs 159 62.7+081 0.27+0.02 0.74+0.13 11.3  3.46x 10
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Figure S14. XPS depth profile of the base layer IGZO film with different high-« dielectric stacks and
O 1s spectra: (a) XPS depth profile of the HfOz/base layer IGZO stack. O 1s spectra taken from (b) P1,
(c) P2, and (d) P3 position for the HfOa/base layer 1GZO stack. (e) XPS depth profile of the
HfO2/Al;Oz/base layer 1GZO stack. O 1s spectra from (f) P1, (g) P2, and (h) P3 positions for the
HfO,/Al;Os/base layer 1IGZO stack.
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Figure S15. XPS depth profile of the boost layer IGZO film with different high-k dielectric stacks and
O 1s spectra: (a) XPS depth profile of the HfOz/boost layer IGZO stack. O 1s spectra taken from (b) P1,
(c) P2, and (d) P3 position for the HfO./boost layer 1GZO stack. (e) XPS depth profile of the
HfO2/Al,Oz/boost layer 1GZO stack. O 1s spectra from (f) P1, (g) P2, and (h) P3 position for the
HfO,/Al,Os/boost layer 1IGZO stack.
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Figure S16. Evolution of time-dependent transfer characteristics of ALD-derived IGZO TFTs with
various gate insulator; (a,d) base layer IGZO TFTs with (a) HfO; and (d) Al,Os/HfO;, (b,e) boost layer
IGZO TFTs with (b) HfO; and (¢) Al.O3/HfO,, (c,f) bilayer IGZO TFTs with (c) HfO, and (f)
Al;O3/HfO,. The stress conditions are Vs = Vi +10V at 60°C.
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Figure S17. Evolution of time-dependent transfer characteristics of ALD-derived IGZO TFTs with
various gate insulator; (a,d) base layer IGZO TFTs with (a) HfO, and (d) Al.Os/HfO, (b,e) boost layer
IGZO TFTs with (b) HfO, and (e) Al,Os/HfO,, (c,f) bilayer 1IGZO TFTs with (c¢) HfO; and (f)
Al,O3/HfO,. The stress conditions are Vs = Vrn-10V and a light intensity of 0.066mW/cm? (light source
with a wavelength of ~533 nm with full-width at half maximum of approximately £10 nm).
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Figure S18. (a) Schematic diagram of the bottom gate structure boost layer IGZO TFT with SiO; (100
nm) gate insulator and (b) corresponding transfer characteristics. (c,d) Evolution of time-dependent
transfer characteristics of bottom gate structure boost layer IGZO TFT with SiO, (100 nm) gate insulator
under (¢) PBTS and (b) NBIS conditions for 3,600 sec.

Table S9. Summary of electrical parameters: ueg, SS, and Vrn, and lonore Of the boost layer IGZO TFT
with SiO, (100 nm) gate insulator through PDA at 500°C for 1h in air ambient.

Gate Cox HFe SS V1H lonvorr NT max

Channel Insulator [nF/cm?] [em?/(V's)]  [V/dec] \Y [x 107  [cmev?]

INo.s2Gan.0sZNo.100 100 nm

- ~ 18
(Boost layer) Si0, 34.5 81.3+4.04 0.97+0.02 6.08 + 2.16 294 270x10
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Figure S19. Variations in the transfer characteristics for the bilayer 1IGZO TFT with gate insulator of
Al,O3 (4 nm)/HfO, (50 nm) stack under (a) PBTS and (b) NBIS conditions for 10,000 sec. (c)
Corresponding Vrw shift as a function of the stress time.
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h) SS, and (c, f, i) Vu for the base layer IGZO TFTs

203/HfO, gate insulator. These data were for 40 different

Figure S20. Distribution of (a, d, g) uee, (b, e,
with (a-c) Al.Os, (e-f) HfO,, and (g-i) Al

transistors.
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and (c, f, i) Vru for the boost layer IGZO TFTs

i) Al,O3/HfO, gate insulator. These data were for 40 different

Figure S21. Distribution of (a, d, 9) uee, (b, €, h) SS

with (a-c) Al,Os, (e-f) HfO,, and (g-

transistors.
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Figure S22. Distribution of (a, d, g) ure, (b, €, h) SS, and (c, f, i) Vrw for the bilayer 1IGZO TFTs with
(a-c) AlLO3, (e-f) HfO2, and (g-i) Al.Os/HfO; gate insulator. These data were for 40 different transistors.
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