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S1. Magnetic ground state calculation

By comparing the total energy of the three types of possible magnetic ground states of
NiWOy, in Figure S1, the antiferromagnetic (AFM)-ordered state exhibits the lowest
energy, i.e. the most stable ground state in NiWO,, a data consistent with our

magnetization measurements. (Fig. 2g) [S1]
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Figure S1. Total energy calculations based on various magnetic ground state for
NiWO,4. NM and AFM, and FM denote the paramagnetic, antiferromagnetic, and

ferromagnetic ground state, respectively.



S2. Quantum dot synthesis

In a typical synthesis of composition-gradient CdZnSeS core quantum dots (QDs) as a
green emission layer (EML),[S2] 0.14 mmol of Cd acetate, 3.41 mmol of Zn oxide, and
7 mL of oleic acid (OA) were loaded in a three-neck flask, and the mixture was heated to
150 °C with N, flowing. Then, 15 mL of 1-octadecene (ODE) was added into the reaction
flask, and the reactor was further heated to 320 °C. At the elevated temperature, an anionic
stock solution of 1.76 mmol of Se and 2.64 mmol of S dissolved in 1.85 mL of
trioctylphosphine (TOP) was swiftly injected into the above flask, and the reaction
proceeded at that temperature for about 20 min. Next, a S-ODE solution consisting of 1.6
mmol of S in 2.4 mL of ODE was introduced into the CdZnSeS QD growth solution and
the reaction was held at 310 °C for 8 min. Subsequently, a Zn stock solution, prepared by
dissolving 2.86 mmol of Zn acetate dihydrate in 4 mL of OA and 1 mL of ODE was
injected, and the reaction temperature was lowered to 275 °C. At last, a S-TOP solution
of 9.65 mmol of S dissolved in 5 mL of TOP was introduced in a dropwise fashion. This
reaction proceeded at 275 °C for 10 min. As-synthesized CdZnSeS@ZnS QDs were
precipitated by adding an excess of ethanol, repeatedly purified with a solvent
combination of hexane/ethanol (1/4 in volume ratio) by centrifugation, and finally re-
dispersed in toluene for characterization and device fabrication. When we measured the
photoluminescence (PL) spectrum of a diluted QD solution (2.25 mg/ml), the peak
wavelength, full width at half maximum (FWHM), and internal quantum efficiency were

519.54 nm, 18.98 nm, and 79.72%, respectively.



S3. The powder X-ray diffraction (PXRD) analysis
The PXRD patterns of Ni;_,Cu,WO, with various x were measured as shown in Fig. S2.
The results of Rietveld refinement are displayed and listed in Fig. S3 and Table SI,

respectively. From these results the crystal structure of Ni;_,Cu,WQ, is shown in Fig. la
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Figure S2. PXRD patterns of Ni;_,Cu, WO, with various Cu contents (x).
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Figure S3. Rietveld refinement results for Ni;_,Cu,WO, with various x.



Table S1. Detailed parameters obtained by Rietveld refinements for Ni;_,Cu,WO,.

Composition NiWO, : Nig.95Cug,0sWO4 : Nig.90Cug.10WO4 : Nig §5Cug.1sWO4 : Nio815Cug.185WO4 ! Nig.80Cup20WO4
Space group P12/cl
a(A) 4.603 : 4.604 : 4.605 : 4.606 : 4.608 : 4.608
b (A) 5.666 : 5.669 : 5.671 : 5.673 : 5.675 : 5.675
c(A) 4911 : 4.912 : 4.912 : 4913 : 4.914 : 4914
V (A3 128.104 : 128.205 : 128.285 : 128.348 : 128.497 : 128.509
Atomic coordination & Occupation
. (0.5, 0.658, 0.25) : (0.5, 0.659, 0.25) : (0.5, 0.659, 0.25) I (0.5 0.660, 0.25) : (0.5 0.657, 0.25) : (0.5, 0.659, 0.25)
N 1 i 0.936 i 0.899 i 0.857 i 0.813 i 0.805
: (0.5, 0.659 0.25) : (0.5, 0.659, 0.25) : (0.5, 0.660, 0.25) : (0.5, 0.657, 0.25) : (0.5, 0.659, 0.25)
c i 0.064 i 0.101 i 0.143 i 0.187 i 0.195
w (0,0.178, 0.25) : (0,0.178, 0.25) : (0,0.178, 0.25) : (0,0.179, 0.25) : (0, 0.180, 0.25) : (0, 0.180, 0.25)
o1 (0.218, 0.106, 0.918) : (0.202, 0.102, 0.910) : (0.206, 0.101, 0.915) : (0.187, 0.110, 0.903) : (0.203, 0.101, 0.913) : (0.202, 0.101, 0.915)
02 (0.267, 0.369, 0.397) : (0.267, 0.372, 0.397) : (0.260, 0.373, 0.399) : (0.260, 0.379, 0.403) : (0.267, 0.370, 0.397) : (0.262, 0.372, 0.400)
Ryp (%) 5.222 : 4.814 : 5.194 : 5.372 : 6.315 : 5.950




S4. Compositional analysis

The quantitative stoichiometry ratio of Ni and Cu in Ni;,Cu,WO, were measured by
inductively coupled plasma mass spectroscopy (ICP-MS). From the atomic composition
as listed in Table S2, it can be concluded that the measured stoichiometry is almost
identical to those from Rietveld refinement analysis with a negligible deviation as

displayed in Fig. lc.

Table S2. The atomic composition for Ni;_,Cu,WO, determined by ICP-MS.

Nominal Ni Cu
NiWO, 0.959 0.000
Nig.95Cug 05 WO, 0.962 0.050
Nig.90Cug 10WO4 0.875 0.096
Nip.g5Cug 15 WO, 0.855 0.149
Nig.g15Cug.15s WOy 0.821 0.184
Nig.g0Cug20WO4 0.803 0.200




SS. Raman spectra analysis
Full-ranged Raman spectra of Ni;_,Cu,WO,, corresponding to Fig. 1d, are displayed in
Fig. S4. All the peaks were well assigned as the characteristic vibrational modes for

monoclinic NiWO, regardless of x. [S3]
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Figure S4. Raman spectra of Ni;.,Cu,WO, with various x obtained from 300 to

1200 cm'! wavenumber region.



S6. SEM-EDS element mapping for Ni;.,Cu, WO, samples
Figure S5 shows scanning electron microscopy (SEM) — energy dispersive X-ray
spectroscopy (EDS) mapping results. From the results, it can be observed that uniform

distributions for all elements (Ni, W, O, and Cu) in the synthesized Ni,.,Cu, WO, samples
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Figure S5. SEM-EDS mapping results for the synthesized Ni, ,Cu,WO, samples. (x =0,

0.05, 0.10, 0.15, 0.165, 0.185, and 0.20)



S7. Optical absorption spectra of Ni;_,Cu, WO, samples

Figure S6 displays the absorption spectra obtained from the ellipsometry measurements
for Ni;,Cu,WO, samples with different x values. To estimate the indirect and direct
absorption edges, the absorption coefficients (a’s) are converted into ()% and (ah v)?,

respectively, where 4 v is the incident photon energy.
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Figure S6. Optical absorption spectra of Ni;_,Cu, WO, samples with (a) x = 0.00, (b) x =
0.05, (¢) x=0.10, (d) x = 0.15, (e) x = 0.185, and (f) x = 0.20. All the resultant band gap

values are plotted in Fig. 2h in the main manuscript.
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S8. Schematic band diagrams of Ni; ,Cu, WO,
The schematic band diagrams of Ni;.,Cu,WO, with x = 0.15, 0.185, and 0.20 (the
energetic levels measured by UV-vis and UPS) are provided in Figure S7. As shown from

Figure S7, the optical band gap as well as the work function level vary minimally with x.

Vacuum level

@:5.84 eV 577 eV 5.56 eV
Conduction band
Indirect band gap 28 eV 27¢eV
2.9eV
Valence band %-i-mnnv- = Lfeeeeee T

Figure S7. The band energetics of Ni; ,Cu,WO, with (a) x = 0.15, (b) x = 0.185, and (c)
x = 0.20, determined by UV-vis and UPS results.
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S9. Valence band spectra for Ni;_,Cu, WO, samples

Figure S8 displays valence band spectra for Ni;.,Cu, WO, samples with x = 0.15, 0.185,
and 0.20. Regadless of x, all spectra show similar qualitative features of storongly
correlated oxides whose d bands are partially occupied with a high number of electrons

(such as d’, 48, and d) as observed from Co3;04, CoO, NiO, and CuO. [S4]

Norm. Intensity (a.u.)

10 5
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Figure S8. Valence band spectra of the Ni;_,Cu,WO, samples with respect to the
binding energy (B.E.) for x =0.15, 0.185, and 0.2.
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S10. Performance and properties comparison of NiggsCug3sWO, with other
representative p-TCOs

Table S3. Comparison of performance and physical properties of Nig g;5Cug 155 WO,4 and
other representative p-TCOs. We note that our Nig g;5Cug 155 WO, are sintered
polycrystalline bulk samples while the others materials were optimized thin films with

relatively high crystallinity.

Material Hi P B @
(cm?/Vs) (cm) (eV) (eV)
0.74 1.11 x 105 2.8
Ni 1 <l WO, (300 K) (300 K) (indirect) <
' ) 6.98 2.62 x 1012 3.8
(200 K) (200 K) (direct)
CuOf33] 6 1.00 x 1013 1.4 4.7 — 5.5186]
Cu,0187] 60 1.00 x 1015 2.0 5.00(56]
SnOI58] 3.9 5.60 x 1015 2.7 5.2189]
Li:NiQI810] 0.025 6.12 x 102! 3.65 4.85
CuAlO,81 10.4 1.30 x 1017 3.5 5.25812]
LaCuOSI813] 0.2 2.00 x 10" 3.1 4.8
ZnCo,0,4514 0.2 1.37 x 10%0 2.63 4.52(813]
ZnRh, 0,816 0.09 1.40 x 1020 2 4.2

13



S11. Comparison of various Uy; and Ug,
Figures S9 and S10 show the evolution of the band structure and partial density of states
(PDOS) for NiWO, and Cu,Ni; WO, with various Uy; and Ug,, respectively. One can

observe the splitting of the d-d gap with increasing not only Uy; but also Uc,

demonstrating the strongly correlated nature of NiWO, and Ni;.,Cu,WOj,.
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Figure S10. (a) Band structure and (b) PDOS plots for Ni;_,Cu, WO, with various Uc,.
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S12. Possible origins for the encouraged polarities in Ni;_,Cu,WO,4 samples

As a reason for the increase in dielectric constant, we suspect that the increased distance
especially in Ni-O bonding with increasing Cu contents (x) (see Figure S11 below) is
responsible for the magnitude of electric dipole moment. From the definition of p = gd
(where, p is the electric dipole moment, g is charge amount for each dipole element, and
d is the distance between dipole elements), p is proportional to d that should be bonding
length between Ni and O. From the fact that the less valent Cu!*/Cu?* than Ni?*/Ni*
substitution could induce the increment on Ni** state rather than Ni?* one, ¢ could also
increase as Cu-substitution as depicted in the charge density plot. (Fig. 31 and 3j) In
addition, it could consider a large defect complex-dipole cluster formation as observed
from the colossal permittivity materials as another origin candidate for our Ni;_,Cu,WQy,,

[S17] but it should be supported by in-depth defect analysis as a further study.
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Figure S11. Bonding distance plots for each metals-oxides as a function of

Cu contents (x).

15



S13. Detailed description on the enhanced polaronic conduction mechanism

The carrier transport in a transition metal oxide is typically governed by polaronic
hopping conduction behavior (that means carrier hopping between the localized potential
well, self-generated by displacing the surrounding ions) originating from the narrow d-
band based valence band maximum. [S18, S19] In this model, the range of action of the
electron-phonon interaction is a critical parameter to determine the hole hopping
efficiency related to the hole carrier mobility. Figure S12 shows the representation and
properties of “small” and “large” polarons. [S19] As illustrated in Fig. S12, the range
(radius) of polaron increases as the degree of electron-phonon interaction decreases,
which is representable in terms of the dimensionless electron-phonon interaction ¢,
decreases, resulting in the promoted carrier mobility with band-like temperature

dependency. (distinct from the thermally activated behavior as shown from Fig. 2e in the

1 1\ |m
a=e?|—-—| |z

. . .. Wy .
main manuscript) From the definition of o €0 0, it suppresses as the
dielectric constant, ¢that represents the ionic polarizability, increases, thus the promoting

ionic polarizability plays a critical role in the hole mobility enhancement.

Small ‘Holstein’ polarons Large ‘Frohlich’ polarons

keq k

kT k Tk

H= Xalcici+hw Za’u +—_Xc g la +al) H= Xfcc +hw, }:cla +2Vq)c' Gild +al)

2
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* Polaron radius = lattice parameter * Polaron radius >> lattice parameter
* Narrow mid-gap electronic state (=1eV below E, n * Shallow electronic state (=10eV below E)
«Incoherent motion (phonon assisted)  _ _ _ _ _ _ * Coherent motion_ _ _ _ _ _ _ _ _ =
I-Thermally activated hopping mobility < 1cm?V-'s ‘I « Free carrier mobility >1em’V-is?
* Mobility increasing with temperature * Mobility decreasing with temperamre |

Figure S12. Comparison between “small” and “large polaron. [Reproduced from Ref.
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S19] The parameters relating carrier mobility are highlighted by red-dashed lines.

S14. Electrical properties for Nijg;5Cuy.13sWO, thin films

Figure S13 shows the electrical properties measured by the transmission line model
(TLM) method for sputtered Nigg;5Cug3sWO, thin films with a 30 nm and 100 nm
thickness deposited under Ar only and Ar/O, mixture working pressure condition,
respectively. As shown in Figure S13, the 30 nm-thick film deposited under Ar only
condition exhibits much lower channel resistivity (o.,) compared to that of the 100 nm-
thick film deposited under Ar/O, mixture gas ambient. Note that the sputtering deposition
rate of the two films is quite different, being 8.3 and 1.4 nm/min for the Ar (30 nm) and
Ar/O, (100 nm) films, respectively. Since it is well known that a cation vacancy is a
shallow and efficient acceptor, while an oxygen interstitial is a deep and inefficient one
for hole carrier doping, [Refs. S20-S22] the more conductive 30 nm-thick
Nigg15Cug15sWO, film deposited in Ar only condition may exhibit a more non-
stoichiometric nature containing high cation vacancy concentration as also inferred from
the inferior visible transmittance. Because deep and relatively inactive oxygen interstitial
is favoured to be formed under a high oxygen partial pressure condition, Ar/O, mixed
ambient with a lower deposition rate could induce a more stoichiometric balance nature
containing higher oxygen interstitial concentration, resulting in higher resistivity as well
as higher transmittance. (refer to Fig. 4b) In addition, from the fact that the definite Hall
signal did not detected from the thin film samples, their amorphous nature influces on the
decrement of gy mainly owing to the more structural disorders compared to the

polycrystalline bulk samples. [S18, S23]

17



1.6x10’

1 45107 ra Ar (30 nm) o
1.2x107
3 1.0x10" | '
5 8.0x10°
o e
6.0x10 R
40x10°F  ° e = 93.2 Q-cm
. R, =3.23 x 108 Q
UX »
2.0x10"” b Ar/O, (100 nm)
1.8x10" |
—~ 1.6x10" | -
3 1.4x10"°
Q: L
1.2x10" +
1.0x10"° \. Ooh = 2.88 x 108 QQ-cm
5 ox10” | 2R, R.=5.2x1012Q
UX B
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

L (cm)
Figure S13. Measured p., values by TLM method for (a) 30 nm- and (b) 100 nm-thick
thin films deposited under different working gas pressure condition. R, denotes contact

resistance between thin film and Au electrode.
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S15. QD-LED device structure and energy band diagram

Figure Sl14a shows the schematic of the QD-LED device structure adopting
Nigg15Cug15sWO, as the hole transporting layer (HTL). The high-resolution cross-
sectional transmission electron microscopy (HR-TEM) image is also shown to visualize
the device layer order as well as each film thickness. Figure S14b depicts the energy band
digram alignment of the QD-LED containing the Nigg;5Cug13sWO, HTL under an

assumption of invariant work function in amorphous thin film surface as other TCOs did.

[S24, S25]
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Figure S14. (a) Schematic device structure of our QD-LED and corresponding cross-
sectional HR-TEM image. (b) Energy band diagram picture for all layers composing the
QD-LED device.
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S16. Device performances of QD-LED adopting various inorganic HTLs.

Table S4. The maximum luminescence and current efficiency performances of our QD-

LED and other reported in the literature adopting diverse inorganic HTLs under similar

stacking structure using CdSe-based QD as the emission layer.

Luminescence Current efficiency .
Device structure
(cd/m?) (cd/A)
I LA
.
This work 16258 8.67 I .. Ct..O,
L
N 7O
A
I 2
Yang et al.1526] 5200 3.4 | | NiO
B
B 7O
I A
I o0
Jiang et al.15%7] 27000 4.5 3333 S ©
Zhang et al.[5?8] 2285 1.18
Caruge et al.!S* 1950 0.064 0502638805950
\—‘ NiO
R 7O
I A
B ©
Ji et al 1330] ~6000 3.8 1117
‘ NiC
— )
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S17. Device performances of oxide-based p/n junction diodes.

Table S5. Performance comparison of our p-Nig g;5Cug 155 WO4/n-1GZO diode and other

oxide-based p/n junction devices.

Materials on/off Ideality Operating
Von (V) :
» n ratio factor voltage (V)
a-Niy g;5Cug 135 WO, a-IGZO 2.6 5.6 x 10* 3.14 +3
CuO ZnOI$31 0.66 450 - +1.25
Cu,0 IGZOMs32 0.44 3.4 x 10 1.4 +1.2
SnO ZnOI8331 3 12 11.2 +4.5
SnO SnO,534 3.27 103 3.27 +3
SrCu,0, ZnOI833] 03-0.6 80 1.62 +1.5
Ca:CuYO, Al:ZnO153¢] 04-0.8 190 - +3
CuAlO, ZnOI837] 0.5 90 - +1.5
LaCuOSe a-IGZOrs38! 6 10 - +8
a-ZnRh,0, a-1GZO8¥) 2.1 103 2.3 +5
a-ZnCo,0, a-IGZOI540] 2.5 102 - +7
ZnCo,0, Mg:In,05541] - 103 2 +1

22



S18. Energy band diagram picture for p-Nij g;5Cug 15sWO4/n-1GZO diode

Figure S15 depicts the the energy band digram alignment of our oxide p/n junction diode
containing p-Nig g15Cuy.13s WO, and n-IGZO layers. The relatively large built-in potential
value of 0.9 V is formed under an assumption of invariant work function in amorphous

thin film surface as other TCOs did, [S24, S25] resulting in highly rectifying I — V'

behabiour.
a Before contact b After contact
n-IGZ0 p-Ni_ . Cu_ . WO n-IGZ0 p-Ni . Cu_ .. WO4
qV,, = 0.90 eV
Ev """""""""" o S EVac 8 T
@=450eV @=577eV p=45eV @=577eV
E.,=297eV
/ = E:
1.23 eV E =297eV T
I P — E 1.23eV E =280eV
E pe sl 70.30 eV E =28eV E - e
E. = g = e e o —— E=E
E =370 eV e By E =370eV
g = g~ 213eV
v 213 eV v

Figure S15. Equilibrium energy band diagram picture for our p-Nigg15Cug 155 WO,/n-
IGZO diode. The conduction band minimum (£.) and Fermi level (Ef) of n-IGZO are
from Ref. S42.
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