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19 Abstract

20 The organic hole injection layer (HIL) PEDOT:PSS used in QLEDs has issues with bottom 

21 electrode corrosion and charge imbalance with electrons. To address these issues, we 

22 developed a solid-solution inorganic hole injection layer by alloying the phosphomolybdic acid 

23 (PMA), which has high charge mobility, and phosphotungstic acid (PWA), which has high 

24 stability. By varying the W-Mo ratio, we could adjust the energy band alignment of the hole 

25 injection layer. As a result, the efficiency of the device was improved by preventing hole 

26 accumulation caused by the large energy barrier at the interfaces in the HIL when holes are 

27 injected from the ITO electrode. By adjusting the Mo ratio in PWA-PMA, the conductivity of 

28 the hole injection layer can be easily tuned. The enhanced hole mobility resolved the charge 

29 imbalance issue, leading to higher device efficiency and a reduction in turn-on voltage. This 

30 work enables the use of PWA-PMA as a hole-injection layer in QLEDs for the first time.

31
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32 1. Introduction

33 Quantum dot light-emitting diodes (QLEDs) utilizing colloidal quantum dots (QDs) have 

34 emerged as front-runners in future display technology. QLEDs exhibit various advantageous 

35 features such as diverse color selection, superior efficiency, low power consumption, cost-

36 effectiveness, and compatibility with large flexible substrates.1–4 The QLED technology has 

37 seen significant advancements, demonstrating high luminous efficiency and external quantum 

38 efficiencies (EQEs) exceeding 20%, rivaling those of OLEDs.5,6 In recent years, the 

39 performance of QLED devices has markedly improved alongside the development of QLED 

40 components. However, the acidity of the organic hole injection layer, predominantly utilizing 

41 PEDOT:PSS, in typical QLEDs leads to degradation of the underlying electrode layer ITO, 

42 compromising long-term operational stability. Additionally, the slower mobility of organic 

43 hole transport materials compared to inorganic electron transport materials can result in charge 

44 imbalance issues. To address these stability and charge imbalance concerns, various inorganic 

45 materials such as MoO3, NiOx, V2O5, and VO2 have been introduced.7–10 Inorganic materials 

46 have inherent valence band maximum (VBM) and conduction band minimum (CBM). 

47 Therefore, there are limitations in tuning the energy band alignment of HIL when used with 

48 various types of hole transport layers.

49 Recently, typical metal oxide clusters with a size of 1 nanometer, known as 

50 polyoxometalates (POM), have been utilized as charge transport materials in various 

51 optoelectronic devices due to their excellent solubility, well-defined morphology, high 

52 transparency in the visible spectrum, and highly tunable structural characteristics.11 Particularly, 

53 phosphomolybdic acid (H3PMo12O40, PMA), which contains MoO3, is a typical POM with a 

54 Keggin structure and is sensitive to electron transfer. PMA has been investigated as an effective 

55 hole transport material in solar cells, QLEDs, and OLEDs owing to its excellent electron-
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56 accepting capability and low operating function.12 In addition, phosphotungstic acid (H3PW-

57 12O40, PWA) shares the same crystal structure and possesses high chemical and thermal 

58 stability, making it a versatile charge transport material in various optoelectronic devices.13–15 

59 However, PWA alone exhibits significant band offset and relatively lower charge mobility 

60 compared to PMA for charge injection. To address this limitation, Fan Cao et al. doped Cl, Cu, 

61 and other elements into PWA as a charge injection layer to adjust the energy level alignment 

62 and enhance charge mobility, thereby improving hole mobility and ultimately achieving higher 

63 efficiency QLEDs.15,16 

64 In this study, we developed a hole injection layer (HIL) for QLEDs with high charge 

65 mobility and stability by solid-solution of PMA, known for its high charge mobility, and PWA, 

66 known for its high stability. We used the sol-gel method to fabricate PWA-PMA solid-solution 

67 thin films. Additionally, PWA-PMA thin films, as a HIL with various energy band alignments, 

68 were applied to QLEDs. In-depth crystallographic analysis was conducted to examine the phase 

69 transition regions of PWA-PMA, and computational science was employed to verify the 

70 electrical properties. Moreover, electron leakage current was prevented, and charge balance 

71 was improved by increasing conductivity and carrier mobility due to the use of the solid-

72 solution. As a result, a decrease in the turn-on voltage was observed, and high EQE was 

73 achieved through effective hole injection. The enhanced conductivity of the PWA-PMA thin 

74 films successfully alleviated the interfacial resistance of the device, promoting efficient hole 

75 injection. Additionally, the improved hole mobility addressed charge imbalance, resulting in 

76 increased device efficiency. The turn-on voltage of the QLED decreased, and a high EQE was 

77 achieved through effective hole injection.

78
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79 2. Results and discussion

80 The synthesized PW12O40-PMo12O40 (PWA-PMA) thin film was prepared through annealing 

81 at 250℃ under ambient conditions. Fig. 1a shows the XRD patterns of the PW12-12xMo12xO40 

82 series (PWA: PW12O40, W09: PW10.8Mo1.2O40, W07: PW8.4Mo3.6O40, W05: PW6Mo6O40, W03: 

83 PW3.6Mo8.4O40, W01: PW1.2Mo10.8O40, PMA: PMo12O40). PWA (Fd3m) and PMA (Pn3m) 

84 exhibit a Keggin structure, where a tetrahedron composed of central P atoms is linked to 12 

85 neighboring octahedral MoO6 or WO6 units via oxygen atoms, confined within a cage. In the 

86 octahedra formed by W and O, the bond length of W-O bonds is 1.72 Å, while in the tetrahedra 

87 composed of P and O, the W-O bond length connected to O is 2.51 Å. On the other hand, in 

88 the octahedra formed by Mo and O, the bond length of Mo-O bonds is 1.70 Å, and the P-O 

89 bond length connected to O is 2.50 Å. In Fig. 1b, it is evident that both materials have the same 

90 Keggin structure and chemical formula. The distances between W-O and Mo-O in each 

91 octahedron are nearly identical, and the P-O bond length in the tetrahedra is consistent, 

92 facilitating solid-solution formation. As the Mo substitution concentration increases in PWA, 

93 maintaining the Fd3m structure up to W05, a structural transition to Pn3m occurs from W03 

94 onward during the progression of the solid-solution (Fig. S2). Specifically, up to 

95 PW4.2Mo7.8O40, the Fd3m structure is retained, but starting from W03 (PW3.6Mo8.4O40), a phase 

96 transition to the Pn3m structure is observed. 

97 Furthermore, the mixing behavior of PWA-PMA solid-solutions was theoretically 

98 investigated using density functional theory (DFT) at various temperatures. As shown in Fig. 

99 1c, the Gibbs free energies of mixing were calculated as a function of W concentration. It was 

100 found that the PWA phase can be stabilized from W03 at the synthesis temperature (250°C), 

101 as well as at room temperature (25°C) and the maximum operating device temperature (80°C). 

102 Through this, it was confirmed that experimental and theoretical results precisely matched. The 
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103 similar ionic radii of Mo6+ (0.59 Å) and W6+ (0.60 Å) result in minimal changes in the lattice 

104 parameters of the crystal structure with increasing Mo substitution concentration. Therefore, 

105 observing specific peak changes in XRD becomes challenging, making it difficult to precisely 

106 confirm the substitution of Mo.

107 To assess whether an effective substitution of Mo occurred to address this issue, FTIR 

108 analysis was conducted (Fig. 1d). The FTIR spectra of the PWA-PMA solid-solution were 

109 observed in the wavelength range of 1100-700 cm-1. PWA exhibited stretching modes of 

110 vibration at 1080, 954, and 880 cm-1, corresponding to P-O, W=O, and W-O-W, respectively. 

111 Conversely, PMA displayed stretching modes of vibration at 1064, 965, and 868 cm-1, 

112 corresponding to P-O, Mo=O, and Mo-O-M, respectively. A shoulder peak in the P-O band 

113 began to emerge at W09 in PMA, and as the Mo substitution ratio increased, a gradual shift in 

114 the peak was observed. Additionally, peak shifts were observed at 860-880 cm-1, corresponding 

115 to bonding with corner oxygen, with pronounced changes in peaks, particularly at W03 where 

116 phase transition occurs. These observations collectively suggest the occurrence of a complete 

117 solid-solution between PWA and PMA.

118 To investigate the subtle differences in structural disorder caused by the crystal 

119 structure, we calculated the Urbach energy (Fig. S3). Urbach energy is a dimension of energy 

120 used to measure the energetic disorder at the band edge of a semiconductor. This is obtained 

121 by fitting the absorption coefficient to an exponential function. Urbach energy, being 

122 influenced by the disorder in the crystal structure, is depicted as a function of Mo substitution 

123 concentration. From W05 to PWA, it can be observed that as the Mo substitution concentration 

124 increases, the Urbach energy also increases, indicating an increase in structural disorder. 

125 Conversely, from W03 to PMA, the Urbach energy decreases, suggesting a decrease in 

126 structural disorder as PMA is approached. It is anticipated that as the Urbach energy decreases, 
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127 the extent of electronic disorder decreases, resulting in a reduction in carrier trap states.

128

129 Fig. 1 (a) X-ray diffraction (XRD) patterns and (c) Gibbs free energy of mixing for PW12O40 

130 (PWA)−PW12O40 (PMA) solid-solution series. (b) Crystal structure of PWA and PMA, where 

131 blue, red, green, and grey spheres represent the tungsten, molybdenum, phosphine, and oxygen 

132 atoms, respectively. Distinct crystallographic sites of W and Mo with sixfold coordination and 

133 P with fourfold coordination. (d) Fourier transform infrared (FTIR) of PW12O40 

134 (PWA)−PW12O40 (PMA) solid-solution series. 

135 To elucidate the effect of Mo mixing, the electronic and surface properties of PWA-

136 PMA alloys were investigated. The electronic properties of solid-solutions were analyzed 

137 through density of states (DOS), as shown in Fig. 2a. It is well reported from previous 

138 calculations that the band gap of PW12O40 (PWA) is ~ 2.8 eV, while that of PMo12O40 (PMA) 

139 is ~ 2 eV and this qualitative trend is consistent with our calculated results.17,18 Furthermore, 

140 following Vegard’s law, the bandgap of heterostructural alloys is a function of the composition 

141 of their end-members.19,20 Consequently, it is expected that the overall bandgap will decrease 

142 as the composition of PMA, which has a relatively smaller bandgap, increases. Indeed, our 
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143 calculations confirm this, demonstrating that the band gap decreases as the Mo composition 

144 increases (i.e., a reduction of W composition, Fig. 2a).

145 In Fig. 2b, the surface morphology of PWA and PMA films was examined using 

146 Scanning Electron Microscopy (SEM). This analysis offers insights into the morphological 

147 changes induced by molybdenum substitution in PWA. The PWA thin film displays a smooth 

148 surface with minimal crystalline features but with visible cracks. These cracks function as 

149 pinholes, adversely affecting the current leakage of the device. In contrast, the W09 film 

150 exhibits finer crystalline structures. This observation indicates that even a minor substitution 

151 of molybdenum can lead to significant differences in the thin film's surface. As the 

152 molybdenum content increases, the number of cracks decreases, and the film becomes more 

153 crystalline. Conversely, the PMA film shows no cracks and demonstrates the most uniform 

154 surface. To assess the surface roughness of each film, AFM analysis was performed, as shown 

155 in Fig. 2c. The PWA film had a surface roughness of 2.34 nm, while the W09 film exhibited a 

156 slight reduction to 2.20 nm. This reduction suggests that even a small amount of molybdenum 

157 substitution can result in a smoother film. The surface roughness decreases with increasing 

158 molybdenum content, suggesting the potential for producing more uniform films.
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159

160 Fig. 2 (a) The atomic structure of PWA-PMA solid-solution, and the density of states as a 

161 function of W. (b) SEM images and (c) AFM images of PWA-PMA solid-solution films. 

162

163 Fig. 3a shows the schematic of a QLED structure composed of ITO/PWA-

164 PMA/TFB/InP QDs/ZMO/Al, with PWA-PMA as the charge injection layer. Fig. 3b shows 

165 the cross-sectional transmission electron microscopy (TEM) image of a 45 nm-thick QLED 

166 integrated with PWA-PMA, with individual layer thicknesses also indicated. Clear boundaries 

167 between TFB and PWA-PMA are observed in the energy-dispersive spectroscopy (EDS) 

168 compositional mapping image (Fig. S4). Upon analyzing the absorption spectra of the PWA-

169 PMA series depicted in Fig. S5, the predominant absorption occurs within the 250 to 400 nm 

170 range. With increasing Mo content, absorption is observed in a broad range starting from 600 

171 nm, attributed to oxygen vacancies resulting from the reduction of Mo6+.21 Upon observation 
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172 of the thin film and solution images of the PWA-PMA series in Fig. S6, it is noted that as the 

173 Mo content increases, the color of the solution shifts towards yellowish and the color of the 

174 thin film darkens. Consequently, analysis of the optical band gap of the PWA-PMA series using 

175 the Tauc plot indicates a sequential decrease in band gap as the Mo content increases (Fig. 3c). 

176 Nonetheless, despite these findings, examination of the thin film's transmittance reveals a high 

177 transmittance ranging from 89% to 98% at the luminescence maximum of Red InP QD, 

178 approximately 630 nm (Fig. S7). The electronic structures of PWA-PMA films were analyzed 

179 utilizing ultraviolet photoelectron spectroscopy (UPS). Fig. 3d displays the UPS spectra 

180 depicting both the secondary-electron cut-off region and the valence band edge region for the 

181 PWA-PMA films. Considering the Tauc plot and UPS data, the overall energy band alignment 

182 was illustrated in Fig. 3e. In PWA-W05 films with the same crystal structure, a trend was 

183 observed where the difference between EF-EVBM,HIL values decreased as the proportion of Mo 

184 increased. A similar phenomenon was also observed in W03-PMA films. Particularly, when 

185 holes were injected into the device, difficulty in hole injection arose due to the large energy 

186 barrier difference in PWA, leading to hole accumulation. However, in W07 films, it can be 

187 inferred that the reduction in energy barrier difference facilitates sequential hole injection into 

188 TFB.
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189

190 Fig. 3 (a) Illustration of QLED structure and (b) cross-sectional TEM images of the QLED 

191 using PWA-PMA solid-solution films as HIL. (c) Plots of (αhυ)2 for the optical bandgap and 

192 (d) UPS spectra of valence-band edge region and secondary electron cut-off region for PWA-

193 PMA solid-solution films. (e) Energy level alignment diagram for PWA-PMA solid-solution 

194 films/TFB.

195

196 In Fig. 4a, a slight red shift between the photoluminescence (PL) and 

197 electroluminescence (EL) spectra is observed, which is attributed to the Stark effect occurring 

198 when an external electric field is applied to densely packed quantum dots. In Fig. 4b, the 

199 conductivity of ITO and PWA-PMA thin films was examined by observing the I-V 

200 characteristics of PWA-PMA between ITO and Al. Conductivity can be calculated by 

201 multiplying the thickness of the PWA-PMA (20 nm) with the slope obtained from the J-V 

202 graph (Fig. S8). As a result, PWA showed the lowest conductivity at 4.59 ×  10-5 S cm-1, and 

203 as the ratio of Mo increased, the conductivity increased, reaching the highest value of 8.23 ×  

204 10-5 S cm-1 in PMA. Notably, there was a significant increase in conductivity between W05 

205 and W07. To understand this, we calculated the effective mass of holes in the Pn3m structure 
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206 of PWA and the Fd3m structure of PMA using computational science. The effective mass of 

207 holes in PWA was 10.07, while in the Fd3m structure of PMA, it was 7.93. This indicates that 

208 as the ratio of Mo increases, the conductivity, which is inversely proportional to the effective 

209 mass, also increases. Specifically, there is a significant increase in conductivity at the phase 

210 transition point around W03. In Fig. 4c, a hole-only device (HOD) was fabricated, and the hole 

211 mobility was calculated using the space-charge limited current (SCLC) equation, with results 

212 summarized in Table 1. As the Mo content increased in PWA, which initially had low mobility, 

213 there was a gradual increase in mobility, reaching the highest in PMA. This suggests that 

214 substituting Mo in the stable PWA enhances hole mobility, improving charge balance with 

215 electrons and potentially increasing device efficiency.

216 The impact of using PWA-PMA as a hole injection layer on QLED performance was 

217 investigated. Additionally, the performance of the QLED is summarized in Table 2. Fig. 4d 

218 illustrates the current density-voltage characteristics of PWA-PMA QLEDs. At low voltages, 

219 PWA and PMA exhibit high current densities, while W09-W01 show significantly lower 

220 current density values by three orders of magnitude. This suggests electron leakage occurring 

221 in the pre-turn-on low-voltage region (<3V) for PWA and PMA. However, in the W09-W01 

222 region, effective prevention of electron leakage is observed. In the post-turn-on high-voltage 

223 region, where current density is higher or comparable, it indicates more effective electron 

224 injection. Particularly, in W07, the lowest current density is observed before the turn-on voltage, 

225 while the highest current density is observed after turn-on, indicating its most effective 

226 operation. In Fig. 4e, it can be observed that efficiency roll-off occurs as the current density 

227 increases. This phenomenon is particularly pronounced in PWA and PMA. Efficiency roll-off 

228 is caused by electric field-induced photoluminescence quenching.22 At high currents, it occurs 

229 as QDs become charged due to excess electrons, indicating a stronger charge imbalance in 

230 PWA and PMA. In contrast, devices using solid-solutions exhibit less efficiency roll-off, 
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231 suggesting improved charge balance. Notably, W07 shows the highest EQE value. In Fig. 4f, 

232 it was observed that the PMA with the highest carrier mobility and conductivity exhibited the 

233 lowest turn-on voltage. However, despite being composed entirely of Mo, PMA does not yield 

234 the most favorable EQE roll-off, which can be attributed to its limited carrier concentration. 

235 The hole injection rate is attributed to both the charge carrier mobility and carrier concentration 

236 of the charge transport layers (CTLs).23 In our solid-solution system, these should be more 

237 precisely considered to achieve not only charge balance but also high EQE. In this perspective, 

238 a careful optimization of the trade-off between mobility and carrier concentration is essential 

239 to simultaneously achieve a good efficiency roll-off and high EQE in our system. Furthermore, 

240 we fabricated electron-only devices (EODs) to compare the current density gap with hole-only 

241 devices (HODs), as shown in Fig. S9. The optimized W07 composition exhibits a substantially 

242 smaller current density gap compared to pristine PWA, indicating improved charge balance. 

243 Interestingly, only PMA and W05–W07 exhibit notably low turn-on voltages, likely due to 

244 high mobility in PMA and enhanced charge balance in the W05–W07 region in Fig. 4f.

245 Although W05 offers one of the favorable energy level alignments with TFB, increased 

246 structural disorder may lead to higher electrical resistivity, compromising device efficiency. 

247 This is supported by the XRD patterns in Fig. 1(a), as well as the Urbach energy values shown 

248 in Fig. S3. Notably, W05 is the first composition in the series where both PWA and PMA 

249 diffraction features simultaneously appear, and it also exhibits high Urbach energies among the 

250 series, indicating increased disorder. These structural characteristics appear to impact charge 

251 transport properties.

252 Furthermore, we evaluated the operational stability of QLED devices with identical 

253 structure but different hole injection layers, as shown in Fig. S10. The device incorporating 

254 PMA exhibited relatively poor stability under ambient conditions, with a T50 (time to 50% of 
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255 the initial luminance at 900 cd/m2) of only about 11 hours. In contrast, the PWA-based device 

256 demonstrated a significantly improved T50 of approximately 38.68 hours, reflecting the higher 

257 intrinsic material stability of PWA. Remarkably, the device based on W07 not only 

258 demonstrated superior operational stability compared to PWA (T50 = 39.69 hours), but also 

259 delivered significantly enhanced EQE and luminance. These findings clearly demonstrate that 

260 the PWA–PMA solid-solution system achieves both high stability and superior performance, 

261 highlighting its potential as a highly effective hole injection layer.

262 We utilized conductive atomic force microscopy (C-AFM) measurements to compare 

263 the impact of ITO corrosion induced by PEDOT:PSS and PWA-PMA (W07). As shown in Fig. 

264 S11, three ITO glass substrates—bare, coated with PWA-PMA, and coated with 

265 PEDOT:PSS—were stored under an inert atmosphere for 7 days. Prior to C-AFM 

266 measurements, the HILs were completely removed by sequential cleaning with acetone and 

267 IPA. The ITO substrate previously coated with PEDOT:PSS exhibited the highest surface 

268 roughness (2.17 nm) and the lowest average current (0.258 nA) under a 0.1 V bias over a 10 × 

269 10 μm² area, as shown in Fig. S12. In contrast, the ITO sample previously coated with PWA-

270 PMA showed a significantly higher average current (0.627 nA), nearly three times greater than 

271 that of the PEDOT:PSS-treated sample, and even lower surface roughness (1.264 nm) 

272 compared to pristine ITO (1.4 nm). These results suggest that PWA-PMA causes substantially 

273 less corrosion to the ITO surface than PEDOT:PSS, which can be critical for preserving device 

274 performance and operational stability. This degradation in the PEDOT:PSS-treated sample 

275 may stem from the strong acidity of its components. While phosphotungstic acid hydrate (PWA) 

276 is known to have a pH around 2, PEDOT:PSS is reported to have an even lower pH (~1).

277

Page 14 of 22Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

by
 Y

un
na

n 
U

ni
ve

rs
ity

 o
n 

8/
23

/2
02

5 
9:

48
:2

2 
PM

. 

View Article Online
DOI: 10.1039/D5TC02166A

https://doi.org/10.1039/d5tc02166a


15

278

279 Fig. 4 (a) Normalized PL spectrum of the InP red QDs and an EL spectrum of the QLED using 

280 PWA-PMA as HIL. (b) current vs. voltage of ITO/PWA-PMA/Al. (c) current density vs. 

281 voltage of the HOD of PWA-PMA. Characteristics of QLED using PWA-PMA as HIL (d) 

282 current density vs. voltage, (e) EQE vs. current density, (f) luminance vs. voltage.

283

284 Table 1 Electrical properties of PWA-PMA thin films.

HIL Conductivity [S/cm] Mobility [cm2/Vs] Carrier concentration [1/cm3]

PWA 4.59 × 10-5 8.90 × 10-5 3.22 × 1018

W09 4.82 × 10-5 1.02 × 10-4 2.95 × 1018

W07 5.20 × 10-5 1.70 × 10-4 1.91 × 1018

W05 5.64 × 10-5 2.42 × 10-4 1.46 × 1018

W03 6.86 × 10-5 2.44 × 10-4 1.76 × 1018
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W01 7.28 × 10-5 3.97 × 10-4 1.15 × 1018

PMA 8.23 × 10-5 5.96 × 10-3 8.63 × 1016

285

286 Table 2 QLED performance using PWA-PMA as HIL of QLED

HIL EQE [%] Turn-on V [V] Lmax [cd/m2] Current efficiency [cd/A]

PWA 1.50 3.9 1,956 1.67

W09 2.22 3.9 1,732 2.44

W07 2.34 3.0 3,952 2.50

W05 2.24 3.3 2,428 2.51

W03 2.14 3.6 1,057 2.42

W01 2.09 3.3 974 1.62

PMA 2.04 3.0 2,604 2.34

287

288 3. Experimental

289 3.1. Materials 

290 Phosphotungstic acid hydrate and phosphomolybdic acid hydrate were purchased from 

291 Sigma-Aldrich. TFB (MW = 60,000) was purchased from OSM. Anhydrous ethanol (99.9%) 

292 was purchased from Daejung Chemicals & Metals Co. Ltd. Aluminum (99.999%) was 

293 purchased from ITASCO. All chemicals were used without any additional purification steps.

294 3.2. Preparation of PWA-PMA solid-solution hole injection layer
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295 Film samples with the general formula PW12-12xMo12xO40 (x= 0, 0.1, 0.3, 0.5, 0.7, 0.9, 

296 and 1) were prepared via sol-gel method. The precursor solution (anhydrous ethanol in 

297 20mg/mL) was prepared by dissolving phosphotungstic acid hydrate and phosphomolybdic 

298 acid hydrate based on the specified molar ratio. To fabricate the PWA HIL, spin-coating was 

299 employed at 3,000 rpm for 45 s, followed by preheating at 250°C for 30 min at ambient 

300 condition. (Fig. S1) (PWA: PW12O40, W09: PW10.8Mo1.2O40, W07: PW8.4Mo3.6O40, W05: 

301 PW6Mo6O40, W03: PW3.6Mo8.4O40, W01: PW1.2Mo10.8O40, PMA: PMo12O40)

302 3.3. Fabrication of QLED 

303 ITO substrates were sonicated in acetone and isopropyl alcohol for 30 min. It was then 

304 subjected to a cleaning process involving UV-ozone treatment for 15 min. Subsequently, PWA 

305 was spin-coated at 3,000 rpm for 45 s and annealed at 250°C for 30 min at ambient condition. 

306 A solution of TFB (8 mg/mL in chlorobenzene) was spin-coated at 3,000 rpm for 60 s and 

307 annealed at 160°C for 30 min at inert gas condition. Subsequently, red InP QDs (10 mg/mL) 

308 were spin-coated at 3,000 rpm for 20 s and annealed at 80°C for 30 min at inert gas condition. 

309 The ZnMgO NPs (in ethanol at a concentration of 25 mg/mL) were spin-coated at 3,000 rpm 

310 for 60 s at inert gas condition. Finally, the fabrication of the QLED was completed after thermal 

311 evaporation of a 100 nm-thick aluminum cathode.

312 3.4. Computational calculations 

313 All solid-solution structures were generated using Special Quasi-random Structures 

314 (SQS) theory constructed with the Alloy Theoretic Automated Toolkit (ATAT).24,25 We 

315 extracted a total energies of all atomic models performing DFT calculations  by  using  

316 Vienna  Ab-initio  Simulation  Package  (VASP).26 The Perdew-Burke-Ernzerhof  

317 exchange-correlation  functional  was  used  to  describe  the  exchange-correlation 

318 function.27 During the structural optimization, the plane-wave energy cut off was set to 520 eV 
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319 to minimize Pulay stress. The Brillouin zone was sampled by using 100 k-points density per 

320 Å-1of reciprocal lattice. To describe the Density of State (DOS), the gaussian smearing method 

321 was used for all alloy structures. All Gibbs free energies of mixing was computed by total 

322 energy extracted from DFT calculations. The Gibbs free energy of mixing is defined as

323 ∆𝐺𝑚𝑖𝑥(𝑥, 𝑇) = ∆𝐻𝑚𝑖𝑥(𝑥) ― 𝑇∆𝑆𝑚𝑖𝑥(𝑥)

324 where ∆𝐻𝑚𝑖𝑥(𝑥) is the enthalpy of mixing as a function of composition 𝑥, 𝑇 is a 

325 temperature, and ∆𝑆𝑚𝑖𝑥(𝑥) is a entropy of mixing as a function of 𝑥. Here, the ∆𝐻𝑚𝑖𝑥(𝑥) is 

326 defined as 

327 ∆𝐻𝑚𝑖𝑥(𝑥) = 𝐸[𝑃(𝑀𝑜1―𝑥𝑊𝑥)12𝑂40] ― (1 ― 𝑥)𝐸[𝑃𝑀𝑜12𝑂40] ― 𝑥𝐸[𝑃𝑊12𝑂40]

328 where 𝑥 𝐸[𝑃(𝑀𝑜1―𝑥𝑊𝑥)12𝑂40] is the total energy of SQS structure, 𝐸[𝑃𝑀𝑜12𝑂40], and 𝐸

329 [𝑃𝑊12𝑂40] are the total energies of each PMo12O40 and PW12O40, respectively. The entropy 

330 of mixing is defined as 

331 ∆𝑆𝑚𝑖𝑥(𝑥) = ―𝑛𝑘𝐵[𝑥𝑙𝑛(𝑥) + (1 ― 𝑥) ln(1 ― 𝑥) ]

332 where 𝑛 is the cation site degeneracy, and 𝑘𝐵 is a Boltzmann constant value of 8.617 ×

333 10―5𝑒𝑉 ∙ 𝐾―1.

334 3.5. Characterization 

335  X-ray diffraction (XRD) was employed to assess the crystalline phase of the PWA-PMA 

336 solid-solution film using the SmartLab instrument by Rigaku. FTIR spectra were recorded in 

337 transmission mode by a Nicolet iS50 instrument by Thermo Fisher Scientific. Transmission 

338 electron microscopy (TEM) using a JEOL JEM 2100F instrument was employed to determine 

339 layer thickness and calculate lattice distances. Surface analysis of PWA-PMA solid-solution 

340 films was performed using a scanning electron microscope (SEM) (Nova NanoSEM 450, FEI). 
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341 AFM instrument from Park Systems (NX20) was utilized to study the surface morphologies 

342 and conductive properties of films. Ultraviolet photoelectron spectroscopy (UPS) was 

343 employed to evaluate the band levels of each layer using an XPS-theta probe machine from 

344 Thermo Fisher Scientific Co., equipped with a He1-photon source at 21.2 eV. UV–VIS spectra 

345 were acquired using a UV/VIS spectrophotometer (Cary-5000 instrument by Agilent). The 

346 current density–voltage–luminance (J–V–L) characteristics of the devices were measured 

347 using a spectroradiometer (CS-2000, Konica Minolta) with a Keithley 2400 source meter under 

348 ambient conditions.

349

350 4. Conclusions

351 A complete solid-solution range (x = 0–1) was achieved by combining PMA, which exhibits 

352 excellent charge transport properties despite its low stability, with PWA, which offers high 

353 stability but relatively less charge transport capabilities. Structural analysis confirmed the 

354 formation of the solid-solution and identified the range where phase transitions occur. Through 

355 computational method, an analysis of the partial density of states of PWA-PMA was conducted, 

356 identifying elements influencing the conduction and valence bands of the material. 

357 Additionally, an enhancement in carrier mobility and conductivity was observed in PWA as 

358 the molar ratio of Mo increased. In QLEDs, effective hole injection was achieved by adjusting 

359 the hole injection barrier in PWA-W05 and W03-PMA, which share the same crystal structure. 

360 Therefore, the results of our study could open the way to improving device efficiency and 

361 stability by exploring a new tunable HIL through solid-solutions.

362
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