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HIGHLIGHTS

e We present a novel phosphomolybdic acid (PMA)/MoOy that overcomes the intrinsic passivation and transport limitations of transi-

tion metal oxides in silicon photovoltaics.

e PMA acts as a dual-functional modifier, creating a strong interface dipole (6.34 D) and reducing the tunneling barrier, which lowers

the contact resistance by 24%.

e The optimized dopant-free contact achieves a record-breaking efficiency of 24.9%, high-performance silicon solar cells.

ABSTRACT The development of cost-effective carrier-selective passivating ’ 50, '

contacts is critical for enhancing the commercial feasibility of silicon com-

pound solar cells. Molybdenum oxide (MoOy) has garnered considerable inter-

est as a promising hole transport layer (HTLs). A key advantage of MoOy is

Y
(=)

high work function, in addition to the low-cost processability. However, in sili-
con photovoltaics, MoOy-based p-type contacts face fundamental limitations
at hydrogenated amorphous silicon (i-a-Si:H)/MoOy, interface, where oxygen

vacancy defects lower work function, as well as, weak van der Waals-domi-

[V}
S

nated interactions impair charge carry transport. To address these challenges,

we introduced an ultrathin phosphomolybdic acid (PMA) interlayer at the i-a-

Si:H/MoOy, interface. PMA passivated oxygen vacancy defects, resulting in a

Current density (mA/cm?)

notable improvement in open-circuit voltage from 713 to 730 mV, and 0.11 eV

S

work function elevation via dipole formation; meanwhile, PMA strengthened 0.0

the interfacial bonding energy, reducing saturation current density and contact
resistance by 63% and 24%, respectively, contributing to a fill factor enhancement from 83.7% to 84.9%. In the end, we demonstrated a
record efficiency of 24.9% for MoOy-based silicon solar cells, which provides valuable insights for developing high-performance MoOy

HTL devices for dopant-free p-type contact technologies.
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1 Introduction

Crystalline silicon (c-Si) photovoltaics dominate over 95%
of the solar market [1, 2], driving persistent research efforts
to improve efficiency while reducing manufacturing costs
[3, 4]. Achieving high efficiency requires superior surface
passivation and carrier-selective layers. Conventional tech-
nologies, for instance, tunnel oxide passivating contacts
(TOPCon) and silicon heterojunctions (SHJ) [5], employ
n-/p-doped amorphous (a-Si), microcrystalline (pc-Si), or
polycrystalline (poly-Si) silicon layers as electron/hole trans-
port layers (ETLs/HTLs). However, these approaches require
plasma-enhanced chemical vapor deposition (PECVD)
equipment [6] and hazardous PH;/B,H, doping gases [7,
8], and such doped layers introduce serious parasitic absorp-
tion and Auger recombination, ultimately limiting device
performance [9].

Transition metal oxides have emerged as promising alter-
natives to address these challenges. For electron-selective
contacts, materials such as magnesium oxide (MgO) [10],
zinc oxide (ZnO) [11], and tantalum oxynitride (TaOxN,)
[12] have been extensively explored. Their effectiveness
relies on a low work function or a strong downward band
bending at the c-Si interface, enabling efficient electron
transport while blocking holes. Similarly, for hole-selective
contacts, high-work function materials such as molybde-
num oxide (MoOy) [13], tungsten oxide (WOy), vanadium
oxide (V,0y), and nickel oxide (NiOy) [14] have been
demonstrated to induce an inversion layer in crystalline
silicon (c-Si), thereby facilitating efficient hole collection.
These advancements further underscore the potential of
dopant-free passivating contact (DFPC) technology. DFPC
refers to a contact scheme that achieves simultaneous surface
passivation and carrier selectivity without extrinsic doping,
and it can overcome the limitations of conventional doping
processes.

Among them, MoOy, stands out as a leading hole transport
layer (HTL), considering high work function (W > 5.5 eV),
wide bandgap (E,> 3.6 eV), and outstanding optical trans-
parency (T >90% across visible spectrum), as well as, com-
patibility with both solution-processing and thermal evapo-
ration deposition techniques [15-17]. These advantages
enable MoOy suitable not only for hole-selective contacts
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in c-Si solar cells, but also for broader applications across
various optoelectronic devices, for instance, organic photo-
voltaics (OPV) as an anode buffer layer, organic light-emit-
ting diodes (OLEDs) and quantum dot LEDs (QLED) as a
hole-injection layer [18-21].

A key distinction between MoOy-based and conven-
tional p-doping-HTL SHJ (and TOPCon) lies in their hole-
selectivity mechanism. SHJ (and TOPCon) relies on the
drift transport of holes driven by the built-in electric field
of p—n junction. In contrast, MoOy contacts employ high
work function engineering to achieve selective hole collec-
tion predominantly by diffusion transport. The work function
difference between MoOy and and n-type c-Si (Wp<4.3 eV)
induces strong band bending on the n-Si surface, creating
a pronounced inversion layer that acts as a potential bar-
rier to repel electrons while simultaneously accumulating
holes at the interface potential well [22, 23]. Then, these
accumulated holes transport to MoOy, through band-to-band
or defect-assisted tunneling mechanisms, thereby achieving
high-selective hole transport without conventional p-doping
processes [15].

Despite these advantages, MoOy-based contacts in c-Si
solar cells face fundamental challenges at the intrinsic
hydrogenated a-Si (i-a-Si:H)/MoOy interface [24]. Surface
oxygen vacancy (V) defects significantly reduce the work
function of MoOy, while weak van der Waals-dominated
interactions impair charge transport capability [25]. These
limitations were reflected in the low open-circuit voltage
(Voc=697~727 mV) of reported MoOy-based c-Si solar
cells, which underperform compared to 750 mV of SHJ [26,
27].

In order to address these issues, we introduced phospho-
molybdic acid (PMA, H;PMo,,0,,) at i-a-Si:H/MoOy, inter-
face [28]. PMA is a metal-oxygen cluster compound, and
previously used as an electrode buffer layer in organic elec-
tronics [29, 30], considering its soluble nature, and structural
compatibility with MoOy. More importantly, PMA contains
MoOy-like units and exhibits high work function, showing
the potential to improve both energy level alignment and
chemical bonding at i-a-Si:H/MoOy, interface. Thus, PMA
can act as an interfacial bridge that enhances electronic and
chemical properties of MoOy-based contact.

https://doi.org/10.1007/s40820-026-02250-4
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2 Experiments and Methods
2.1 Device Preparation

The composite crystalline silicon heterojunction solar cells
with a rear-junction configuration were fabricated on n-type
silicon substrates with a resistivity corresponding to a diam-
eter range of 1.2—-1.5 Q cm and a thickness of 130 pm. The
silicon wafers were cleaned and texturized via a wet chemi-
cal method. The brief process is as follows: First, the silicon
wafer is immersed in a hot alkaline solution (a mixture of
NaOH and isopropanol IPA) to form randomly distributed
pyramidal structures with dimensions of approximately
1-3 pm. Subsequently, the wafer is cleaned sequentially
using HCI solution and HF solution to remove metallic con-
taminants and the surface oxide layer, respectively, resulting
in a clean textured silicon surface. Finally, the backside of
the wafer is polished using a polishing slurry, yielding a
silicon wafer with a textured front surface and a polished
rear surface. For the front electron-selective contact stack, an
8-nm-thick i-a-Si:H layer was prepared by radio frequency
plasma-enhanced chemical vapor deposition, followed by the
deposition of a 15-nm-thick n-type nanocrystalline silicon
oxide (n-nc-SiOx:H) layer using a high frequency plasma-
enhanced chemical vapor deposition (PECVD) system. A
transparent conductive oxide (TCO) layer, composed of tra-
ditional 10 wt% tin oxide-doped indium oxide (SnO,-doped
In,05), was deposited by magnetron sputtering. After print-
ing the silver grid electrodes, annealing was performed at
190 °C for 30 min.

For PMA/MoOy HTL (rear hole-selective contact), PMA
was spin-coated using a spin coater (1500 rpm for 30 s),
and then a 10-nm-thick MoOy, layer and a 200-nm-thick Ag
layer were deposited by thermal evaporation, with rates of
0.land 1.5A s, respectively. The deposition pressure for
both MoO; powder and Ag particle sources was lower than
5% 107 Pa.

2.2 Characterization

A UV-visible spectrophotometer was used to measure
the reflectance and absorbance of the films in the range of
300-1500 nm, and the optical band gap was determined
using the Tauc equation. The elemental composition and
chemical state of the films were characterized by X-ray
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photoelectron spectroscopy (XPS). This analysis utilized a
monochromatic Al Ko X-ray source with a photon energy of
1486.7 eV, implemented on a Thermo Scientific ESCALab
250Xi measurement system. All acquired XPS spectra
were processed and deconvoluted using Avantage software,
employing a mixed Lorentz-Gaussian (GL) line shape for
fitting. Additionally, all spectra were calibrated using the
adventitious carbon C 1s peak at 284.8 eV as a reference. To
determine the work function of the films, ultraviolet photo-
electron spectroscopy (UPS) measurements were performed
on the same ESCA Lab 250Xi system. The UPS spectra
were excited using a He I ultraviolet resonance light source
with a photon energy of 21.22 eV. The measurements were
conducted with an energy resolution of < 120 meV and a
step size of 0.02 eV over a scanning range of 0-20 eV. A
negative sample bias of —5 V was applied during the meas-
urement to accurately collect the secondary electron cutoff
signals. The film conductivity was measured by the two-
probe method using a Keithley 2450 digital source meter and
computationally fitted. The test samples were composed of
Ag/p-Si/MoOy/Ag and Ag/p-Si/PMA/MoO,/Ag structures.
A 200-nm layer of Ag was initially deposited onto a p-Si
wafer. Subsequently, a mask with circular holes of different
diameters was applied to define the area within which either
MoOx was deposited. This was followed by another 200 nm
of Ag through therma evaporation deposition. The contact
resistivity (p,) was measured using the expanded Cox and
Strack method (ECSM). More details on the calculation
methods are provided in Supporting Information.

The J-V characteristics were measured under standard
one-sun conditions (100 mW cm~2, AM 1.5G spectrum,
25 °C), with the light intensity calibrated using a certi-
fied reference cell from Fraunhofer Cal Lab. The external
quantum efficiency (EQE) was obtained using a QE-R
(Enlitech) measurement system. To evaluate the passiva-
tion quality, the effective minority carrier lifetime (7.4)
and the saturation current density (J,) of symmetrical test
structures were measured using a Sinton WCT-120MX
lifetime tester via the quasi-steady-state photoconductance
(QSSPC) method. Physically, 7.4 is defined as the ratio of
the average excess minority carrier density (An,,) to the
total recombination rate (R), expressed as 7 ;= An, /R.
The symmetrical samples prepared for these measure-
ments consisted of MoOy/i-a-Si:H/c-Si/i-a-Si:H/MoOy and
MoOy/PMA/i-a-Si:H/c-Si/i-a-Si:H/PMA/MoOy stacks. The
pseudo-illumination J-V curves were extracted via Suns-Vc
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tests, specifically using the Suns-V, module of the Sinton
WCT-120 instrument. The voltage changes of the devices
were collected by reducing the light intensity of the flash
lamp, which were then converted into Suns-Vg curves.
Capacitance—voltage (C—V) measurements were performed
on complete device structures to investigate the depletion
region characteristics and extract the built-in potential (V).
The C-V sweeps were conducted using an electrochemical
workstation for EIS measurements at an AC frequency of
10 kHz with an amplitude of 30 mV, while the DC bias
was swept from —0.05 to+0.8 V. All measurements were
performed at room temperature under dark conditions.
The built-in potential was subsequently extracted from the
x-intercept of the linear extrapolation of the Mott—Schottky
plots (1/C? versus voltage) in the reverse and low forward
bias regions.

2.3 Theoretical Simulations

First-principles calculations were performed based on
density functional theory (DFT) as implemented in the
Vienna Ab initio Simulation Package (VASP) [31, 32].
The electron-ion interactions were described using the
projector augmented wave (PAW) method, while the
exchange—correlation functional was treated with the stand-
ard Perdew—Burke—Ernzerhof (PBE) flavor of the general-
ized gradient approximation (GGA) [33, 34]. To account for
long-range weak interactions within the systems, Grimme’s
DFT-D3 scheme for dispersion corrections was applied in
all calculations [35]. The kinetic energy cutoff is 500 eV for
the expansion of the wavefunctions. All structural optimi-
zations were conducted using the conjugate gradient (CG)
algorithm until the residual forces on each unconstrained
atom were less than 0.02 eV A™!, with an electronic energy
convergence threshold of 1x 107 eV. For all slab models,
the Brillouin zone was sampled using a Gamma-centered
3x3x 1 Monkhorst—Pack k-point grid [36].

Energy band simulations were performed using the
SCAPS-1D software package (version 3.3.07), a solar cell
simulation program developed at the University of Gent,
to conduct one-dimensional numerical analysis. The energy
band alignment diagram under illumination was obtained by
solving the Poisson equation and the continuity equations
for electrons and holes. In the simulation, the effect of the
PMA layer was treated as an equivalent modification of the
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interface boundary conditions. All material parameters were
adopted from established literature and are summarized in
Table S2. Simulations were performed at 300 K under AM
1.5G illumination to reflect the device operating conditions.
By integrating the experimentally measured work function
(5.11 eV, determined by UPS) with these semiconductor
parameters, the simulation accurately captures the more pro-
nounced upward band bending at the n-Si surface induced by
the high-work function HTL and the corresponding enhance-
ment in field-effect passivation.

Device simulations of c-Si solar cells incorporating MoOy
HTL were carried out using Silvaco TCAD software. The
numerical modeling solved a set of fundamental semicon-
ductor equations, including Poisson’s equation, carrier con-
tinuity equations, and drift—diffusion equations. All simula-
tion parameters, provided in Tables S2 and S4, were taken
from previously published studies and the Silvaco database
[21, 27]. The refractive index and absorption coefficients
for MoOy, were adopted from the literature [37]. The device
simulations were performed at 300 K and incorporated
multiple physical models, including Auger recombination,
Shockley—Read—Hall (SRH) recombination, band-to-band
(B2B) tunneling, direct tunneling, and thermal emission.
Using the measured external quantum efficiency (EQE) data

in conjunction with Quokka3’s T,,,-Z function, we assisted

ext
the fitting process of the simulated solar cell parameters. All

simulation parameters were taken from Ref. [38].

3 Results and Discussion
3.1 Device Performance and Optical Properties

To construct the PMA-incorporated device, we started from
a conventional SHJ half-cell with structure of Ag/TCO/n-
nc-SiOy:H/i-a-Si:H/c-Si/i-a-Si:H. Following hydrofluoric
acid (HF) cleaning, ultrathin phosphomolybdic acid (PMA)
layer was deposited by spin-coating onto i-a-Si:H surface.
Subsequently, MoOy/Ag contact was formed by thermal
evaporation (Fig. S1).

To determine the optimal PMA concentration, devices
were prepared using PMA methanol solutions with concen-
trations ranging from 0.5 to 10 mg mL~!. Contact angle
measurements confirmed the excellent wettability of the
PMA solution on the i-a-Si:H surface (Fig. S2). The cur-
rent density—voltage (J-V) characteristics revealed that the

https://doi.org/10.1007/s40820-026-02250-4
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power conversion efficiency (PCE) initially increased and
then decreased with increasing PMA concentration; A con-
centration of 2 mg mL~! was identified as optimal, yielding
the highest PCE, short-circuit current density (Jgc), and fill
factor (FF) (Fig. S3 and Table S1).

Figure la illustrated the device structure, comparing the
MoOy HTL with the novel PMA/MoOy. The corresponding
J-V curves are presented in Fig. 1b. The control device with
MoOy or PMA achieved PCEs of 23.8% and 15.6%. In con-
trast, the device using PMA/MoOy, exhibited a significant
enhancement, with V¢ increasing from 713 to 730 mV and
FF from 83.7% to 84.9%, culminating in a champion PCE
of 24.9%. It is worth noting that MoOy plays a dominant
role in passivation compared to the device with only PMA.

The optical transmission properties of PMA/MoOy
and MoOy films were characterized (Fig. S5). Both films
exhibited high transmittance (over 95%) across the visible
light range (400-800 nm). The optical bandgaps (E,) of the
films, determined from Tauc plots [44], were found to be
3.63 eV for PMA/MoOy and 3.60 eV for MoOy, respec-
tively. Derived from Tauc equation, the Eg were determined
to be of and films are 3.63 eV for PMA/MoOy, and 3.60 eV
for MoOy, see the inset of Fig. S5, which is consistent with
reported values for MoOy and indicative of the wide band-
gap nature of both materials [45]. The minimal difference in
E, confirms that incorporating the PMA interlayer does not
markedly alter the optical band structure of HTL.

This conclusion is further corroborated by the highly sim-
ilar external quantum efficiency (EQE) spectra (Fig. 1¢) and
the consistent Jg values (Fig. 1b) observed for devices with
and without PMA. The optimized device shows a margin-
ally higher integrated Jg (Fig. S4). The slightly higher Jg
in the PMA-modified device indicates that the PMA inter-
layer introduces negligible optical losses. Furthermore, it
is worth noting that the direct contact between the MoOy
layer and the Ag rear electrode in our planar device archi-
tecture could potentially induce the excitation of surface
plasmon polaritons (SPPs) at the metal—dielectric interface.
As discussed in recent studies [46—49], these SPP modes
can influence the optical field distribution, potentially con-
tributing to near-field absorption or parasitic losses in the
long-wavelength region. However, given that the Jg. showed
only a marginal increase, the primary driver for maintaining
such a high current is attributed to the improved electri-
cal collection efficiency. The significant enhancements in
Voc and FF (resulting from the PMA-induced chemical and

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

field-effect passivation) imply a substantial reduction in
interfacial recombination velocity. This suppressed recom-
bination ensures that photogenerated carriers, particularly
those generated near the rear surface, are collected more
efficiently rather than recombining, thereby maintaining a
high Jgc despite the unoptimized rear reflector.

Finally, the champion PMA/MoOy, device was evaluated
against reported Si composite heterojunction solar cells
using the normalized performance Ve X FF/(Vc 5o X FFgq)
and Jgc/Jgc sq (Fig. 1d). The device delivered a superior
electrical performance Voo X FF/(V( 5o X FFgq) with value
of 0.81, ranking among the highest reported result for Si
composite heterojunction solar cells [21, 39-41, 43, 50].

3.2 Charge Transport and Interfacial Mechanism

To elucidate the origin of the improved V. and FF, we
performed Suns-V - measurements. The difference between
the light J-V curve and pseudo J-V curve (from Suns-Vc)
yields the series resistance (Rj), as shown in Fig. 2a, b. The
device with the PMA interlayer showed a lower Ry (0.46
Q cm?) than the control device (0.48 Q cm?). More impor-
tantly, the pseudo fill factor (pFF), which reflects the intrin-
sic junction quality free from resistive losses [51], increased
from 85.9% to 86.9% with PMA modification. AFM meas-
urements (Fig. S6) show that the PMA/MoOX film exhib-
its a smoother surface compared with the MoOy-only film,
favoring a more uniform contact and helping to suppress
local shunting or high-field pathways.

This shows that the improvements in V- and FF stem
not only from a reduction in Rg, but also from effective sup-
pression of interfacial non-radiative recombination. The
light intensity-dependent V- (0.01-1 sun) of the devices
is shown in Fig. S7. The excellent linearity observed for the
PMA/MoOy device indicates reduced leakage current and
suppressed interfacial recombination under low-injection
conditions.

The recombination pathways were further probed by
analyzing the dependence of V- and light intensity and
deriving the ideality factors (n) [52, 53] (Fig. 2c, d). The
parameter n indicates whether carry transport is dominated
by ideal diffusion (n =~ 1) or by recombination (n = 2) The
PMA/MoOy-based device exhibit a more linear relationship
between V- and illumination (Fig. S7), suggesting sup-
pressed shunt leakage and better defect passivation under

@ Springer
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Fig. 1 Device architecture and photovoltaic performance of c-Si solar cells with MoOy, PMA/MoOy, and PMA HTLs. a Device structures
of Ag/TCO/n-nc-SiOx:H/i-a-Si:H/c-Si/i-a-Si:H/HTL/Ag. The HTL is comprised of either MoOx, PMA and PMA/MoOy. The inset shows the
molecular structure of PMA. b Experimental J-V curves of control devices with MoOy, devices with PMA, and champion device with PMA/
MoOy. ¢ EQE spectra for devices with MoOy and PMA/MoOy HTLs. d Comparison of the electrical performance (V- X FF, normalized to the
Shockley-Queisser limit, SQ) against the optical performance (Jgc, normalized to SQ) for this work and previously reported Si composite hetero-
junction solar cells. The champion device in this work (red star) achieves a superior electrical performance value of 0.81 [21, 39-43]

low injection [54]. Notably, the ideality factor at the volt-
age of the maximum power point (V,,,,) was significantly
reduced from 1.10 for the MoOy device (V,,,,,=0.643 V) to
0.98 for the PMA/MoOy device (V,,,=0.656 V). In high-
efficiency silicon solar cells, an ideality factor dropping
below unity indicates a transition in the dominant recom-
bination mechanism [55]. Physically, as the PMA interlayer
significantly suppresses the defect-mediated SRH recombi-
nation (n> 1) at the interface, the intrinsic Auger recombi-
nation of the silicon bulk—which theoretically approaches
an ideality factor of n=2/3 at high injection levels—begins
to manifest and pull the global ideality factor below 1 [55].
This reduction in the ideality factor firmly corroborates that
PMA successfully minimizes interfacial recombination

© The authors

losses, allowing the device to operate closer to its funda-
mental efficiency limit.

Cross-sectional TEM and STEM-EDX mapping (Fig. S8)
confirm that the PMA forms a continuous, ~ 1 nm-thick
interlayer on the i-a-Si:H surface. This molecular-scale
film ensures uniform coverage while being thin enough to
allow efficient carrier tunneling. The contact resistance (p,)
was quantified using the expanded Cox and Strack method
(ECSM, schematic in Fig. S9) [56]. The application of the
ECSM method is detailed in the Supporting Information,
with the calculation fitting process as shown in Figs. S10 and
S11. As shown in Fig. 3a, p_ was reduced by 24%, from 140
to 106 mQ cm? by incorporating the PMA interlayer, thus
explaining the reduction in Ry and enhancement in FF. This

https://doi.org/10.1007/s40820-026-02250-4
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Fig. 2 Electrical properties of Si heterojunction solar cells with PMA/MoOy and MoOy HTLs. Experimental light J-V curves and pseudo J-V
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consistently lower ideality factor across the measured voltage range, with a value of n=0.98 at the maximum power point (V,,

pp)» compared to

n=1.10 for MoOy control, indicating significantly suppressed recombination losses and a more efficient carrier transport mechanism

shows that the improvements in V- and FF stem not only
from a reduction in Rs, but also from effective suppression
of interfacial non-radiative recombination. Consequently, the
observed FF enhancement from 83.7 to 84.9% is attributed
to the synergistic effect of reduced contact resistance and
suppressed interfacial non-radiative recombination.
First-principles calculations were conducted to under-
stand the atomistic mechanism behind the interface
enhancement. The bonding energy and interfacial dis-
tance for MoOy/i-a-Si:H interface were calculated to be
1.4 eV and 2.5 /°\, respectively, indicative of weak physi-
cal adsorption (Fig. 3b). The Keggin structure of PMA,
with its protruding terminal oxygen atoms, facilitates bet-
ter geometric matching and stronger chemical bonding
(3.1 eV) with the i-a-Si:H surface. A large binding energy
of 2.6 eV was also formed at MoO,/PMA interface, attrib-
uted to strong electrostatic and ionic interactions, creating
a stable bridge for hole transport. As shown in Fig. 3c, the
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first-principles calculated work function maps reveal that,
compared with MoOy, the PMA/MoOy, surface exhibits
higher work function values, indicating that PMA effec-
tively increases the work function of the hole transport
layer. This stronger chemical bonding facilitates enhanced
orbital overlap between the i-a-Si:H surface and the PMA
molecule, creating a more electronically coupled inter-
face. This improved coupling provides a more transpar-
ent pathway for hole transport by effectively lowering the
tunneling barrier, thus significantly reducing the contact
resistance (p,).

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the chemical states. The Mo 3d spectra of showed
a decrease in the Mo */Mo®" ratios from 0.18 for MoOy to
0.14 for PMA/MoOy, [41], indicating that PMA passivates
the oxygen vacancy (V) defects on the MoOy, surface. Since
V,, are associated with Mo>* states, their reduction should
increase the work function (Wg). This was confirmed by

@ Springer
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ultraviolet photoelectron spectroscopy (UPS) measurements,
showing W increased from 5.0 eV for MoOy to 5.1 eV for
PMA/MoOy, (Fig. S12).

To further uncover the microscopic origin of the elec-
tronic structure modification, we quantitatively extracted
the macroscopic interface dipole moment (x) as illustrated
in Fig. S13. The pristine MoO,/i-a-Si:H interface exhibits
a relatively small dipole moment of 1.63 D, whereas the
introduction of the highly electronegative PMA interlayer
triggers significant interfacial charge transfer (ICT), drasti-
cally amplifying the dipole moment to 6.34 D. This intense
dipole layer (Ap=+4.71 D) pointing toward the hole trans-
port layer provides the direct physical origin for the work
function modification. According to fundamental electro-
static principles, such a strong interfacial dipole inevitably
induces a potential step (A®) across the interface, which
macroscopically manifests as a shift in the local vacuum
level and consequently an alteration of the Wp.

© The authors

The energy band alignments simulated using SCAPS soft-
ware are depicted in Fig. 3f (the complete band diagram is
shown in Fig. S14). The incorporation of PMA interlayer
was found to significantly enhance the band bending at the
c-Si/HTL interface. This stronger band bending, driven by
the increased Wy, enhances field-effect passivation by more
effectively repelling electrons and facilitating hole collec-
tion, thereby contributing to the observed V- improvement
[57].

3.3 Passivation Quality and Junction Characteristics

The passivation was quantitatively assessed by measuring
the effective minority carrier lifetime (z.4), using quasi-
steady-state photoconductance (QSSPC) method. The PMA/
MoOy, sample exhibited a significantly higher 7,4 of 2.44 ms
compared to 1.18 ms for the MoOy sample, both measured
at an excess carrier density of 1x 10'> cm™ (Fig. 4a). The

https://doi.org/10.1007/s40820-026-02250-4
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saturation current density (J,) was extracted (Fig. 4b),
revealing a substantial reduction from 40.0 fA cm™ for the
MoOy contact to 14.9 fA cm™2 for the PMA/MoOy, contact.
Furthermore, a comparison that includes pristine i-a-Si:H
and PMA-only control samples (Fig. S15) shows that while
the pristine i-a-Si:H layer yields the lowest J,, the PMA/
MoOy structure achieves the lowest J,, of 14.9 fA cm™
among all evaluated transport layer configurations. This
confirms the superior chemical passivation provided by the
PMA interlayer within a functional contact stack that also
enables efficient hole extraction. Capacitance—voltage (C-V)
measurements were performed to analyze the junction prop-
erties [58] (Fig. 4c, d). The built-in potential (V,;) increased
from 722 mV for the MoOy-based device to 741 mV for
the PMA/MoOy-based device, consistent with the enhanced
band bending observed in the simulations. The V,; is deter-
mined by extrapolating the linear portion of the 1/C2-V plot
to the voltage axis intercept. The stronger built-in electric
field is crucial for efficient charge carrier separation and sup-
pression of interface recombination.

3.4 Quantifying Performance Enhancement
via Simulation

To gain further insight into the influence of interfacial opti-
mization on device performance, Quokka3 and Silvaco
TCAD simulations were employed (Fig. S16). These two
approaches provide complementary views of the interface
improvement at different scales. Quokka3 evaluates the
influence of interface-related recombination and contact
parameters on the overall device output, whereas Silvaco
TCAD describes the band structure and electrostatic changes
associated with Wi modulation.

In the Quokka3 simulation, the experimentally extracted
recombination J, and p, were introduced as input param-
eters (Fig. S16a, b). With the improved interface parameters,
the simulated PCE increases from 23.9% to 24.7%. This
result shows that the reduced interface recombination and
improved contact transport are consistent with the enhanced
device performance observed experimentally. Silvaco TCAD
was then used to examine the effect of work function vari-
ation on the local energy band profile. Based on the UPS
results, the increased work function leads to more favora-
ble upward band bending at the c-Si surface (Fig. S16¢, d),

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

which is beneficial for carrier selectivity and interfacial car-
rier transport.

Overall, the two simulations provide complementary
perspectives on the interface-related performance enhance-
ment. Quokka3 connects the experimentally measured J,
and p, values with the device-level output, while Silvaco
TCAD illustrates how work function modulation affects the
local electrostatic environment. These results suggest that
the improved device performance is associated with reduced
recombination/contact losses and favorable band structure
modulation at the modified interface.

4 Conclusion

In summary, we successfully developed a hole trans-
port structure by a combination of phosphomolybdic
acid (PMA) with the MoOy. The introduction of PMA
interlayer between the hydrogenated amorphous silicon
(i-a-Si:H) and MoOy enabled a record power conversion
efficiency of 24.9% for MoOy-based silicon compound
solar cells, making a significant improvement from the
control device efficiency of 23.6%. This enhancement was
attributed to the notable increase in two key photovoltaic
parameters, the open-circuit voltage (V) rose from 713
to 730 mV, and FF improved from 83.7 to 84.9%. The
efficiency gains were driven by fundamental improvements
in interfacial properties and electronic structure. PMA pas-
sivated oxygen vacancy (V) defects on MoOy surface,
promoted favorable energy band bending via dipole for-
mation, and elevated MoOy work function by 0.11 eV.
Furthermore, PMA strengthened the interfacial adhesion
between i-a-Si:H and MoOy, leading to reduction in J,
from 40 to 15 fA cm™2 and interface contact resistance
(p.) from 140 to 106 mQ cm?. By addressing limitations of
conventional MoOy-based contacts, including V defects
and weak interfacial bonding, this interface engineering
approach provided critical insights into the development
of hole-selective contacts. The PMA/MoOy composite
structure provided a scalable [60] and cost-effective [24],
manufacturing pathway for silicon photovoltaics, with
promising potential for a broader application across vari-
ous optoelectronic devices.
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improved charge extraction
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