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A B S T R A C T   

Optimal metal-semiconductor contact interface is crucial for semiconductor devices, particularly for silicon solar 
cells aluminum-silicon contact is a key to improve the efficiency of the cell. In this work, a new type of Sb2O3- 
MoO3-B2O3 glass frits that can trigger a thermite reaction was utilized to improve the Al-Si interface. The low 
melting temperatures of these glass frits enhance the effect of thermite reaction by providing solid-liquid contact, 
which enables gradient distribution of the elements and leads to differences in the valence states of the Al-Si layer 
at the inner and surface regions. The valence states of Al and Sb at the inner layer are higher than those at the 
surface, while Mo is the opposite. Metallic Mo with a matched work function can lower the potential barrier, 
thereby improving hole selectivity and enhancing the potential skip-step. As a result, the fabricated solar cell 
achieved a high open-circuit voltage, a high short-circuit current, and a low series resistance. Consequently, a 
power conversion efficiency of 19.94% was obtained for a monocrystalline silicon solar cell with full Al-BSF. This 
work not only presents a new hole-selective contact for silicon solar cells, but also introduces a new approach for 
regulating the distribution and valence states of interface elements for enhanced efficiency.   

1. Introduction 

Developing sustainable, affordable and clean energy is an important 
strategy to address the challenges of fossil energy depletion and envi
ronmental pollution in recent years. Among the various renewable en
ergy sources, solar energy has gained significant attention and research 
focus worldwide due to its potential to provide clean power [1]. Crys
talline silicon (c-Si) solar cells, being one of the mainstream photovoltaic 
technologies, have rapidly evolved as a competitive alternative to 
traditional fossil energy over the past decades. Research efforts in the 
field of c-Si solar cells have primarily aimed at improving their efficiency 
to ensure economical energy production [2,3]. One of the major chal
lenges in c-Si solar cells is the recombination of photogenerated carriers 
at the metal silicon interface, which reduces the overall efficiency. 
Additionally, the high resistance of carrier collection poses a significant 

barrier to efficient carrier extraction [4]. These limitations particularly 
impact P-type c-Si solar cells, which have the largest production ca
pacity. Therefore, improving the efficiency of P-type c-Si solar cells is of 
paramount importance in current research endeavors. 

In order to reduce the recombination of carriers at the metal silicon 
interface in p-Type c-Si solar cells, aluminum paste can be coated on the 
back surface of the cells to create a back surface field (BSF) layer and an 
aluminum-silicon (Al-Si) alloy layer through a high-temperature sin
tering process. In addition, it is important to implement a good Al-Si 
contact to mitigate the negative effect of high resistance and further 
increase the efficiency of the cells [5–7]. Al paste typically consists of 
glass frits, aluminum powder and an organic phase. As an inorganic 
functional material, glass frits play a key role in improving the perfor
mance of Al paste [8,9]. Glass frits are typically composed of boron 
oxide (B2O3) and other oxides, with Pb-Si-based and Zn-Bi-based glass 
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frits being commonly used in Al paste [10]. Jang et al. discovered that 
Pb-Si-based glass frits promoted the sintering of Al paste [8]. Bit-Na 
et al. found that increasing the proportion of low melting point oxide 
in glass frits reduced the glass transition temperature (Tg), leading to 
better sintering and a thicker BSF layer [9]. Amick et al. also noted that a 
thicker BSF layer would increase the open-circuit voltage (Voc) and the 
addition of an Al-Si contact would improve the efficiency of c-Si solar 
cells [11]. However, it is worth mentioning that lead-containing mate
rials are not environmentally friendly, and the Tg of Zn-Bi-based glass 
frits is higher than 350 ◦C, which is not conducive to sintering. 
Furthermore, the melted glass frits and other powders may spread and 
form a layer on the back of the cells, which can also affect the photo
electric parameter of c-Si solar cells [12]. Some metal oxide films with 
hole selective contacts, such as molybdenum oxide (MoOx), aluminum 
oxide (Al2O3), titanium oxide (TiO2), tungsten oxide (WOx), antimony 
trioxide (Sb2O3)etc., have been used to reduce carrier recombination in 
not only c-Si solar cells but also other types of solar cells. However, the 
deposition of these films usually requires high-vacuum equipment 
[13–19]. Although the design of high-performance glass frits still has 
room for improvement, it remains a crucial yet relatively simple and 
effective way to improve Al paste and promote the efficiency of c-Si solar 
cells. 

Inspired by previous researches, a new type of glass frits for Al paste 
was designed using environmentally friendly elements and B2O3, Sb2O3 
and MoO3 were selected, aligning with the concept of green develop
ment. The low melting points of Sb2O3 and MoO3 were beneficial in 
lowering the Tg of glass frits, facilitating the formation of a solid-liquid 
interface between particles and consequently the thermite reaction. 
Moreover, metallic Mo generated in thermite reactions is known for its 
high work function could potentially improve the Al-Si contact [20,21]. 
Additionally, oxides with high work function have been reported to 
enhance the Al-Si interface, leading to improved passivation effect and 
hole selectivity [17,18,22–26]. In this work, a novel type of glass frits 
capable of triggering thermite reactions was developed to construct a 
Sb/Mo co-doped Al-Si interface. Compared to traditional Pb-Si-based 
glass frits, this new glass frits was found to promote cells efficiency 
from 19.31% to 19.94%. Subsequently, multiple detection methods 
were employed to investigate the Sb/Mo co-doped Al-Si interface and 
the reasons behind the observed efficiency improvement. 

2. Experimental section 

2.1. Materials synthesis 

The recipe for the traditional Pb-Si-based glass frits (marked as Pb-g), 
used as control group, consisted of 67% PbO, 17% B2O3, 10% SiO2, and 
6% ZnO, all measured in mass percentages. In brief, the fabrication 
process for Pb-g involved mixing the oxides powders in an alumina 
crucible and heating them at 1000 ℃ for half an hour in an air atmo
sphere, followed by water quenching to obtain Pb-g block. Pb-g powder 
was obtained by grinding the Pb-g block with ethanol in an agate 
mortar. Finally, the Pb-g powder was dried in a blast oven. The recipe for 
the B2O3-Sb2O3-MoO3 glass frits (marked as SM-g) consisted of 50.5% 
Sb2O3, 41.5% MoO3, and 8% B2O3. The fabrication process for SM-g was 
the same as that of Pb-g. 

The blank Al paste without glass frits was prepared by mixing 70% Al 
powder (consisting of 25% of 2–3 µm and 45% of 5–6 µm), 5% Al-Si alloy 
powder, 24.5% organic carrier (consisting of ethyl cellulose N7, N200, 
acrylic resin, butyl carbitol acetate, hydrogenated castor oil, terpinol 
and alcohol ester dodecyl), and 0.5% dispersant (BYK-110, Germany). 
Pb-g was added to blank Al paste to prepare Pb-based Al paste (marked 
as P-Pb), and SM-g was added to blank Al paste to prepare SM-based Al 
paste (marked as P-SM). 

The front silver paste used in this work is commercial silver paste 
(purchased from SAMSUNG SDI CO.,LTD.). The front electrode pattern 
was shown in Fig. S1. 

By screen printing and co-firing in a belt furnace, Al-Si (made by Al 
paste) and Ag-Si contacts were formed on the monocrystalline silicon 
wafer (157 mm × 157 mm, purchased from Wuxi Bokun Photovoltaic 
Technology Co., Ltd., China). The c-Si solar cells were fabricated using 
P-Pb and the P-SM following similar procedures and were marked as 
Cell-Pb and Cell-SM, respectively. 

2.2. Materials characterizations 

The crystalline structures of the samples were analyzed by X-ray 
diffraction (XRD) measurements with a Bruker D8 Discover diffrac
tometer (Cu Kα radiation with λ = 1.5405(6) Å within the 2θ range of 
10–80◦). The morphology and elemental distribution of the materials 
were further examined by scanning electron microscope (SEM, ZEISS 
SUPRA-55), transmission electron microscope (TEM, JEM–3200FS, 300 
keV) and energy dispersive spectroscopy (EDS, OXFORD, X-MaxN TSR 
and X-max 80). X-ray photoelectron spectroscopy (XPS) tests were 
conducted using a Thermo Fisher ESCALAB 250X with a monochromatic 
Al K X-ray source to study the valence states of Al, Si, Sb and Mo. 
Thermal analyses were conducted on a TG/DTA analyzer (WCT-122, 
Beijing Hongyuan Co., Ltd., China) to determine the Tg of the glass frits 
and the sintering properties of Al paste. 

2.3. Device performance measurements 

The electrical parameters of the cells were measured using a pulsed 
solar simulator (PSL SCD, BERGER Lichttechnik GmbH & Co.KG). The 
contact resistance of Ag-Si and Al-Si, as well as the thin layer resistance 
of Al layer, were measured using a four-probe resistivity tester (KDY-1, 
Guangzhou Kunde Technology Co., Ltd., China), in 1.0 mA and ρ mode. 
The external quantum efficiency (EQE) and spectral response (SQ) 
curves of the cells were measured using a QE tester system (SCS1011, 
Zolix Instruments Co., Ltd., China). The surface potential of the Al-Si 
interfaces was measured using an atomic force microscope (AFM, 
Dimension Icon, Bruker Co., Germany) with Kelvin probe force micro
scopy (KPFM) using Pt/Ir-coated conducting tips (SCM-Pit) at a scan rate 
of 0.498 Hz. The samples of cells for the KPFM measurement were cut 
into 10 mm × 5 mm pieces using a laser, and then polished by an Ar+ ion 
beam milling technique (Leica EM TIC 3X, Leica Microsystems GmbH, 
Germany). 

3. Result and discussion 

Monocrystalline c-Si solar cells were fabricated using the Al-BSF cells 
manufacturing process. Fig. 1a illustrates the glass frits powder, Al 
paste, and cells fabrication process. For P-Pb (Pb containing paste), 1.5% 
of Pb-g (Pb-Si-based glass frits, the optimal addition amount) was added 
to the blank Al paste, while for P-SM (Sb-Mo containing paste), 0.75% of 
SM-g (B2O3-Sb2O3-MoO3 glass frits, the optimal addition amount) was 
added to the blank Al paste, as listed in Tables S1 and S2 (Supporting 
Information). The monocrystalline c-Si solar cells were fabricated by 
using the P-Pb and the P-SM following similar procedures and were 
marked as Cell-Pb and Cell-SM, respectively. The monocrystalline c-Si 
solar cell was produced in standard industrial size (157 mm × 157 mm) 
as shown in real device photograph in Fig. 1b, with silver fingers on the 
front and aluminum back field on the back. The XRD pattern of the SM-g 
shown in Fig. 1c displays broad peaks at around 27◦ and 51◦, indicating 
a vitreous material [8]. The glass phase of the SM-g was formed by 
melting in the muffle furnace and quenching in water. The SM-g con
tained irregular blocky solid particles with a length and width of several 
microns (shown in Fig. S2, Supporting Information). DTA curve of the 
SM-g shown in Fig. 1d revealed a Tg of 279.7 ◦C, which is lower than that 
of Pb-g and comparable glass frits reported previously [8,9]. Previous 
research has proven that using glass frits with a lower Tg can enhance the 
sintering of Al particles [9], as the solid-liquid interface formed by glass 
melting at a low temperature allows for effective contact between glass 
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frits and aluminum particles, providing favorable conditions for the 
thermite reaction. The DTA curve of P-SM Fig. 1e exhibits a steep sloping 
line from 670 ◦C to 900 ◦C with an obvious exothermic peak at about 
900 ◦C, which is starting from approximately 690 ◦C. In contrast, the 
DTA curve of P-Pb shows a gentle sloping line without any obvious 
exothermic peak. The c-Si solar cells were produced by rapid sintering in 
an infrared mesh belt furnace. As the cells were in the peak temperature 
zone for only a few seconds, heating from the thermite reaction plays a 
critical role by promoting the metallization of the back surface to 
improve the efficiency of devices [27]. 

The photovoltaic performance parameters of Cell-SM, Cell-Pb, and a 
commercial cell from previous research are listed in Table 1. The mea
surements were conducted using a Berger Lichttechnik Pulsed solar 
simulator PSS-10 under the standard test condition of AM 1.5 G illu
mination, 1000 W/m2, and 25 ◦C. Cell-SM demonstrated impressive 
performance, with a Voc of 645.3 mV, a short-circuit current (Isc) of 
9.519 A and a series resistance (Rs) of 2.472 mΩ. Notably, Cell-SM 
achieved a high fill factor (FF) of 79.6% and an impressive power con
version efficiency (PCE) of 19.94%, outperforming Cell-Pb (IV curves 
are shown in Fig. S3, Supporting Information). 

A radar chart in Fig. 2a is used to directly compare the performance 
parameters of Cell-SM and Cell-Pb. It is evident that Cell-SM 

outperformed Cell-Pb in multiple aspects, with lower Rs and higher 
values for Voc, Isc, FF, and PCE. The improvement in Voc is likely 
attributed to an optimized BSF, while the increase in Isc and decrease in 
Rs are probably due to an optimized of Al-Si contact. These improve
ments may be achieved through the thermite reaction and its side re
actions. Fig. 2c-e present scatter diagrams and histograms comparing Jsc, 
Voc, PCE, FF, and RS of cells in this work and same type of cells (p-type 
monocrystalline silicon solar cell with a full-area Al-BSF) in previous 
works [28–34]. Compared to commercial cell of the same type in liter
ature, Cell-SM exhibited competitive performance parameters [28]. 
Further photoelectronic characterization in Fig. 2b, including external 
quantum efficiency (EQE) and spectral response (SR) spectra (the 
equivalent current in the long wavelength range of 850–1100 nm, 
shown in Fig. S4), indicates that the back surface structure of Cell-SM 
was effectively optimized, leading to reduced carrier recombination 
and improved carrier collection at the back surface in the long wave
length range (850–1100 nm) [35]. This reduction in back surface 
recombination has a significant impact on Voc and Jsc, while the effective 
carrier collection indicates improved Al-Si contact and reduced Rs, 
possibly attributed to the optimization of the Al-Si interface. 

To further characterize the optimization of the back surface struc
ture, the surface potential of the Al-Si interface was analyzed using 
Kelvin probe force microscopy (KPFM). Fig. 3a, b show the in-situ sur
face potential maps obtained during the scan, where brighter regions 
with higher surface potential on the right represent Al and darker re
gions with lower potential on the left represent Si. The morphology 
images of the same cross-section are shown in Fig. 3c, d. Based on the 
surface potential morphology of the cross section, distinct regions cor
responding to Al layer, Al− Si alloy layer (the dark red area between Al 
and Si), and the silicon region containing BSF can be clearly identified. 
Fig. 3e, f present the surface potential curves across these layers. The 
surface potential constantly increases from the bulk phase of Si to the 

Fig. 1. Manufacturing process and characterization of glass frits and Al paste. (a) Schematic of the monocrystalline c-Si solar cell fabrication process. Top to bottom: 
oxides powder to glass frits powder via roasting and quenching, glass frits powder to Al paste via mixing, manufacturing c-Si solar cell by screen print and sintering; 
(b) Actual photo of monocrystalline c-Si cells in this work; (c) Crystal structure characterization on powder samples of the SM-g; (d-e) DTA curves of the SM-g, the 
Cell-SM and the Cell-Pb in air (heating rate of 10 ◦C/min). 

Table 1 
Photovoltaic (PV) performance parameters of the Cell-SM, the Cell-Pb in this 
work and Cell-com* (commercial cell in other work).  

Cell Voc Isc Jsc Rs FF η 
(mV) (A) (mA/cm^− 2) (mΩ) (%) (%) 

Cell-SM 645.3 9.519 38.99 2.472 79.6 19.94 
Cell-Pb 639.7 9.406 38.53 3.257 78.4 19.31 
Cell-coma 641.2 / 38.46 / 80.33 19.81  

a commercial cell in other work [28]. 
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bulk phase of Al. The magnitude of the surface potential step between 
the bulk phases of Al and Si was found to be 518 and 396 mV for Cell-SM 
and Cell-Pb, respectively. This surface potential step is attributed to the 
built-in electric field and the gradient of hole density, which affect the 
redistribution of holes at the Al-Si interface and are correlated the 
quality of Al-Si interface [36–39]. A good contact with hole-selectivity 
results in improved carrier collection and higher hole density, leading 
to an increase in the magnitude of the whole potential skip-step [39]. 
The large surface potential step observed in Cell-SM confirms the 
improvement of Al-Si contact on the back surface, which likely con
tributes to the decrease in Rs and increase in Isc. Additionally, the surface 
potential step in the Al-Si alloy layer is also noteworthy. The value of 
surface potential step in the Al-Si alloy layer of the Cell-SM is 73 mV 
with a change rate of 25.1 mV/μm, while the value for Cell-Pb is 
25.6 mV with a change rate of 14.54 mV/μm. This indicates that the 
Al-Si interface of the Cell-SM is superior to that of Cell-Pb in terms of 
surface potential, further confirming the optimization of the Al-Si con
tact in Cell-SM. 

To effect of SM-g on the back of cell and the Al-Si interface was 
investigated through various measurements. Scanning electron micro
scopy (SEM) images in Fig. 4b, d show the surface structure after sin
tering of Cell-SM and Cell-Pb, respectively. The spherical bright small 
particles are aluminium powder, while the dark holes are the shells left 

by the melting of aluminium particles [9]. It is evident that there are 
more dark holes in Cell-SM than in Cell-Pb, indicates that SM-g greatly 
enhances the sintering effect [8]. This is supported by Fig. 1d, where 
P-SM provides heat from the thermite reaction to melt more aluminium 
particles and produce more dark holes in Cell-SM, which is beneficial to 
the sintering of aluminium paste (the SEM images with larger field of 
views were shown in Fig. S5, Supporting Information) [27]. 
Cross-sectional images of Cell-SM and Cell-Pb in Fig. 4c and d, respec
tively, show the BSF layers marked with green and yellow dashed lines. 
Upon comparison, it can be seen that the thickness of BSF layer in 
Cell-SM is 6.05 µm, which is twice that of Cell-Pb (original images are 
shown in Fig. S6, Supporting Information). The BSF layer was formed by 
the diffusion of elements such as aluminum into the bulk phase of silicon 
during sintering. The SEM images combined with corresponding energy 
dispersive X-ray spectroscopy (EDS) mappings of the back of Cell-SM 
after removing the aluminum layer are shown in Fig. S7, Supporting 
Information. P-SM containing SM-g provided heat from the thermite 
reaction, which enhanced the diffusion process to form a thick BSF layer. 
The thickness of BSF layer was positively correlated with Voc and mi
nority carrier lifetime, which improved the efficiency of cell. The in
crease in the thickness of the BSF layer of Cell-SM explains the 
characteristics of a high Voc. To further understand the diffusion process, 
a sample of the interface between the Al-Si alloy layer and the BSF layer 

Fig. 2. Photovoltaic characteristics of cells. (a) Performance radar chart of the Cell-SM and the Cell-Pb; (b) External quantum efficiency (EQE) measurements and 
spectral response (SR) curves of the Cell-SM and the Cell-Pb; (c-e) Comparison between the photovoltaic characteristics of monocrystalline c-Si solar cells in other 
studies and the solar cell developed within this work; (c) Jsc and Voc; (d) PCE and FF; (e) Rs. 
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was extracted by focused ion beam (FIB) and measured by transmission 
electron microscopy (TEM) and EDS. The morphology and elemental 
distribution at the interface between the Al-Si alloy layer and the BSF 
layer are shown in Fig. 4f-k. From the top left corner to the bottom right 
corner, Si in cyan gradually deepens while Al in green, Sb in purple, and 
Mo in yellow gradually become shallower. The depth of color represents 
the degree of enrichment of the element, indicating that these elements 
diffuse with each other during sintering. Although O in red is concen
trated in the upper left corner area surrounded by the dotted line, there 
is still a small amount of O in the internal area, possibly due to the 
formation of oxides on the side near the Al-Si alloy. (TEM images of a 
larger area combined with corresponding the EDS mappings of the 
interface extracted by FIB between Al and Si of Cell-SM are shown in 
Fig. S8, Supporting Information.) In order to further study the diffusion 
of elements, the content of Al, Mo and Sb at different depths was 
analyzed by EDS point scan mode and the result is shown in Fig. 4l. As 
the points continue to approach the interior zone, the ratio of Al to Mo 
and Sb increases from 2.87 to 3.50, and the ratio of Mo to Sb increases 
from 3.03 to 5.00 (raw data is shown in Fig. S9, Supporting Informa
tion). The gradient distribution of Mo may increase Voc by changing the 
surface band bending at the junction p-c-Si/Al and reduce Al-Si contact 
resistance by work function matching. 

To determine the valence states of elements at the Al-Si interface of 
Cell-SM, X-ray photoelectron spectroscopy (XPS) measurements were 
performed and the results are shown in Fig. 5. Fig. 5a-d show the XPS 
spectra of Mo 3d5/2 with different etching times of 0, 20, 40 and 60 s, 
corresponding to etching depths approximately 0, 10, 20, and 30 nm. 
The 3d5/2 peak of Mo on the surface of the Al-Si interface is centered at 
232.83 eV, and the 3d3/2 peak is centered at 235.98 eV, both matching 
the characteristic peaks of MoO3 [40,41]. As the etching depth 

increases, the 3d5/2 peak shifts to 228.3 eV and the 3d3/2 peak shifts to 
231.5 eV, which correspond to the characteristic peaks of Mo0 (the XPS 
spectrum of Mo for Cell-SM without baseline and fitting curves shown in 
Fig. S10) [42]. This indicates the presence of molybdenum trioxide in 
the oxide layer on the surface layer, while metallic Mo was present in the 
internal area. Metallic Mo has a high work function in p-type Si, 
resulting in a lower barrier, which is beneficial for hole transport 
through the potential barrier, thereby reducing the contact resistance 
between Al and Si. The XPS spectra and fitting results of Sb 3d5/2 with 
different etching depths are shown in the Fig. 5e-h. The center position 
of the 3d5/2 peaks at different etching times is around 532.4 ± 0.2 eV, 
matching the characteristic peaks of Sb2O5 [43,44]. Additionally, the 
peaks of deeper etching show a slight shift about of 0.3 eV. In contrast, 
the XPS spectra and fitting results of Sb 3d5/2 in SM-g and cell doped 
with only Sb are around 530.5 ± 0.2 eV, corresponding to Sb2O3 (shown 
in Fig. S11b and g-j, Supporting Information) [45]. The formation of 
Sb2O5 is conducive to achieving low sheet resistance and shallow doping 
[46]. Meanwhile, Fig. 5i-l show the XPS spectra and fitting results of Al. 
The 2p peak of Al with 0 s etching is centered at 74.8 eV, matching the 
characteristic peaks of Al2O3/Al [47,48]. Compared to the peak of Al 
with 0 s etching, the peaks of Al with 20 s, 40 s, and 60 s etching show 
an obvious shift of about 1 eV. This is attributed to the oxidation reac
tion of aluminum in the lower area, causing these peaks to shift from 
74.8 eV to 75.9 eV [48,49]. For further comparison, Cell-Pb was also 
measured under the same conditions, and the peak position of Al 2p does 
not shift at different etching times, indicating no additional oxidation 
reaction (shown in Fig. S11c-f, Supporting Information). 

By combining the results of DTA in Fig. 1e and XPS in Fig. 5, it can be 
determined that a thermite reaction occurs during the sintering process. 
Under this condition, MoO3, which is a strong oxidizing agent, can 

Fig. 3. Surface potential images, topography and surface potential line profiles of cells. (a-b) surface potential images of the Cell-SM and the Cell-Pb, respectively; (c- 
d) morphology images of the Cell-SM and Cell-Pb, respectively; (e-f) Surface potential curves of the Cell-SM and the Cell-Pb, respectively. 
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Fig. 4. Surface and cross-sectional morphology images by SEM, Al-Si interface images by TEM and elements distribution at the interface by EDS. (a) the Schematic 
diagram of the Al-Si interface; (b) the Al layer surface on the back of the Cell-SM; (c) the Cross section of the Cell-SM; (d) Al layer surface on the back of the Cell-Pb; 
(e) the Cross section of the Cell-Pb; (f-k) the Morphology and elements distribution at the interface between Al-Si alloy layer and BSF layer for Cell-SM; (l) Elements 
proportion of point-1, 2 and 3. 

Fig. 5. XPS spectra and fitting results of the Al− Si solid layer of the Cell-SM etched 0, 20, 40 and 60 s with Ar+ sputtering. (a-d) XPS Mo 3d3/2 and 3d5/2 spectra and 
fitting results of the Cell-SM; (e-h) XPS Sb 3d5/2 spectra and fitting results of the Cell-SM; (e-h) XPS Al 2p spectra and fitting results of the Cell-SM; (m) Schematic 
diagram of elements diffusion and ORR. 
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oxidize other elements, leading to an increase in the binding energy of 
these elements. The results of TEM and EDS in Fig. 4 and XPS in Fig. 5 
show that MoO3, Sb2O5, Al2O3 and Al exist on the surface of the Al-Si 
alloy layer. Meanwhile, Mo0 exists in deeper positions along with high 
valence Al and Sb. These results confirm the oxidation of Al and Sb, and 
the reduction of Mo. Fig. 5m illustrates the process of element diffusion 
and the oxidation-reduction reactions (ORR) caused by the thermite 
reaction, as well as the distribution of elements with different valence 
states at the Al-Si interface. The cells in this work were made of the same 
commercial front silver paste, and it was found that changes in resis
tance, other than Al-Si contact resistance, had little impact (as shown in 
Fig. S12). Combining the XPS and KPFM results, it can be concluded that 
the Sb/Mo co-doped Al-Si interface structure, constructed by the redox 
reactions induced by the thermite reaction, improves hole selectivity 
and optimizes the Al-Si contact, resulting in a decrease in Rs and an 
increase in FF and PCE. In comparison, the effects of Sb-doping (marked 
as B-Sb) and Mo-doping (marked as B-Mo) alone are less pronounced 
(listed in Table S3, Supporting Information). The Al layer of the cell 
made by B-Sb has almost no dark holes, and the BSF layer is relatively 
thin, indicating poor sintering. The results of element distribution show 
that Sb is close to the Al-Si alloy layer. The XPS spectra and fitting results 
of B-Sb are corresponding to Sb2O3, and the valence state of Al did not 
change at different etching times, which implies no redox reaction 
occurred (shown in Fig. S13). The solar cell manufactured by B-Sb ob
tained a Voc of 636.4 mV, a Isc of 8.943 A, and a Rs of 5.108 mΩ. This 
leads to a high PCE of 18.11% (in Table S3). The Al layer of the cell made 
by B-Mo has some dark holes, and the BSF layer is thicker than B-Sb but 
thinner than Cell-SM, which means that the sintering of B-Mo is better 
than that of B-Sb but inferior to Cell-SM. The results of element distri
bution show that Mo is close to the Al-Si alloy layer. The XPS spectrum 
and fitting results show that the valence state of Mo and Al have changed 
at different etching times, which indicates redox reaction occurred 
(shown in Fig. S14). The solar cell manufactured by B-Mo obtained a Voc 
of 633.3 mV, a Isc of 9.071 A, and a Rs of 3.477 mΩ. This leads to a high 
PCE of 18.47%(in Table S3). Therefore, the co-effect of Sb and Mo can 
obtain the performance of Cell-SM. 

In the future directions of our research, it is attemptable that change 
the relevant properties of glass frits by adjusting the proportion of the 
main oxides. We have tried using some glass frits with different oxides 
ratios to make cells, but have not been able to further improve efficiency 
(Table S4). Adjustment of proportion requires more experiments to 
explore. It is also worth studying to further reduce the glass transition 
temperature by adding new low melting point oxides. In addition, 
adding a small amount of alkali metal oxides is also a feasible strategy, 
which is widely applied in the manufacturing of other type of glass frits. 

4. Conclusions 

In conclusion, a new glass frits with a low Tg was designed and added 
into Al paste to achieve a good Al-Si contact and a thick BSF layer 
through a thermite reaction during the sintering process, resulting in 
enhanced performance of monocrystalline c-Si solar cells. At the inner 
region of the Al-Si interface, MoO3 with strong oxidizing properties was 
reduced to metallic Mo, while Sb2O3 was oxidized to Sb2O5, and Al was 
oxidized to Al2O3. The Sb/Mo co-doped Al-Si interface constructed by 
the thermite reaction reduced the contact barrier between aluminum 
and silicon, and minimized carrier recombination, facilitating the 
transport of holes to the Al layer for collection. As a result, the solar cell 
manufactured with this glass frits exhibited a high Voc, a high Isc, and a 
lower Rs. This leads to a high PCE of 19.93%, which is comparable to 
commercial products. This finding provides a new approach for regu
lating elements and their valence states at the interface. The B2O3- 
Sb2O3-MoO3 glass frits, as a new type of low Tg glass frits, shows great 
potential for application in electronic paste and deserves further 
research. This approach can be extended to other devices that required 
better Al-Si contact, such as metallization of the back of p-Si solar cells, 

the front of n-Si solar cells, and silicon-based devices, which are 
currently attracting extensive attention. 

Supplementary materials 

SEM images combined with corresponding the EDS mappings of the 
SM-g and SEM images of the Pb-g; IV curves of the Cell-SM and the Cell- 
Pb; SEM images of cross section area of the Cell-SM and the Cell-Pb; SEM 
images combined with corresponding the EDS mappings of the back of 
the Cell-SM after removing the aluminum layer; TEM large scale images 
combined with corresponding the EDS mappings of the interface 
extracted by FIB between Al and Si of the Cell-SM; TEM images com
bined with corresponding EDS spectra of point-1, 2 and 3 at the interface 
between Al and Si; XPS spectra and fitting results of the SM-g and the 
Cell-Pb and Cell without Mo; Contact resistance between Ag and Si and 
sheet resistance of the Al conducting film of the Cell-SM and the Cell-Pb; 
Photovoltaic performance parameters of Cells manufactured with 
different amounts of the SM-g added; Photovoltaic performance pa
rameters of Cells manufactured with the SM-g, B2O3-MoO3 glass frits 
and B2O3-Sb2O3 glass frits. 
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