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A B S T R A C T

In recent years, there has been a concerted effort to develop new electron-selective (ES) materials for crystalline 
silicon (c-Si) solar cells aimed at simplifying the processes and improving efficiencies. By combing the low- 
temperature spin-coating SiO2 with the atomic layer deposition (ALD) ZnOx, we in this work prepared the 
dopant-free ES contact of ALD-ZnOx/Spin-coating SiO2/LiF/Al and applied it to n-type c-Si solar cells as a full- 
area rear contact. It is found that the optimal ZnOx/SiO2/LiF/Al sample with the 10 cycles-thickness ZnOx, has 
the lowest contact resistivity (ρc) of 0.857 mΩ cm2 and the high minority carrier lifetime (τeff) of 319.43 μs, 
indicating the simultaneous achievement of the excellent contact performance and surface passivation. It is 
verified that the spin-coating SiO2 layer can boost the surface passivation level while maintaining the low ρc due 
to the pinhole-like carrier transport mechanism in spin-coating SiO2. Finally, the champion efficiency of 22.11 % 
was achieved in the n-type c-Si solar cell with full-area rear ZnOx/SiO2/LiF/Al ES dopant-free contact. This 
represents the best performance for ZnOx-based dopant-free c-Si solar cells, displaying a bright prospect of this ES 
contact in the low-temperature and high-efficiency Si heterojunction and Si/Perovskite tandem solar cells.

1. Introduction

Carrier-selective contact (CSC) is widely used in crystalline silicon (c- 
Si) solar cells due to its high efficiency and simple process [1–8]. As this 
technology continues to evolve, the requirements for hole-selective (HS) 
layers and electron-selective (ES) layers are becoming increasingly 
demanding [9–12]. The ES layers as the electron transport channel 
should simultaneously possess superior interface passivation and low 
resistivity. Therefore, the development of suitable ES layers materials to 
meet electrical requirements is crucial for further improving the per
formance of Si-based solar cells.

Transition metal oxide (TMO) layers are widely applied in c-Si solar 
cells due to their excellent band alignment properties and work func
tions [13–15]. These dopant-free, wide-bandgap, simple-process, and 
low-cost TMOs have their own superiorities compared to the traditional 
CSCs of the doped silicon suffering from parasitic absorption and Auger 
recombination losses [16–18]. Zinc oxide (ZnO) as a 

high-electron-mobility, wide-bandgap, non-toxicity, and low-cost TMO 
based ES layers materials [19–21], is extensively used in polymer solar 
cells, dye-sensitized solar cells, and perovskite solar cells [22–25]. 
Zhang et al. developed a highly conductive boron-doped ZnO (BZO) 
using metal-organic chemical vapor deposition (MOCVD) and fabricated 
a structure of a-Si: H/BZO in 2017, obtaining a power conversion effi
ciency (PCE) of only 16.6 % [26]. In 2018, Ding et al. prepared a-Si: 
H/ZnO: Al as an ES layers by employing spin-coating technique, and 
achieved a PCE of 18.46 % [27]. Next year, Zhong et al. successfully 
achieved a PCE of 19.5 % using a-Si: H/AZO (magnetron sputtering)/Al 
as an ES contact [28]. Later, in 2019, they fabricated a solar cell with 
a-Si: H/ZnOx/LiF contact, demonstrating a contact resistivity (ρc) of 136 
mΩ cm2 and a higher PCE of 21.4 % [29].

Despite the reported superiorities of the ZnO thin film in the pub
lished work, achieving simultaneous excellent passivation and electrical 
conductivity remains a challenge, thereby limiting the improvement of 
device PCE. Beh et al.’s work indicates that ALD-ZnO exhibits very low 
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ρcs, highlighting its exceptional electron transport capacity compared to 
sputtering-deposited ZnO [30]. To achieve an excellent surface passiv
ation under conditions of low ρc, we in our previous work prepared the 
spin-coating SiO2 layer on the ALD-AlOx passivated c-Si wafer, and 
found that the spin-coating SiO2 layer was able to greatly improve the 
surface passivation while keeping the ultralow ρc. The key factor for the 
simultaneous achievement of the excellent passivation and ultralow ρc 
lies to the pinhole-like carrier transport mechanism in the spin-coating 
SiO2 layer [31]. The successful application of the spin-coating SiO2 
paves a broad way for its further use in the high-performance dopant-
free c-Si solar cell.

In this work, we have developed ALD-ZnOx/spin-coating SiO2/LiF/ 
Al as an ES contact for the rear surface of n-type Si solar cells. This novel 
design effectively addresses the previously mentioned issues of 
achieving both excellent surface passivation and ultralow ρc simulta
neously. Thanks to the pinhole-like carrier transport mechanism in the 
spin-coating SiO2 layer, the c-Si/ZnOx/SiO2/LiF/Al ES contact exhibits a 
remarkably low ρc of 0.857 mΩ cm2 and a 36.3 % increase in the τeff. 

Finally, we achieved a champion efficiency of 22.11 %, surpassing those 
of the reported ZnO-based solar cells. Our findings underscore the sig
nificant potential of ZnOx/SiO2/LiF/Al as an ES contact layer for c-Si 
solar cells, further validating the promising application prospects of 
spin-coating SiO2 on solar cells.

2. Results and discussion

As shown in Fig. 1, utilizing high-angle-annular-dark-field scanning 
transmission electron microscopy (HAADF–STEM), we obtained the 
interfacial structure and elemental distribution of the rear c-Si/ZnOx/ 
SiO2/LiF/Al. The high-resolution cross-sectional STEM image Fig. 1a 
and the magnified image Fig. 1b clearly display that the rear structure is 
made up of a continuous SiO2 layer (~10 nm), a ZnOx layer (~1 nm), a 
LiF layer (~1.2 nm), and an Al layer.

This distinguished structure can be confirmed by the EDS (Energy 
Dispersive Spectroscopy) elemental mappings of Si, O, F, and Al ele
ments as shown in Fig. 1c. It is worth noting that the EDS elemental 

Fig. 1. a) HAADF-STEM microscopy images of the c-Si/ZnOx/SiO2/LiF/Al. b) High-resolution microscopy image of c-Si/ZnOx/SiO2/LiF/Al contact. c) HAADF–STEM 
and EDS element mappings of Si, O, F, Zn, and Al at the c-Si/ZnOx/SiO2/LiF/Al interface. d) Energy-dispersive X-ray spectroscopy line scan of a c-Si/ZnOx/SiO2/LiF/ 
Al interface.
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mappings show the diffusion of Al and F elements into the SiO2 layer, 
which is demonstrated more clearly by the Energy-dispersive X-ray 
spectroscopy line scan of Fig. 1d. The diffusion behavior of Al and F 
elements is mainly attributed to the loose and porous structures of SiO2 
layer during the spin-coating process, which is consistent with the result 
of the previous work [31].

Fig. 2 shows the XPS measurements of the ALD-ZnOx and spin- 
coating SiO2 films. The O 1s spectrum of the spin-coating SiO2 is 
shown in Fig. 2a, which can be divided into two peaks with binding 
energies of 532.66 eV and 532.94 eV, respectively. Both of these binding 
energy peaks correspond to the Si-O bond [32–34].

Fig. 2b shows the Si 2p peak of the spin-coating SiO2, which can be 
divided into two peaks with binding energies of 103.37 eV and 103.64 
eV. These peaks correspond to Si 2p3/2 and Si 2p1/2, respectively [32,
33]. No peak for the Si element is observed at 99.3 eV, indicating that it 
exists only in the oxidized state [35,36]. As shown in Fig. 2c, the O 1s 
spectrum of ALD-ZnOx, based on Gaussian fitting, can be divided into 
two peaks with binding energies of 530.66 eV and 531.51 eV, respec
tively. The 530.66 eV peak indicates Zn-O bonds [37]. The higher 
binding energy peak (531.51 eV) is mainly due to the adsorption of 
specific products on the surface of ALD-ZnOx films, such as -CO3, H2O, 
and other corresponding hydroxides [38,39]. Fig. 2d further shows the 
Gaussian fitting of Zn 2p peaks. The 1021.62 eV and 1044.15 eV peaks 
correspond to Zn 2p3/2 and Zn 2p1/2, respectively. The binding energy 
for metallic zinc at 1021.5 eV is not observed, which suggests the 
absence of interstitial zinc [40]. Thus, it can be concluded that the Zn 
element in our ALD-grown film exists only in the oxidized state.

Excellent passivation contact performance demands both a low 
recombination current density (J0) and a low ρc, as described by Eq. (1)
[41]. 

S10 = log10

(
Vth/J0

ρc

)

(1) 

Consequently, we in this section focus on the τeff which is related to 
J0, and the ρc. Fig. 3a shows the differences of ρcs before and after spin- 
coating SiO2 for the samples with 5, 10, 20, 30, and 40 cycles ZnOx. Note 
that the growth per cycle (GPC) of ZnOx is ~0.1 nm. By using the 
transfer length method (TLM), we extracted the ρc values of the c-Si/ 
ZnOx/LiF/Al and c-Si/ZnOx/SiO2/LiF/Al structures from the current- 
voltage (I-V) measurements. Although we observed an increase trend 
of ρc as the increasing thickness of the ZnOx for the samples with only 

ZnOx thin film, all the ρc values were kept in the range of 0.458–5.83 
mΩ cm2. After spin-coating SiO2, all the corresponding ρc values showed 
slightly increases, but these values are still kept below 7 mΩ cm2. 
Obviously, the c-Si/ZnOx/LiF/Al and c-Si/ZnOx/SiO2/LiF/Al samples 
corresponding 10-cycle ZnOx have the lowest ρc values of 0.458 mΩ cm2 

and 0.857 mΩ cm2, respectively (see Fig. S1). The low ρcs of the before 
and after spin-coating SiO2 reveals that the influence of the thick spin- 
coating SiO2 on the ρc can be neglected, which is beneficial to obtain
ing high FF of the devices. According to previous work [31], the 
pinhole-like carrier transport the spin-coating SiO2 layer determines the 
characteristic of low resistivity that is independent of thickness.

Next, we examine the comparison of surface passivation before and 
after spin-coating SiO2 on the samples with different ZnOx thicknesses as 
shown in Fig. 3b. The samples with only ZnOx thin film show the 
increasing τeffs with the increase of ZnOx thicknesses. Importantly, after 
spin-coating SiO2, the τeffs of all samples demonstrate significantly im
provements. For example, the τeffs of the sample with the stack of 40- 
cycle ZnOx and spin-coating SiO2 reach up to 358.97 μs with a relative 
increase of 34.4 % comparing with the 267.19 μs of the sample with only 
40-cycle ZnOx. The relative increase of the τeff is even up to 36.3 % in the 
case of 10-cycle ZnOx, corresponding to the τeffs value of 234.33 μs 
(before spin-coating SiO2) and the τeffs value of 319.43 μs (after spin- 
coating SiO2) as shown in Fig. 3c. This significant enhancement can be 
attributed to the substantial improvement in the chemical passivation 
effect, where the oxygen atoms in the SiO2 layer effectively bond with 
the dangling bonds in the silicon substrate, forming a stable Si-O 
chemical bond [31,42].

Fig. 4a illustrates the n-type solar cell with the full-area ZnOx/SiO2/ 
LiF/Al ES contact. Utilizing 170 μm-thickness, n-type [100] Cz c-Si 
wafers of 1–3 Ω cm resistivity, the cell’s front incorporates p+ emitters, 
Al2O3/SiNx (PECVD), and Ag (screen-printed), while the back is featured 
ZnOx (10-cycle, ALD), SiO2 (~10 nm, spin-coating), and LiF/Al (1.2 nm/ 
200 nm, thermal evaporation). The reference solar cell has the similar 
structure and the same processes with the above solar cell, except that it 
lacks a spin-coating SiO2 layer.

Fig. 4b demonstrates the current density-voltage (J-V) curves and 
detailed output parameters for an n-type solar cell featuring a full-area 
ZnOx/SiO2/LiF/Al ES contact under AM 1.5 G standard illumination, 
in comparison to those of the reference solar cell with no spin-coating 
SiO2. Notably, the highest efficiency of 22.11 % was achieved on the 
solar cell with spin-coating SiO2, along with a high short-circuit current 

Fig. 2. XPS spectra of spin-coating SiO2 and ALD-ZnOx films: a) O 1s, b) Si 2p for spin-coating SiO2; c) O 1s, d) Zn 2p for ALD-ZnOx.
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density (Jsc) of 40.44 mA cm− 2, an open circuit voltage (Voc) of 663.40 
mV, and a high fill factor (FF) of 82.42 %. In contrast, the ZnOx/LiF/Al 
contact solar cell with no spin-coating SiO2 only has an efficiency of 
19.25 %, with a Jsc of 38.27 mA cm− 2, a Voc of 607.23 mV, and an FF of 
82.84 %. This comparison highlights an absolute efficiency improve
ment of 2.86 % for the optimal device. The device’s enhanced perfor
mance origins from a 5.67 % and 9.25 % increase in Jsc and Voc, from 
38.27 mA cm− 2 to 40.44 mA cm− 2 and from 607.23 mV to 663.40 mV, 
respectively, while there is a slight decrease in the FF from 82.84 % to 
82.42 %. The improvement of Jsc and Voc is attributed to the enhanced 
surface passivation from the spin-coating SiO2 layer. As discussed in the 
above part, the spin-coating SiO2 does not significantly affect the ρc, 
allowing the device to maintain a high FF.

To analyze the spectral response of the device, Fig. 4c further dis
plays the external quantum efficiencies (EQEs) of the devices before and 
after the spin-coating SiO2 layer. The cells both with and without the 
SiO2 layer possess high EQEs in the short and medium wavelength range 
of 300–800 nm, due to the excellent passivation and antireflection 
properties of the Al2O3/SiNx stacks on the front surface. Solar cells with 
the spin-coating SiO2 layer on the back exhibit notably higher EQEs in 
the long wavelength range of 800 nm–1100 nm than the device without 
the SiO2 layer. Moreover, the Jsc value of 40.44 mA cm− 2 for the ZnOx/ 
SiO2/LiF solar cell in Fig. 4b is consistent with the integral value of 
40.67 mA cm− 2 by the corresponding EQEs in Fig. 4c. In addition, 
Fig. 4d shows the reflectance (R) and internal quantum efficiencies 
(IQEs), revealing that the gain in EQEs is due to electrical rather than 

optical improvement. Obviously, this improvement in long wavelength 
spectral response is attributed to the presence of the spin-coating SiO2 
layer, which is consistent with the result of the J-V analysis.

3. Conclusions

In summary, an ES dopant-free passivating contact with low- 
temperature ALD-ZnOx/Spin-coating SiO2/LiF/Al was prepared on the 
rear side of n-type c-Si solar cell, and the interfacial structures were 
clearly shown by the HAADF–STEM, the EDS elemental mappings and 
the XPS spectra. Furthermore, the influence of the ZnOx layer thickness 
on the ρc and surface passivation τeff was investigated, displaying that 
the structure with 10 nm-thickness ZnOx possesses the lowest ρc of 
0.857 mΩ cm2 and the high τeff of 319.43 μs. The simultaneous 
achievement of the ultralow ρc and the high τeff is attributed to the 
pinhole-like carriers transfer mechanism in the spin-coating SiO2 layer. 
Finally, we achieved the highest PCE of 22.11 % on the device with 10 
nm-thickness ZnOx, as well as the Jsc of 40.44 mA cm− 2, Voc of 663.40 
mV, and FF of 82.42 %. By combining with the low-temperature, simple- 
process and low-cost spin-coating SiO2 layer, we achieved the record 
PCE of the ZnOx-based dopant-free solar cell, revealing the great po
tential of this ES contact in high-efficiency c-Si and Si/Perovskite tan
dem solar cells.

Fig. 3. a) The ρcs of the samples with different ZnOx thicknesses in the case of before and after spin-coating with SiO2. b) The τeffs of the samples with different ZnOx 
thicknesses in the case of before and after spin-coating with SiO2. c) The comparison of τeff curves for the before and after spin-coating SiO2 sample in the case of 40- 
cycle ZnOx.
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4. Experimental section

Preparation of samples: n-type float zone (FZ) c-Si wafers with (100) 
orientation, a resistivity of 4–7 Ω cm, and a thickness of 450 ± 10 μm 
were used as substrates. The c-Si wafers were put into an acetone so
lution for ultrasonic cleaning for 30 min to clean the organic substances 
on the surface. Next, the wafers were cleaned by the Radio Corporation 
of America (RCA) cleans 1 & 2 [43], followed by being immersed in HF 
(1%–2%) solution to remove the SiOx layer formed in the RCA cleaning 
process. To obtain the τeffs before and after spin-coating SiO2, the 
cleaned wafers were coated with different thicknesses of ZnOx on both 
sides using ALD, employing dimethylzinc as the zinc source and 
deionized (DI) water as the oxidant. Subsequently, the samples were 
positioned on the spin coater’s pad for the spin-coating process. During 
this process, 30 μl of sol-gel solution was applied uniformly onto the 
wafer using a pipette gun at the rotational speed of 4000 rpm. The so
lution had a molar concentration of 0.06 mol/L, prepared from a tet
raethyl orthosilicate precursor, isopropanol (IPA), DI water, and nitric 
acid. Finally, the samples were annealed at 100 ◦C for 3 min. The details 
of the solution preparation and the spin-coating process are given in our 
earlier publication [31]. To further explore the contact characteristics of 
spin-coating SiO2, the ρcs of different ES contacts on solar-grade Cz sil
icon wafers were evaluated, including the stacks of ZnOx/LiF/Al and 
ZnOx/SiO2/LiF/Al, where the LiF/Al stack was deposited via thermal 
evaporation. ZnOx thin films were prepared using 5, 10, 20, 30, and 40 
cycles of ALD.

Preparation of devices: The c-Si solar cells (2 × 2 cm2) were fabricated 
on solar-grade Cz n-type wafers with a thickness of 170 μm. Fabrication 
of the front structure involved standard cleaning, saw-damage removal, 
thermal boron diffusion, and edge etching. Subsequently, an Al2O3 
passivation layer and a SiNx antireflection layer were deposited on the 
p+ emitter using ALD and PECVD, respectively. Front Ag grids were 
prepared via screen printing silver paste. For the rear side, ZnOx was 
prepared using ALD. The aged sol-gel solution was spin-coated to pro
duce approximately 10 nm-thickness SiO2, and the LiF/Al stack was 

formed via thermal evaporation. The conceptual diagram of ALD-ZnOx 
steps, spin-coating SiO2, and thermal evaporation LiF/Al on the back 
surface of the solar cell mentioned above is shown in Fig. 5.

Characterizations: The cross-sectional images of c-Si/ZnOx/SiO2/LiF/ 
Al (170 μm/1 nm/10 nm/1.2 nm/200 nm) ES layers structure were 
obtained using the HAADF-STEM (Titan Themis G2 60–300, Thermo 
Fisher) coupled with energy-dispersive X-ray spectroscopy. The atomic 
composition and chemical states of the ZnOx/SiO2/LiF film were 
analyzed using XPS (K-Alpha, Thermo Fisher) with monochromatic Al 
Kα X-ray (photon energy of 1486.6 eV). The surface passivation mea
surements by a lifetime tester (Sinton Instruments, WCT-120) in quasi- 
steady state photoconductance (QSSPC). The contact resistivity was 
obtained using the TLM method. The electrode length in the TLM pattern 
was 2 mm and the pad spacing was 0.5, 1, 1.5, 2, 3, and 4 mm, 
respectively. The solar cells’ J-V characteristics were investigated under 
the illumination of AM1.5G using a Newport 92250 A-1000 solar cell I-V 
tester and a Keithley 2400 source meter. The EQEs were measured by a 
Crowntech QTEST HIFINITY 5 system.
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