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Abstract: This work discusses challenges to fabricate full-dopant-free bifacial silicon solar 

cells and demonstrates efficient devices utilizing MoO3/ITO/Ag hole-selective contact and 

ZnO/LiFx/Al electron-selective contacts with up to 79% short-circuit current bifaciality. The 

ZnO/LiFx/Al rear electron contact features full-area ZnO anti-reflective coating and LiFx/Al 

finger contact, allowing sunlight absorption from the back side, thus producing more overall 
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power. The ZnO/LiFx/Al electron contacts with a thinner ZnO layer and a larger contact fraction 

display a better selectivity and a lower resistance loss. When considering rear-side irradiance 

of 0.15 sun, the dopant-free bifacial solar cell with 60 nm ZnO and 50%-LiFx/Al metal contact 

fraction achieves a 3% estimated output power density improvement compared with its 

monofacial counterpart (21.0 mW/cm2 compared to 20.3 mW/cm2) using full area back contact. 

Both efficiency and bifaciality factor of this dopant-free device are still significantly lower than 

these of state-of-the-art devices relying on doped silicon-based layers, and we discuss the 

required improvement for this technology to become industry-relevant. 

 

1. Introduction 

Direct metallization on lightly doped silicon due to the Fermi-level pinning effect induced 

by a high density of bandgap states or defects, results in a relatively high Schottky barrier height, 

which leads to a very high rate of minority carrier recombination and a high contact resistance 

[1]. Dopant-free passivating contacts feature non-silicon materials with high or low work 

function and wide bandgap, combined with intrinsic hydrogenated amorphous silicon (a-Si: 

H(i)) or SiOx passivating interlayer, depinning the Fermi-level and mitigating the density of 

defects and Schottky barrier height [2,3]. Such contact technique has the potential to provide 

excellent passivation (quantified by a low value of dark saturation current density, J0) and low 

contact resistivity (ρc) using simple and inexpensive fabrication methods. Therefore, extensive 

efforts have been devoted to the improvement of silicon solar cells with dopant-free passivating 

contacts [4-9]. By replacing a-Si:H(p) with a 4-nm-thick hole-collecting and transparent 

molybdenum oxide (MoOx) layer, a remarkable solar-cell efficiency of 23.5% was recently 

demonstrated [10]. The integration of a-Si:H(i)/LiFx/Al electron selective contact at the rear 

side, instead of a-Si:H(i)/ a-Si:H(n)/ITO/Ag [11], enabled the development of a fully dopant-

free silicon solar cells without any doped a-Si:H layers or diffused p-n junctions. The further 

insertion of thick ZnO interlayer (75 nm) between a-Si:H(i) and LiFx mitigated plasmonic 
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absorption on the back side, achieving an efficiency of 21.4% [12]. Moreover, by introducing 

interdigitated back contact (IBC) cell structure, fully dopant-free multilayer back-contact solar 

cells reached the record efficiency of 22.1% in this category [13].  

However, the efficiency of the best fully dopant-free IBC solar cells is still much lower 

than the device utilizing Si-based contacts [14-16]. Moreover, the complex and expensive 

patterning need has so far hindered the widespread industrialization of IBC technologies. Hence, 

recent tremendous attention has been paid to bifacial silicon solar cells and modules, attributed 

to an increase in the energy output of photovoltaic systems compared with monofacial operation, 

which therefore decreases levelized cost of electricity [17-19]. Dopant-free bifacial silicon solar 

cells haven’t been reported in literature yet. This is due to the need for a thick-enough Al layer 

to provide the electron-selectivity of dopant-free electron-transporting stacks [9,12,13,20-26]. 

A notable exception is the recently reported device employing a single TiN layer as electron-

selective contact, yet this material is opaque due to high free-carrier density [27].  

To fabricate transparent electron-selective contacts, several approaches can be envisioned, 

either by combining low-work-function materials with transparent conductive oxides 

(preferentially with low work-function such as ZnO) [11,12] or by using ultra-thin films of low-

work-function metal (possibly embedded in an oxide-metal-oxide structure) [28,29]. Table 1 

gives a representative overview of the numerous bifacial silicon heterojunction solar cells we 

fabricated and tested. The cells feature a-Si:H (i)/a-Si:H (p)/ITO/Ag front hole contact and 

various optimized transparent electron materials capped with full-area ITO/Ag grid, full-area 

AZO/Ag grid, or simple Ag grid. All of them display poor device performance, except the 

standard silicon heterojunction bifacial solar cells using a-Si: H(n) as the electron-selective 

material.  

One approach to realize dopant-free bifacial silicon solar cells consists in using partial area 

electron-selective contacts [2,7,8,19,25]. In the work developed by Zhong et al., the a-Si: 

H(i)/ZnO/LiFx/Al contact exhibited a J0 of 3.5 fA/cm2 and ρc of 0.136 Ω∙cm2 [12,30]. In that 
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case, the contact resistance is potentially low to form partial area heterocontact for dopant-free 

bifacial silicon solar cells with a metal contact fraction between 10%-50% [31]. Contrary to 

most of electron transporting layers (0.5-10 nm) [6,9,13,20-24,27,32-34], thick ZnO (60~140 

nm) electron selective layer can additionally serve as transparent anti-reflective coating (ARC), 

thus simplifying the fabrication process.  

In this contribution, we have developed full dopant-free bifacial silicon solar cells for the 

first time, featuring both MoO3/ITO/Ag hole-selective contact and ZnO/LiFx/Al electron-

selective contacts. The ZnO/LiFx/Al rear electron contacts consist of full-area ZnO ARC and 

grid-shaped LiFx/Al contact. We have also evidenced the importance of the metal contact 

fraction of LiFx/Al and the thickness of ZnO on back side to optimize the front and rear output 

power generation.  

 

2. Results and discussion 

2.1. Fabrication process 

Dopant-free bifacial solar cells were fabricated on n-type float zone c-Si wafers with a 

thickness of ~ 195 μm and resistivity of ~ 2.1 Ω cm, as shown in Figure 1. After etching, alkaline 

texturing, cleaning by the Radio Corporation of American procedure, and dipping in 

hydrofluoric acid (5%) leaving a pristine H-terminated surface [35], a-Si:H(i) layers (~ 9 nm) 

were deposited on both sides by a plasma-enhanced chemical vapor deposition (PECVD), 

which suppress the Fermi-level pinning effect and reduce the density of defects, providing 

excellent passivation. Thermal evaporation of MoO3 (~ 5 nm on textured surface) was 

conducted on front surface, followed by magnetron sputtering of indium tin oxide (ITO, ~ 75 

nm) using a mask to generate cells with an area of 2 cm × 2 cm. Subsequently, low-pressure 

chemical vapor deposited (LPCVD) ZnO films with the various thicknesses (dZnO, 60–180 nm) 

were grown on rear side, prior to annealing at 150 °C. The reported values for dZnO were 

obtained using ellipsometry measurements on polished wafers, which are similar to the 
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thickness on textured wafers based on their color. Then, the front side of the devices was screen 

printed to create the Ag grids (Finger width of ~40 µm and pitch of 1.85 mm with external 

busbars) and cured at 130 °C. Finally, on the back side, series of masks were applied to define 

various metal contact fraction (16.7%, 33.3%, 50%, 66.7%, 100%, the corresponding pitch 

width are 300 µm, 600 µm, 900 µm, 1200 µm, full area, the pitch length is 2 cm), during LiFx 

(1.5 nm)/Al (200 nm) evaporation, to enable bifaciality. The use of high-work-function 

MoOx/ITO/Ag contact and low-work-function ZnO/LiFx/Al contact induces the asymmetrical 

band-bending on both surfaces, achieving the asymmetrical carrier selective contacts. In the 

latter case, the use of LiFx/Al is crucial to reach a low contact resistance [12]. Also the LPCVD 

ZnO layers have a sheet resistance of 5.3 × 107 ~ 1.2 × 108 Ω/□ [12], which is too high to 

contribute significantly to lateral carrier transport. Therefore, only the n-Si substrate (108 Ω/□) 

provides the lateral carrier transport towards LiFx/Al fingers for bifacial devices. 

For the cells with the area of 1.1 cm2 shown in Table 1, a-Si:H(p) and a-Si:H(n) layers 

were deposited by PECVD. The AZO films were sputtered using AZO (Al2O3: 2 wt%) with 

O2/(Ar + O2) flow ratio of 0 and 0.35% at room temperature. The TiN films were deposited by 

reactive magnetron sputtering using a pure titanium target with N2/(Ar + N2) flow ratio of 0 ~ 

28.6% at room temperature. The ZnS (12 nm)/Mg (10 nm)/ZnS (60 nm) stack was evaporated 

using pure ZnS and Mg particle sources at room temperature. Back Ag grids were sputtered via 

the metal mask. 

Light J-V characteristics of dopant-free bifacial solar cells were measured with 

illumination from either the front or the rear side using a Wacom WXS-90S-L2 solar simulator, 

under standard test condition (STC, AM 1.5G, 100 mW/cm2, and 25 °C). External quantum 

efficiency (EQE) spectra and reflectance were characterized utilizing an in-house built setup 

and spectrophotometer (Lambda-950, Perkin Elmer), respectively, in the non-metalized area. 

2.2. Device performance 
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Figure 2 displays the effect of ZnO thickness and LiFx/Al metal contact fraction on the 

front-side-illuminated cell parameters and the rear-side-illuminated 𝐽SC
𝑟  at an illumination of 1 

Sun, respectively. As shown in Figure 2a, the reduction of LiFx/Al metal contact fraction 

decreases slightly the open circuit voltage (𝑉OC
𝑓

) measured with front-side illumination. When 

thinning the ZnO layers, the 𝑉OC
𝑓

 is higher.  

As displayed in Figure 2b, all the cells show relatively low front-side-illuminated FF 

values (𝐹𝐹𝑓), even the cells with full area back contact (< 74%, compared to the 77.3% reported 

in [12]). Fitting of these J-V curves evidenced a relatively low pFF around 82%, and a relatively 

high series resistance around 1.5 Ohm.cm2. These modest values are possibly due to our process 

variability, or to an already mild degradation between the fabrication and measurement (even 

though waiting time was minimized [30]). Efficiencies around 20.5% are nevertheless reached 

for the two thinnest ZnO films (Fig. 2d).  

Then, when using partial-area LiFx/Al, 𝐹𝐹𝑓 drops to as low as 63% for the thickest ZnO 

film or 69% for the thickest one. Indeed, restricting the rear metal contact fraction increases 

series resistance due to the rear contact resistance (RS,contact ≈ ρc/metal contact fraction) and the 

lateral resistance in n-Si subtract (RS,lateral) [36]. Note that conversely, since the whole rear side 

was in contact with the metallic measurement chuck, RS,finger is not expected to contribute to 

RS,total (similarly to a “busbarless” measurement) for any finger width. The increase in series 

resistance is obvious in Fig. 3a, and Fig. 3b shows which the series resistance extracted from 

two-diode fits of the data, confirming this interpretation.  

We performed simulations using the framework developed in Ref. [36] to quantitatively 

evaluate how the different rear metallization patterns affect RS,contact, and RS,lateral for different 

values of contact resistance from 0.1 Ω∙cm2 to 0.4 Ω∙cm2. The range of variation is represented 

in Fig. 3 as the orange areas. Among them, the RS,contact presents the most significant 

contribution to the variation upon narrowing the rear metal fingers. By comparing these 

file:///C:/Users/boccard/switchdrive/communications/2020_Wenjie-dopant-free-bifacial/Respond%20to%20Reviewers_MB.docx%23_ENREF_30
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simulation results to our experimental data, a reasonable agreement can be obtained for a 

contact resistance of 0.2 Ohm.cm2 for the 60-nm-ZnO case, and up to 0.4 Ohm.cm2 for the 140-

nm one. For all cases, an identical lump value of 1.3 Ohm.cm2 was used for the contribution to 

series resistance from the front contact stack and front grid (RS,rest). 

The trends of 𝑉OC
𝑓

 and 𝐹𝐹𝑓 indicate thus that thinner ZnO and higher metal contact fraction 

provide better selectivity and lower resistance loss [31,37]. However, Figure 2c suggests neither 

significant impact from metal contact fraction nor dZnO on the 𝐽SC
𝑓

 illuminated from the front-

side, but as expected a strong linear influence of the contact-area fraction on the 𝐽SC
𝑟  (measured 

with rear-side illumination). Finally, the change of the power conversion efficiency (𝑃𝐶𝐸𝑓) 

obtained with front-side illumination is essentially consistent with the trends of 𝑉OC
𝑓

 and 𝐹𝐹𝑓.  

2.3. Estimated output power density 

The challenge for the widespread adoption of bifacial photovoltaic technology is the 

standardization of characterization and simulation [38]. The bifacial solar cells absorb photons 

from both sides simultaneously, behaving differently with the cells receiving sunlight from one 

side only. The International Electrotechnical Commission published the IEC 60904 series, 

which describe the requirements for indoor measurement of solar cells and modules under STC, 

and for outdoor performance assessment [39]. A bifacial solar cell can be regarded as a 

monofacial solar cell, whose operating current is equal to the sum of the currents generated on 

both sides of the bifacial solar cell. Here, we assume that the short circuit current (JSC) of a 

bifacial solar cell varies linearly with illumination density and is equal to the sum of the front- 

and rear-side-illuminated JSC [38]. To estimate the total energy output of dopant-free bifacial 

solar cells, the effective output power density (𝑃𝑜𝑢𝑡
𝑏 ) is given by [40]  

𝑃𝑜𝑢𝑡
𝑏 = (𝐽SC

𝑓
+

  𝑃𝑖
𝑟

𝑃𝑖
𝑓

𝐽SC
𝑟 ) × 𝑉OC

𝑏 × 𝐹𝐹𝑏                                                 (1) 



Publisher version: 10.1002/solr.202000771 

8 

 

Where 𝑃𝑖
𝑓

 and 𝑃𝑖
𝑟  correspond to the power densities of the illumination source on the 

front-side and rear-side respectively, 𝑉OC
𝑏  and 𝐹𝐹𝑏 are effective VOC and FF of a bifacial solar 

cell. Here, 𝑃𝑖
𝑓
 is defined to be 100 mW/cm2, according to standard test conditions. For realistic 

bifacial application, we chose 𝑃𝑖
𝑟 to be 15 mW/cm2, which is in between the 10% and 20% 

described in regulatory documents [39]. To account for the increased generation rate due to 

bifacial illumination, the following equations are given to calculate 𝑉OC
𝑏  and 𝐹𝐹𝑏 [40]: 

𝑉OC
𝑏 = 𝑉OC

𝑓
×

ln (

(𝐽SC
𝑓

+
  𝑃𝑖

𝑟

𝑃𝑖
𝑓 𝐽SC

𝑟 )

𝐽0

⁄
)

ln (
𝐽SC

𝑓

𝐽0
⁄ )

                                                 (2) 

where 𝐽0 is given by  

𝐽0 =
𝐽SC

𝑓

e(𝑉OC
𝑁 ) 

                                                          (3) 

Here, 𝑉OC
𝑁 = 𝑉OC

𝑓 𝑞

𝑛𝑘𝑇
, where q is the electron charge, k is the Boltzmann constant, T is the 

temperature, n = 1 is diode quality factor. 

𝐹𝐹𝑏 can be written as 

𝐹𝐹𝑏 = 𝐹𝐹𝑓 × (1 +
 𝐽SC

𝑟 𝑃𝑖
𝑟

𝐽SC
𝑓

𝑃𝑖
𝑓

−
 𝐽SC

𝑟 𝑃𝑖
𝑟𝑝𝐹𝐹

𝐽SC
𝑓

𝑃𝑖
𝑓

𝐹𝐹𝑓
)                                            (4) 

Where pFF is the FF of the cell considering no resistive losses and is obtained from two-

diode fits of our experimental data. 

𝑝𝐹𝐹 =
   𝑉OC

𝑁 −  ln (𝑉OC
𝑁 − 0.72) 

𝑉OC
𝑁 + 1

                                             (5) 

As displayed in Figure 4, estimated 𝑃𝑜𝑢𝑡
𝑏  of dopant-free bifacial solar cells is calculated 

with various dZnO and LiFx/Al contact area fraction. Compared with the cells featuring full 

LiFx/Al back contact, the dopant-free bifacial solar cells using 100 nm and 140 nm exhibit lower 

𝑃𝑜𝑢𝑡
𝑏 . However, as summarized in Table 2, the dopant-free bifacial solar cells with 60 nm ZnO 



Publisher version: 10.1002/solr.202000771 

9 

 

demonstrate improved 𝑃𝑜𝑢𝑡
𝑏

 comparing to its monofacial counterpart (𝑃𝑜𝑢𝑡
𝑏 =20.3 mW/cm2). 

Finally, the optimized bifacial structure with 60 nm ZnO and the LiFx/Al metal contact fraction 

of 50% results in the estimated 𝑃𝑜𝑢𝑡
𝑏  of 21.0 mW/cm2. The 𝑃𝑜𝑢𝑡

𝑏  again of 0.7 mW/cm2 (thus a 

3% relative increase) is attributed to the good selectivity and low series resistance of thinner 

ZnO for partial contact and the balance of front and rear output power.  

2.4. Optical analysis  

In order to further understand the effect of dZnO on the front and back optical characteristics, 

Figure 5 shows the optical analysis of dopant-free bifacial solar cells using a-Si:H 

(i)/ZnO/LiFx/Al contacts with the metal contact fraction of 50%. Figure 5a suggests that varying 

dZnO exhibits no impact on the 𝐽SC
𝑓

, consistent with similar front side EQE and reflectance 

(Figure 5b). This result comes in agreement with the previous 𝐽SC
𝑓

 analysis. However, the 

variation of dZnO affects the 𝐽SC
𝑟  significantly, due to the function of ARC on back side [42]. The 

dopant-free bifacial solar cells with dZnO of 100 nm demonstrate the best 𝐽SC
𝑟  and EQE 

illuminated from the rear side, attributed to the rear lowest reflectance at 600 nm, shown in 

Figure 5c. Yet, thanks to better selectivity and lower resistance loss leading to higher 𝑉OC
𝑓

 and 

𝐹𝐹𝑓, the 60 nm ZnO layer is optimal for bifacial solar cell performance and yields the highest 

estimated 𝑃𝑜𝑢𝑡
𝑏  in our study. A finer thickness study around 60 nm (e.g. between 40 nm and 80 

nm) could potentially enable slightly higher efficiencies, but the marginal differences only are 

expected due to the degradation of electrical performance upon thickening and of optical 

performance upon thinning down the ZnO layer. 

Finally, to put these results in perspective with best-in-class bifacial devices, both 

efficiency (~20%) and bifaciality factor for this device (~50%) are still largely inferior to typical 

values for standard bifacial devices using doped silicon as contacts (typically up to 24% 

efficiency and 95% bifaciality). As discussed in the introduction, this is due to the non-

alleviated need for an opaque Al layer to provide electron-selectivity to the contact stack, and 
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to the still relatively high contact resistance value for this contact stack compared to best-in-

class ones relying on doped silicon. In addition, the degradation of ZnO/LiFx/Al contacts is 

caused by the deteriorated work function of LiFx/Al due to the interaction with Air [30]. The 

best bifacial solar cell exists an 8.2% 𝑃𝐶𝐸𝑓 degradation after 6 h, due to partial contacts with 

more edge exposed in air. Significant progress, probably through the use of innovative materials, 

is still required for full-dopant-free bifacial solar cells to become a relevant technology. 

 

Conclusion 

In this contribution, we discussed the challenges of fabricating transparent dopant-free 

electron-selective contacts, and reported the first full dopant-free bifacial solar cells featuring 

MoO3/ITO/Ag hole contact and ZnO/LiFx/Al electron contact. The electron contacts are 

composed of full-area ZnO ARC and grid-shaped LiFx/Al contact, enabling bifacial operation. 

The 60 nm ZnO is used to enhance selectivity and reduce resistance loss for partial rear contact. 

Finally, with a realistic 15% illumination from the rear-side, the best bifacial solar cell presented 

here with LiFx/Al metal contact fraction of 50% can potentially grant a 0.7 mW/cm2 estimated 

power output increase compared with the monofacial solar cells using full-area rear contact.  
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Figure 1. Fabrication steps of dopant-free bifacial solar cells featuring a-Si:H (i)/ 

MoOx/ITO/Ag hole contact and a-Si:H (i)/ZnO/LiFx/Al electron contact.  
 
 

 
Figure 2. Device results of dopant-free bifacial solar cells. (a) VOC, (b) pFF and FF, (c) JSC, 

and (d) efficiency as a function of ZnO thickness and LiFx/Al metal contact fraction, under front 

and rear side illumination.  
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Figure 3. The J-V curve and the RS analysis of dopant-free bifacial solar cells as a function of 

ZnO thickness and LiFx/Al metal contact fraction (fc). 

 

 
Figure 4. Estimated output power density of dopant-free bifacial solar cells, as a function of 

ZnO thickness and LiFx/Al metal contact fraction. 
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Figure 5. Optical analysis of dopant-free bifacial solar cells using a-Si:H (i)/ZnO/LiFx/Al 

contacts with the back metal contact fraction of 50%, as function of ZnO thickness. (a) JSC. 

EQE and reflectance under (b) front and (c) rear side illumination. 
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Table 1. Cell parameters of silicon heterojunction bifacial solar cells with a-Si:H (i)/a-Si:H 

(p)/ITO/Ag hole contact and various optimized transparent electron contacts. 

Electron contact structure PCE [%]  VOC [mV]  JSC [mA/cm2]  FF [%] 

a-Si: H(i)/a-Si: H(n)/ITO (75 nm)/Ag grid (Reference) 17.6 702.1 34.3 73.2 

a-Si: H(i)/ZnO (100 nm)/ITO (75 nm)/Ag grid 0.10 346 1.7 17.1 

a-Si: H(i)/ZnO (100 nm)/LiFx (1.5 nm)/ITO (75 nm)/Ag grid 0.27 321.8 5.0 16.8 

a-Si: H(i)/ZnO (100 nm)/LiFx (1.5 nm)/Al (4 nm)/ITO (75 nm)/Ag grid 2.7 337.4 28.2 28.3 

a-Si: H(i)/AZO (2 nm)/Al (12 nm)/AZO (60 nm)/Ag grid 9.6 498.0 29.6 65.3 

a-Si: H(i)/ZnO (10 nm)/Al (12 nm)/AZO (60 nm)/Ag grid 10.8 526.2 31.1 65.8 

a-Si: H(i)/TiNx (80 nm)/Ag grid 7.7 410.0 29.8 62.8 

a-Si: H(i)/TiNx (10 nm)/AZO (80 nm)/Ag grid 9.7 485.6 29.5 67.8 

a-Si: H(i)/ZnS (12 nm)/Mg (10 nm)/ZnS (60 nm)/Ag grid 0.39 526.9 4.6 16.3 

 

 

 

 

Table2. Device parameters and estimated 𝑃𝑜𝑢𝑡
𝑏  of dopant-free monofacial and bifacial solar 

cells with a-Si:H (i)/ MoOx/ITO/Ag hole contact and a-Si:H (i)/ZnO/LiFx/Al electron contact 

featuring 60 nm ZnO and the LiFx/Al metal contact fraction of  100% and 50%, respectively. 

 

Metal contact fraction illumination 𝑃𝑜𝑢𝑡
𝑏  [mW/cm2] VOC [mV] JSC [mA/cm2] FF [%] 

100% Front side 20.3 719.1 38.2 73.9 

50% 

Front side 19.9 710.9 38.1 73.3 

Rear side   16.8  

Bifacial operation 21.0 712.6 40.6 72.5 
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Dopant-free bifacial silicon solar cells 

 
ToC figure 

 

Full dopant-free bifacial silicon solar cells utilizing MoO3/ITO/Ag hole contact and 

ZnO/LiFx/Al electron contacts are demonstrated for the first time. The electron contacts feature 

full-area ZnO anti-reflective coating and LiFx/Al finger contact, allowing bifacial application. 

The optimized cells with 60 nm ZnO and 50%-metal contact fraction achieve estimated output 

power density improvement of 0.7 mW/cm2, compared with the monfacial reference cells.  

 

 

 

 


