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Abstract 

Metal oxides are interesting materials for use as carrier-selective contacts for the fabrication of 

doping-free silicon solar cells. In particular, MoOx and TiOx have been successfully used as 

hole and electron selective contacts in silicon solar cells, respectively. However, it is of 

paramount importance that good thermal stability is achieved in such contacts. In our work, we 

combined i-a-Si:H/MoOx based hole contacts with electron contacts featuring i-a-

Si:H/TiOx/low work function metal (ATOM) to fabricate doping-free cells, termed 

MolyATOM cells. We found that the thermal stability of the ATOM contact was improved 

when the i-a-Si:H was annealed (300 °C for 20 min in N2) before depositing TiOx (i.e. pre-TiOx 

annealing), which reduces the hydrogen content in i-a-Si:H by about 27 %rel, and thereby the 

H-related degradation of the ATOM contact characteristics. Moreover, it was found that 

reducing the thickness of the low-work function metal on top of the TiOx enhanced the thermal 

stability of the ATOM contact. With these adaptations, the MolyATOM cell efficiency was 

improved by 3.5 %abs, with the highest efficiency of 17.6 %. Moreover, the cells show improved 

thermal stability after the above-mentioned pre-TiOx annealing, which is confirmed by 

annealing tests at cell level as well as damp-heat tests at module level. The insights of this study 

could be used to tailor other metal-oxide based electron or hole contacts.  

1. Introduction 

Photovoltaics (PV) is gaining more importance worldwide, and has become the largest newly 

installed renewable energy source with newly installed capacity in 2018 of more than 100 GWp 

[1]. Today crystalline silicon (c-Si)-based PV modules occupy a market share above 95% of 

the annually installed PV capacity [2]. Research in the field of c-Si solar cells is focused on 

getting higher efficiencies, combined with lower PV module prices [3]. Higher efficiencies can 

be achieved by minimising the total recombination current densities (J0,total) in the solar cell, 

which is the sum of recombination current densities at the passivated surfaces (J0,passi), at the 

metallized areas of the surfaces (J0,metal) as well as in the bulk (J0,bulk). Currently, homojunction 

solar cells, such as aluminum back-surface-field (Al-BSF), passivated emitter and rear cells 

(PERC), and passivated emitter and rear totally diffused (PERT) solar cells, are dominant in 

the market [4]. In these solar cells, metal-semiconductor (MS) contacts are made on the heavily 

doped Si regions. This results in high recombination current densities at the metalized areas 

(J0,metal), which range from about a few hundred to a few thousand fA/cm2 depending on the cell 

technology [5–8]. The high J0,total caused by a full-area rear MS contact in Al-BSF solar cells is 

addressed by implementing local contact structures in the PERC [9] and PERT [10] cells. This 

reduces the metallized area fraction and hence the contribution of J0,metal to J0,total, thereby 

enabling improved efficiencies compared to Al-BSF cells. Since J0,passi below 20 fA/cm2 can be 

readily achieved for both phosphorus-doped and boron-doped surfaces [11], J0,metal is the main 

factor limiting the achievable cell efficiency in these homojunction solar cells. Lowering the 

contribution of J0,metal further by reducing the metal contact area even more would lead to 

increased contact resistance (RC) i.e. there is a trade-off between J0,total and RC.  



 

3 

 

The current approach in the field of silicon photovoltaics to achieve both low J0,metal and low 

contact resistivity (ρc) is through the implementation of a passivating contact, whereby the 

passivating layer is part of the contact scheme. Representative examples of such passivating 

contacts are silicon heterojunctions (SHJ) based on hydrogenated amorphous or nano-

crystalline silicon (a-Si:H or nc-Si:H) with a transparent conductive oxide (TCO) [12,13] as 

well as contacts based on poly-Si on an ultra-thin oxide (i.e. TOPCon or POLO) [14,15]. Both 

SHJ solar cells and the cells with poly-Si/oxide passivating contacts have demonstrated 

efficiencies above 25%, due to the excellent contact passivation and the resulting low J0,metal, 

combined with the low ρc achieved in these solar cells [12,14,16]. Therefore, these contact 

schemes are intensively studied for industrial implementation [17]. 

These passivating contacts generally require the deposition of a doped layer (e.g. plasma-

enhanced chemical vapor deposition (PECVD) of doped a-Si or low-pressure CVD (LPCVD) 

of in situ doped poly-Si) or a doping process (e.g. diffusion or implantation of dopants into 

intrinsic poly-Si). A novel approach for realizing passivating contacts that is of interest in the 

PV research community is the fabrication of cells without such doping processes or deposition 

of doped layers. By applying certain metal compounds, particularly transition metal oxides 

(TMOs), in place of such doped layers, carrier selectivity can be achieved at the contacts by 

virtue of their band structure, and their low or high work function with respect to c-Si. One of 

the benefits of this approach is that the manufacturing process could be simplified due to the 

absence of doping processes and critical pre- and post-diffusion cleaning steps. Moreover, 

optoelectrical losses occurring in the heavily doped regions can be avoided by replacing the 

doped layers with the aforementioned high bandgap metal compounds. 

For doping-free hole contacts, several high work function materials were proposed, such as 

MoOx, VOx, WOx , NiOx, and CuI [18–21], however, only MoOx with an intrinsic a-Si:H (i-a-

Si:H) buffer layer on c-Si could achieve high solar cell efficiencies above 20 % [22–25]. 

Without the i-a-Si:H buffer layer, MoOx can induce stronger upward band bending at the hole 

contact region of c-Si, which is beneficial for charge transport [26], however it also results in 

poor passivation quality which limits the cell efficiency [27]. Therefore, many studies were 

aimed at replacing only the p-type a-Si:H (p-a-Si:H) in the i/p-a-Si:H stack of SHJ cells with 

MoOx. The high bandgap of MoOx reduces the parasitic absorption at short wavelength region 

and its high work function induces upward band bending for efficient hole collection, in a 

similar way to p-a-Si:H in SHJ cells [24]. In this work, we too study MoOx on i-a-Si:H as the 

hole contact. 

For doping-free electron contacts, relatively many material options are available. Metal oxides 

(e.g. TiOx) [28–31], metal nitrides (e.g. TaN) [32,33], metal fluorides (e.g. LiF) [34–36] or a 

combination of those layers with low work function metals (e.g. Ca or Yb) [37–44] have been 

studied. In theory, when a metal is directly in contact with c-Si or a-Si:H, a large number of 

surface states are created at the interface. As a result, the Fermi level of the metal (EF,metal) is 

pinned at a certain energy level of semiconductor regardless of work function of metals [45,46]. 

This can lead to weak or undesired band bending of semiconductor, and result in high ρc. To 
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depin the EF,metal on c-Si or a-Si:H, a thin metal oxide can be introduced between the metal and 

the semiconductor (i.e. c-Si or a-Si:H) [47,48]. Previously, we have reported on the 

development of a unique electron contact stack featuring i-a-Si:H/TiOx/low work function 

metal, in short, ATOM contact [39–41,48,49]. The i-a-Si:H layer ensures excellent contact 

passivation with a low J0,metal of less than 25 fA/cm2, while the TiOx layer is used to eliminate 

the Fermi level (EF) pinning of the low work function metals (e.g. Ca or Yb) on the i-a-Si:H 

surface, which enables a low ρc of below 0.1 Ω‧cm2 to be attained  [38–41]. In this work, we 

study the ATOM contact with Yb (Φmetal 2.5 eV) as the low work function metal. 

Thermal instability of doping-free electron and hole selective contacts based on TMOs has been 

widely reported in literature. For instance, it has been reported that annealing treatments on the 

TiOx/Ti contact on c-Si causes oxygen migration from TiOx to the Ti metal, leading to the 

conversion of TiOx to semimetallic TiO. This leads to high ρc due to the reappearance of EF,metal 

pinning [50]. We have reported in our earlier work on the increase in ρc of the ATOM contact 

stack based on TiOx/Yb/Ag on a-Si:H when a thermal treatment was applied [41].  

Similarly, there have been many studies reporting on the degradation observed in hole selective 

contacts featuring i-a-Si:H/MoOx. The degradation mechanism is apparently related to oxygen 

loss in the MoOx layer due to reaction with hydrogen from the i-a-Si:H layer [27,51]. Changes 

in the stoichiometry of MoOx directly affect the work function of MoOx [52], and thus, the band 

bending at the c-Si surface and hole collection. One suggested a solution to this problem is to 

pre-anneal the i-a-Si:H layer at 250 °C in N2 for 20 min before MoOx deposition. With this 

approach, reduced degradation of MoOx and increased cell efficiencies have been reported [27]. 

 

Figure 1. A schematic cross-section of the fully doping-free MolyATOM cell. 
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Building on the understanding gathered from the i-a-Si:H/MoOx based hole contact, the first 

goal of this paper is to gain further insight into the role of hydrogen in the degradation observed 

in the ATOM electron contact based on i-a-Si:H/TiOx/Yb/Ag. The impact of pre-annealing the 

i-a-Si:H layer on the thermal stability of the ATOM contact is investigated in terms of ρc. 

Additionally, it was found that the thickness of the low work function metal affected the thermal 

stability of the ATOM contact via an increase in ρc. 

The second goal of this paper is to demonstrate , after determining the optimal pre-annealing 

conditions to ensure high thermal stability, fully doping-free cells, shortly called MolyATOM 

cells (Molybdenum oxide-based hole contact + ATOM electron contact, shown in Figure 1),  

whereby the doped layers on both the electron and hole contacts were replaced by TMOs. The 

thermal stability of the MolyATOM cells was evaluated at cell and module level.  

2. Experimental methods  

2.1. Effect of annealing i-a-Si:H on contact resistivity of ATOM contacts 

 

Figure 2. (a) Process flow for studying pre- and post-TiOx annealing effect on ρc, and (b) a schematic sample 

structure for this study. 

For evaluating the impact of annealing the i-a-Si layer before and after TiOx deposition on the 

ρc of ATOM contacts, test samples were prepared using double-side textured (3 Ω∙cm, 180 μm 

thickness after texturing process) n-type Cz-Si wafers. The process flow used to fabricate these 

test samples and their cross-sectional structure are depicted in Figure 2. After wafer cleaning 

using O3/HCl/deionized water and HF/HCl solutions, 8 nm thick i-a-Si:H was deposited by 

PECVD on the front side. After HF cleaning, an i-a-Si:H layer of 8 nm was deposited on the 

rear side of all samples. TiOx of 1 nm was deposited by atomic layer deposition (ALD) using 

Ti(OCH3)4 and H2O as Ti precursor and oxidant, respectively. Two groups of the sample were 



 

6 

 

annealed at 250 °C for 20 min in N2 using rapid thermal annealing (RTA) before and after TiOx 

deposition, respectively, and one group was not annealed at all. Then, the wafers were diced to 

the size of 3 cm x 3 cm for ρc measurement. Two thicknesses of Yb (7.5 nm and 30 nm) with a 

fixed Ag thickness of 100 nm were evaporated without breaking vacuum on the front side of 

different samples through a metal shadow mask to form circular dots of different diameters. For 

the rear side, full area Yb of 30 nm and Ag of 100 nm were deposited using the same technique. 

At the end of the fabrication sequence, additional annealing treatments were done at 150°C and 

175°C. The method for determining ρc using the test structure shown in Figure 2 (b) is explained 

in the elsewhere [38,41]. 

2.2. Solar cell fabrication 

 

Figure 3. Process flow for the fabrication of different solar cells reported in this paper: MolyATOM, Moly/in and 

classical SHJ cells. 

Three types of solar cells were prepared, namely 1) MolyATOM cells (with i-a-Si:H/MoOx as 

hole contact and i-a-Si:H/TiOx/Yb/Ag as ATOM electron contact), 2) Moly/in cells (with i-a-

Si:H/MoOx as hole contact and i/n-a-Si:H stack as electron contact), and 3) classical SHJ cells 

(with i/p-a-Si:H and i/n-a-Si:H stacks as hole and electron contacts, respectively). The 

respective process flows for the fabrication of these solar cells is given in Figure 3. Double-side 

textured (3 Ω∙cm, 180 μm thickness after texturing process) n-type Cz-Si wafers were used. 
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After cleaning the textured wafers, an i-a-Si:H layer was deposited on the front for MolyATOM 

and Moly/in cells while an i/p-a-Si:H stack was deposited on the same side for classical SHJ 

cells. After HF cleaning, i-a-Si:H was deposited on the rear for the MolyATOM cells while an 

i/n-a-Si:H stack was deposited for the Moly/in and classical SHJ cells. 

Afterward, for the 1st study about pre-annealing conditions, 3 groups of wafers from the 

MolyATOM split were pre-annealed using rapid thermal annealing (RTA) at 200 °C, 250 °C 

and 300 °C, respectively, for 20 min in N2 atmosphere, while a fourth group was not annealed 

at all. For the 2nd study about the comparison of MolyATOM with classical SHJ cells, one group 

of MolyATOM cells was pre-annealed at 300 °C. One group of wafers from the Moly/in split 

was also pre-annealed at 300 °C under the same conditions, while the other Moly/in wafers 

were not. For the classical SHJ wafers, no pre-annealing was carried out. 

On the rear-side of the MolyATOM wafers, a 1 nm thick TiOx layer was deposited using ALD. 

Then, a vapor HF process or an HF cleaning was performed on the wafers of the MolyATOM 

and the Moly/in splits, respectively. Vapor HF allows one-sided native oxide removal on the 

front-side of the MolyATOM wafers without affecting the TiOx on the rear-side. After a MoOx 

evaporation of 6 nm on the front-side for the MolyATOM and Moly/in splits, ITO deposition 

and Ag screen-printing were done for all cell types on the front-side. For the rear-side, ITO 

sputtering and Ag screen-printing were done only for the Moly/in and classical SHJ splits. 

Sintering was then carried out on all cells including the MolyATOM devices using a belt 

furnace in N2 at 160 °C to increase the conductivity of the printed Ag grid on the front-side and 

to recover the sputtering damage from ITO deposition. For the MolyATOM split, an Yb/Ag 

stack was thermally evaporated on the rear-side without breaking vacuum.  

Illuminated IV characteristics were measured with an aperture opening of the same size as the 

cell area of 4 x 4 cm2 at standard 1 sun conditions (AM 1.5G, 1000 W/m2 at 25 ˚C). External 

quantum efficiency (EQE) and reflectance (R) were measured using an illumination spot size 

of 1.5 x 1.5 cm2. Therefore, the EQE and reflectance results include the shading and reflection 

effects of the front metal grid. A post-fabrication anneal was performed on part of the cells at 

150 °C for varied durations. 

2.3 Evaluation of hydrogen content in i-a-Si:H  

The evolution of the hydrogen content in i-a-Si:H after annealing at 200 °C, 250 °C and 300 °C 

was investigated using elastic recoil detection (ERD) on a 30 nm thick a-Si:H layer deposited 

using PECVD on mirror polished 730 μm thick Cz wafers.  

2.4. Mini-module fabrication 
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Figure 4. (a) As-fabricated state the mini-module and (b) a schematic cross-sectional image of the mini-module. 

A mini-module (glass/glass) was fabricated using the MolyATOM cells with an Yb thickness 

of 7.5 nm with and without pre-anneal treatment at 300 °C. The four cells in the mini-module 

shown in Figure 4 (a) are not interconnected. An UV-blocking ethylene vinyl acetate (EVA) 

sheet, a smart-wire connection technology (SWCT) foil (from Meyer Burger) and glass were 

used. A solder-coated ribbon was used to connect the smart wires and bring the electrical 

contacts of each individual cell to outside of the mini-module, so that each one can be measured 

individually. A butyl rubber tape was applied for hermetic sealing at the edges. The lamination 

process was carried out at 150˚C for about 20 min. During the course of the damp heat test 

(85 °C/85 % humidity/1000 hour), illuminated IV curves (AM 1.5, 1000 W/m2 at 25 ˚C) were 

measured after every 250 hours. An aperture area of 4×4 cm2 was used for these measurements 

by using an opaque black tape around the edge of the active cell area. The same module 

structure and test method were reported in reference [20]. 

3. Improving the thermal stability of the ATOM contact 

As noted earlier, deterioration in ρc of the ATOM contact, based on TiOx/Yb/Ag on a-Si:H, by 

about an order of magnitude upon annealing at 150 °C or 180°C has been reported previously 

[41]. Thus, finding a way to improve the thermal stability of the ATOM contact is necessary. It 

is postulated that the mechanism behind this thermal degradation is related to the reduction of 

TiOx, which could occur due to the reaction between H in a-Si:H and O in TiOx, or due to O 

migration towards the low work function metal on the other side. In addition, TiOx may undergo 

microstructural changes upon annealing. 

For these reasons, annealing treatments before (labeled pre-TiOx anneal) and after TiOx 

deposition (post-TiOx anneal) were tested as possible means to improve the thermal stability. 

The idea is that a pre-TiOx anneal could dehydrogenate the i-a-Si:H layer and therefore mitigate 

the reaction between H in i-a-Si:H and O in TiOx. A post-TiOx anneal, on the other hand, could 

stabilize the microstructure of TiOx before deposition of the low work function metal, such that 
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O migration to the interface with the low work function metal or the a-Si:H can be inhibited, 

thereby minimizing thermal degradation. 

As a method for evaluating thermal stability, the change in ρc of the ATOM contact was 

evaluated after post-fabrication annealing consecutively at 150 °C and 175 °C for 10 min each. 

In addition, different Yb thicknesses of 7.5 nm and 30 nm were tested to investigate the impact 

on thermal stability of the ATOM contact in terms of ρc. Since loss of hydrogen from a-Si:H 

could affect the passivation quality, the evolution of the implied VOC (iVOC) and the J0,total of 

cell precursors was also monitored as a function of the pre-annealing temperature. 

3.1. Hydrogen content of i-a-Si:H after annealing at different temperatures 

Pre-annealing of i-a-Si:H at 250 °C for 20 min during the fabrication of solar cells with i-a-

Si:H/MoOx based hole contacts was reported to result in higher thermal stability and cell 

efficiency [27]. While we may expect a similar effect for our ATOM electron contact, the 

optimal conditions for this pre-annealing treatment would depend on the properties of the as-

grown a-Si:H layer and the details of its interaction with TiOx. Thus, in our work, various pre-

annealing temperatures were tested.  

Annealing of i-a-Si:H, prior to capping it with metal layers, leads to effusion of hydrogen and 

concomitant reduction in its hydrogen content. ERD measurements can be used to determine 

the hydrogen content in a-Si:H films. The concentration of hydrogen in a 30 nm thick i-a-Si:H 

film was determined in the as-deposited state and then after annealing at different temperatures 

of 200 °C, 250 °C and 300 °C for 20 min, and the results are summarised in Table 1. 

Table 1. The hydrogen concentration in a-Si:H of 30 nm thickness after annealing at different temperatures for 20 

min, determined using ERD measurements. 

Annealing temperature No annealing 200 °C 250 °C 300 °C 

H (at %) 15.7 ± 2 14.3 ± 1 14.0 ± 1 11.4 ± 1 

Si (at %) 84.3 ± 2 85.7 ± 2 86.0 ± 2 88.6 ± 2 

 (H / Hnon-annealed) -1 (%rel) - - 9 - 11 - 27 

The as-deposited film has a high H concentration of approximately 15.7 %, and annealing the 

film results in a loss of hydrogen at all investigated temperatures. This proves that indeed H 

effuses out of the a-Si:H film upon annealing at these temperatures. The higher the temperature, 

the greater the loss of H from the film. While annealing at 200 °C and 250 °C results in a loss 

of H of around 10% rel, a sharp reduction in H of 27%rel is observed when annealing at 300 °C. 
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While a 30 nm thick i-a-Si:H film was used for this study, the phenomenon is expected to be 

similar for an 8 nm thick film. 

3.2. Effect of pre- and post-TiOx annealing on thermal stability of the ATOM contact as 

monitored via ρc 

To study the impact of annealing the i-a-Si:H layer on the ρc of the ATOM contact, a fixed pre-

annealing temperature of 250 °C for 20 min was used (see Figure 2 (a)). The ρc results of the 

ATOM contact are summarised in Figure 5. To minimize series resistance losses, ρc should be 

as low as possible. However, an upper limit for ρc of 0.1 Ω·cm2 was set, at which significant 

VOC losses are expected due to non-negligible potential drop at the contact [53,54]. 

 

Figure 5. Evolution of contact resistivity (ρc) after sequential post-fabrication anneals at 150 °C and 175 °C for 

10 min each, for the three anneal groups shown in Figure 2 (i.e. no pre-or post-TiOx annealing, pre-and-post-TiOx 

annealing). Pre- and post-TiOx anneals were done at 250 °C. Results for ATOM contact with Yb thickness of (a) 

7.5 nm and (b) 30 nm, respectively, are plotted. Each bar contains five data points. The targetted ρc for device 

implementation is below 0.1 Ω.cm2 (indicated by the dashed line). 

The first observed trend is that the ρc of the ATOM contact increases after post-fabrication 

annealing treatments at 150 °C and 175 °C for all investigated conditions. However, the extent 

of the degradation is much lower for the pre- and post-TiOx anneal splits compared to the non-

annealed case without neither pre- or post-TiOx annealing. Analogous to studies on degradation 

of the ρc of i-a-Si:H/MoOx hole contacts [27], it appears that annealing the i-a-Si:H layer before 

capping it with thick metal layers is indeed also beneficial for the ATOM contact in ensuring 

higher thermal stability. As discussed in Section 3.1, annealing reduces the H content of the i-

a-Si:H layer, which mitigates the reaction between the H in i-a-Si:H and O in TiOx. In this 
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respect, to maximize O concentration in TiOx by avoiding thermal treatment of TiOx as much 

as possible, the pre-TiOx annealing route would be more suitable than the post-TiOx annealing.  

Comparing Figure 5 (a) with Figure 5 (b), a second trend that can be noticed is that for non-

annealed TiOx, thicker Yb causes a stronger degradation in ρc after post-fabrication annealing. 

In other words, thicker Yb seems to reduce TiOx more aggressively. According to Fu et al., 

oxygen transport to the interface from TiO2 to metal was dependent on the overlying metal 

work function [55]. They explained that the lower work function of a metal with respect to 

metal oxides promoted out-diffusion of oxygen from the metal oxides. A similar phenomenon 

was also found by Allen et al. whereby TiOx was reduced by Ca (Φ 2.9 eV) and a TiO phase 

was detected by electron energy-loss spectroscopy (EELS) [37]. Since Yb has a work function 

of 2.5 eV, such oxygen migration at the interface between TiOx and Yb can be expected to be 

greater compared to the interface between TiOx and Ca or Al [37,55]. However, this 

phenomenon might be less severe for the case of thin Yb, whose work function could be 

increased by the alloying of Ag and Yb [39,41]. Thus, it is clear that using a thin Yb layer is 

beneficial in minimizing the thermal degradation of the ATOM contact. 

The third trend that can be seen from Figure 5 is that both pre- and post-TiOx annealing 

treatments lower the ρc compared to that of non-annealed samples before post-fabrication 

anneal treatments. We believe this is mainly related to structural and/or compositional changes 

to the i-a-Si:H layer. Dehydrogenation would lead to increased defects in a-Si:H, which could 

in turn increase trap-assisted tunneling through the i-a-Si:H.  

Overall, for the case of 7.5 nm thick Yb, the ρc values of the pre- and post-TiOx annealed 

samples were below the targetted threshold of 0.1 Ω‧cm2 after successive post-fabrication 

annealing treatment at 150 °C and 175 °C while the non-annealed ATOM contact was already 

above the limit after the post-fabrication annealing even at 150 °C. In conclusion, pre-TiOx 

annealing in combination with thin Yb should improve the thermal stability of ATOM contacts 

in terms of ρc. 

3.3. Impact of pre-TiOx annealing on iVOC and J0,total of MolyATOM cell pre-cursors 

Hydrogen in a-Si:H plays an important role in passivating the c-Si/a-Si interface. Thus, 

dehydrogenation of the i-a-Si:H layer during pre-TiOx annealing can potentially affect the 

passivation quality of the i-a-Si:H layer. This was verified by measuring the effective lifetime 

of  MolyATOM cell pre-cursors (1) after pre-TiOx annealing, (2) after TiOx deposition and (3) 

after MoOx deposition, from which implied VOC (iVOC) and J0,total can be determined. 

  



 

12 

 

 

Figure 6. Progress in iVoc of pre-annealed or not-annealed samples at different process steps. The numbers in 

the figure are the J0,total values of samples based on a JSC of 36 mA/cm2.  

The evolution of iVOC and J0,total of the cell pre-cursors at different steps as a function of pre-

TiOx annealing temperature is shown in Figure 6. The passivation quality of annealed i-a-Si:H 

is similar to that of non-annealed i-a-Si-H, and high iVOC > 740 mV and low J0,total of 12 fA/cm2 

are obtained for the cell pre-cursors with annealed i-a-Si:H. However, the deposition of TiOx 

results in a decrease of iVOC of all splits, with the sample pre-annealed at 300 °C showing the 

strongest reduction in iVOC. Similarly, the subsequent deposition of MoOx on the opposite side 

of the wafers leads to a further decrease in iVOC of all splits. In addition, a decreasing trend in 

iVOC with pre-TiOx anneal temperature develops. Thus, we can conclude that pre-annealing 

treatment negatively impacts on the passivation quality after TMO depositions. Nevertheless, 

the iVOC of the worst sample is still 720 mV, which is promising for device implementation. 

Thus, the developed pre-TiOx annealing step was integrated into the device fabrication flow 

(see Figure 3). 

4. MolyATOM cells and comparison to classical SHJ cells 

4.1. Impact of pre-TiOx annealing temperature on MolyATOM cell parameters 

In this section, we studied the impact of the pre-TiOx annealing temperature on the device 

parameters of the MolyATOM cell, particularly the fill factor (FF) and VOC, which depend on 

the ρc and J0,total, respectively.     
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Figure 7. (a) VOC and (b) FF of MolyATOM cells as a function of pre-TiOx annealing temperature. 

Table 2. Illuminated IV parameters of differentMolyATOM cells (average and best cell values). 

Pre-anneal temp.  

(# of sample) 

JSC 

[mA/cm2] 

VOC 

[mV] 

FF 

[%] 

Efficiency 

[%] 

RS 

[Ω‧cm2] 

No  

pre-anneal (4) 

Average 33.7 ± 0.2 628 ± 24 66.4 ± 1.6 14.1 ± 1.0 3.3 ± 0.2 

Best 34.0 663 68.8 15.5 2.8 

200 °C (3) 
Average 33.8 ± 0.7 649 ± 36 64.8 ± 1.6 14.3 ± 1.4 3.7 ± 0.2 

Best 34.2 681 66.2 15.4 3.6 

250 °C (7) 
Average 33.5 ± 0.5 637 ± 28 70.2 ± 1.8 15.0 ± 1.2 2.5 ± 0.5 

Best 33.7 663 72.7 16.2 2 

300 °C (7) 
Average 33.2 ± 0.4 623 ± 15 72.4 ± 0.8 15.0 ± 0.7 1.9 ± 0.2 

Best 33.9 650 73.7 16.3 1.7 

As shown in Figure 7 and Table 2, the VOC of the MolyATOM cells showed a weak dependence 

on pre-annealing temperature, as expected from the results of Figure 6. The non-annealed cells 

show a somewhat lower average VOC compared to the cells with pre-TiOx anneal, due to a less 

efficient hydrogen chemical passivation. Despite the different hydrogenation levels of the i-a-

Si:H films, the passivation quality achieved at the device level is quite similar for all 

investigated conditions of pre-TiOx annealing. Nevertheless, the absolute VOC values are much 

lower compared to the iVOC values of Figure 6, indicating that the metallization process 

following MoOx deposition (see Figure 3) affects the passivation quality even further. More 

detailed comparison will be discussed in section 4.3. 

On the other hand, a general trend in FF of the MolyATOM cells demonstrates a strong 

dependence with pre-annealing temperature, which again correlates well with the contact 

resistivity results of Section 3. Less hydrogen content in i-a-Si:H after the pre-annealing 
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treatment has a positive effect for the carrier collection, likely due to increased defects in the i-

a-Si:H layer, which aid trap-assisted conduction of charge carriers.  

4.2. Dependence of thermal stability on pre-annealing temperature at cell level 

 

Figure 8. Efficiency progress as a function of annealing time at 150 °C in N2 atmosphere. 

Since the pre-annealing of the i-a-Si:H layer will affect both the ATOM contact and the MoOx 

based hole contact, the thermal stability was evaluated at device level using post-fabrication 

annealing at 150 °C for up to 140 min (see Figure 8). Cells with a pre-TiOx annealing at 300 °C 

remained relatively stable, while the other cells showed a continuous decrease in efficiency 

with increasing annealing time. The not pre-annealed MolyATOM cell looks stable due to their 

low initial efficiency of 13.4 %. The initial efficiency of other cells was in a range of 14.6 % -

15 %. We extracted a reduction rate in the efficiency of the cells using the last four data points 

where degradation occurred linearly. The cell with pre-TiOx annealing at 300 °C showed a 

reduction rate less than one-third of that of the cell without pre-annealing.  

Based on the above results, the pre-TiOx annealing temperature for MolyATOM device 

integration was chosen to be 300 °C for the study in section 4.3 in which we compare 

MolyATOM cells with other cell varieties.   

4.3. Confirmation of improved thermal stability of MolyATOM cells at module level  

The thermal stability of MolyATOM cells with and without pre-annealing at 300 °C was 

compared at cell and module level. To check the thermal stability at cell level, post-fabrication 
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annealing was done at 150 °C using the MolyATOM cells as shown in Figure 8. In addition, 

thermal stability of the MolyATOM cells at module level was investigated though the standard 

damp-heat testing (1000 hour, 85 % humidity, 85 °C). The MolyATOM cells with and without 

pre-annealing treatment at 300°C, shown in Figure 7, were used for fabricating a module. 

Performance of the mini-module was regularly measured every 250 hour during damp-heat test.  

 

Figure 9. Thermal stability of MolyATOM cells at a module level. Progress in (a) VOC and (b) FF during the damp-

heat test.  

During module fabrication, additional heat treatment due to the lamination process lowered the 

VOC of both MolyATOM cells compared to the as-fabricated values (Figure 9 (a)). However, 

during the damp heat testing, the VOC of the non-pre-annealed MolyATOM cell degraded 

further while that of the pre-annealed MolyATOM cell remained stable throughout the testing 

duration.  

The FF of the pre-annealed MolyATOM cell during the damp heat testing (Figure 9 (b)) showed 

a similar evolution as that of the FF of the cell during the thermal stability test at cell level, 

which is a noticeable reduction after annealing at 150 °C for 10 min (Figure 8). Starting at DH 

0 h, there is a gradual decrease in FF for the pre-annealed MolyATOM cell. The cell without 

pre-anneal though showed an anomalous behavior, with an increase in FF at DH 250 h, followed 

then by a gradual decrease in FF till DH 1000 h. Based on these results, we did not observe a 

significant difference in the thermal stability in terms of FF of the MolyATOM cells due to pre-

annealing (DH 0 h vs DH 1000 h). Nevertheless, considering all the thermal stability results 

together, we can conclude that pre-annealing the i-a-Si:H during cell processing is beneficial 

for the thermal stability of MolyATOM cells. More generally, reducing the hydrogen content 

in the thin film contact stacks is helpful when using metals oxides. After the damp-heat test, the 

final efficiency was decreased by about 2.4 %rel compared to that measured at DH 0 h. It meant 
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that the stability of MolyATOM cell at the module was passing the criteria of IEC61215 (η < 

5 %rel). 

 

4.3. Relative performance of MolyATOM cells compared to other cell types 

To study relative performance, several types of solar cells were newly prepared. In Figure 10 

and Table 3, MolyATOM cell parameters are compared with classical SHJ- and Moly/in cells. 

For the Moly/in cells, 2 splits of cells with and without pre-annealing treatment at 300 °C are 

also shown. For MolyATOM cells, only pre-annealed cells were prepared. In addition, the 

published results of cells having i/p-a-Si:H based hole contacts and ATOM electron contacts 

(i.e. ip/ATOM cells) have been included in Figure 10 [41]. Note that a different Ti precursor 

for TiOx and thicker Yb of 40 nm were used for these ip/ATOM cells [41]. The other ATOM 

contacts had 7.5 nm thick Yb. 

 

Figure 10. Performance comparison between classical SHJ, partial-doping free (Moly/in) and fully doping-free 

cells (MolyATOM). (a) JSC, (b) VOC, (c) FF and (d) efficiency. ip/ATOM  data is from [41]. 
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Table 3. The average and the best cell results of each solar cell group shown in Figure 10. Data for ip/ATOM is 

taken from [41]. 

Solar cell structure 

(# of sample) 

JSC 

[mA/cm2] 

VOC 

[mV] 

FF 

[%] 

Efficiency 

[%] 

RS 

[Ω‧cm2] 

Classical SHJ (12) 
Average 35.5 ± 0.1 729 ± 2 77.7 ± 0.6 20.1 ± 0.2 1.4 ± 0.1 

Best 35.5 730 78.6 20.4 1.3 

ip/ATOM 

(4) [41] 

Average 33.7 ± 0.1 721 ± 1 78.3 ± 0.3 19.0 ± 0.1 1.0 ± 0.0 

Best 33.8 723 78.6 19.2 1.0 

Moly/in (4) 
Average 35.3 ± 0.0 720 ± 3 74.6 ± 0.4 19.0 ± 0.2 1.9 ± 0.1 

Best 35.4 723 75.2 19.2 1.8 

Moly/in  

(Pre-ann.) (7) 

Average 35.3 ± 0.1 689 ± 15 75.3 ± 0.3 18.3 ± 0.4 1.4 ± 0.1 

Best 35.5 706 75.3 18.9 1.4 

MolyATOM  

(pre-ann.) (4) 

Average 33.3 ± 0.2 673 ± 25 74.9 ± 0.6 16.8 ± 0.8 1.4 ± 0.0 

Best 33.4 695 75.8 17.6 1.3 

The JSC of the cells is drastically affected by the electron contact structure on the rear-side of 

the cells. A conventional i/n-a-Si:H/ITO/Ag electron contact at the rear-side of classical SHJ 

and Moly/in cells resulted in higher JSC compared to that of MolyATOM and ip/ATOM cells. 

Moreover, Moly/in cells do not exhibit a higher JSC compared to the classical SHJ cells.To 

understand these differences, the EQE and reflectance of the different cell types were compared 

in Figure 11.   
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Figure 11. EQE and reflectance comparison between different cell structures; MolyATOM cell with/without pre-

annealing treatment, Moly/in- and a classical SHJ cell. 

Figure 11 shows that the cells with MoOx based hole contacts exhibited higher EQE in the short 

wavelength region compared to the classical SHJ cells containing p-a-Si:H. However, this did 

not result in a higher JSC for the Moly/in cells due to a lower EQE in the middle and long-

wavelength regions compared to the classical SHJ cells, which is the result of parasitic 

absorption in MoOx, as reported in [20]. A pre-annealing treatment does not change the EQE 

of the Moly/in cell (data is not shown here). Thus, transparent MoOx needs to be developed for 

getting higher JSC in Moly/in cells relative to classical SHJ cells. For the MolyATOM cells, 

lower EQE is observed at long wavelengths, which coincides with lower reflectance compared 

to the Moly/in or classical SHJ cells. This is expected to be mainly due to the proximity of the 

metal to the c-Si in the ATOM contact structure, which results in the excitation of surface 

plasmon polaritons, causing parasitic infrared light absorption losses. For the Moly/in and 

classical SHJ cells, on the other hand, ITO acts as a buffer layer. 

As shown in Figure 10 (b), classical SHJ cells showed the highest VOC among the test groups. 

When doping-free contacts were applied separately, VOC of ip/ATOM and Moly/in were above 

720 mV on average. For Moly/in cells, the pre-annealing condition used might not be the 

optimal due to the fact that pre-annealed cells showed lower VOC. Different contact structure 

likely needs different thermal treatment condition. When combining MoOx-based hole and 

ATOM electron contacts into the same device, an additional VOC drop was observed. It is 
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believed that this reduction in VOC might be caused due to integration difficulties when 

combining the two different doping-free contacts. For example, to deposit TiOx, 300 mm 

diameter carrier wafers with a 200 mm round inner pocket, had to be used. During this loading 

of wafers on such carriers, the i-a-Si:H passivation layer on the front side of MolyATOM wafers 

touch the surface of carrier wafers, which may lead to contamination or scratches. A second 

possibility could be that the vapor HF, utilized in the case of MolyATOM cells, might not be 

sufficient to clean the surface of the wafers. 

In Figure 10 (c), the average FF of ip/ATOM cells of about 78.3 % is higher compared to that 

of the classical SHJ cells which is 77.8 %. However, when replacing the p-a-Si:H layer with 

MoOx, a reduction in FF of about 3.2 %abs with respect to classical SHJ cell was observed. The 

FF was not further decreased for the MolyATOM cells thanks to the pre-annealing treatment in 

the cell process. The pre-annealing treatment of MolyATOM cells and Moly/in cells effectively 

reached the average RS of 1.4 Ω‧cm2 and 1.4 Ω‧cm2, respectively, which is at a similar level to 

that in classical SHJ cells (RS ~1.4 Ω‧cm2). This gain in FF and RS due to pre-annealing 

treatment mostly come from the hole-contact side because ρc of the ATOM contact is lower 

than the limit of 0.1 Ω‧cm2.  

The champion MolyATOM cell achieved an efficiency of 17.6 % with Jsc of 33.4 mA/cm2, 

VOC of 695 mV and FF of 75.8 %, for an active cell area of 16 cm2. So far, SHJ cells with doped 

a-Si:H layers at both electron and hole contacts outperform the MolyATOM cells. Overall, the 

gap in performance between MolyATOM and classical SHJ cells was observed and needs to be 

reduced. Thus, for the MolyATOM cells, good optical rear reflectance and stronger band 

bending at the ATOM electron contact, as well as lower RS at the MoOx based hole contact with 

higher transmittance and higher workfunction need to be achieved to attain similar or better 

performance compared to classical SHJ cells. 

5. Conclusion 

We have investigated the impact of annealing i-a-Si:H on the thermal stability of an electron 

contact featuring i-a-Si:H/TiOx/low work function metal (ATOM). Like MoOx/i-a-Si:H based 

hole contacts, annealing the i-a-Si:H layer before metal oxide deposition (i.e. pre-annealing 

treatment) was helpful to increase the thermal stability of the ATOM contact. Doping-free cells, 

called MolyATOM cells, were prepared using both MoOx/i-a-Si:H based hole contacts and 

ATOM based electron contacts. The champion cell fabricated with pre-annealing treatment at 

300 °C for 20 min achieved a JSC of 33.4 mA/cm2, a VOC of 695 mV, a FF of 75.8 % and an 

efficiency of 17.6 % with a cell area of 16 cm2. High efficiencies and improved thermal stability 

of pre-annealed MolyATOM cells were confirmed at the cell as well as module level. It is 

believed that hydrogen-related degradation was mitigated by the pre-annealing treatment. The 

hydrogen content in i-a-Si:H was decreased from 15.7 % to 11.4 % after pre-annealing 

treatment at 300°C according to elastic recoil detection measurements. The insights of this study 

will also be useful for developing another novel stable and highly performing metal-oxide based 

electron or hole contacts. 
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