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A B S T R A C T   

Low activation energy (Ea) and wide bandgap (Eg) are essential for (p)-contacts to achieve effective hole 
collection in silicon heterojunction (SHJ) solar cells. In this work, we study Plasma-Enhanced Chemical Vapor 
Deposition p-type hydrogenated nanocrystalline silicon oxide, (p)nc-SiOx:H, combined with (p)nc-Si:H as (p)- 
contact in front/back-contacted SHJ solar cells. We firstly determine the effect of a plasma treatment at the (i)a- 
Si:H/(p)-contact interface on the thickness-dependent Ea of (p)-contacts. Notably, when the (p)nc-Si:H layer is 
thinner than 20 nm, the Ea decreases by applying a hydrogen plasma treatment and a very-high-frequency (i)nc- 
Si:H treatment. Such an interface treatment also significantly reduces the contact resistivity of the (p)-contact 
stacks (ρc,p), resulting in an improvement of 6.1%abs in fill factor (FF) of the completed cells. Thinning down the 
(i)a-Si:H passivating layer to 5 nm leads to a low ρc,p (144 mΩ⋅cm2) for (p)-contact stacks. Interestingly, we 
observe an increment of FF from 72.9% to 78.3% by using (p)nc-SiOx:H layers featuring larger differences be
tween their optical gap (E04) and Ea, which tend to enhance the built-in potential at the c-Si/(i)a-Si:H interface. 
Furthermore, we observe clear impacts on ρc,p, open-circuit voltage, and FF by optimizing the thicknesses of (p)- 
contact that influence its Ea. In front junction cells, the vertical and lateral collection of holes is affected by ρc,p of 
(p)-contact stacks. This observation is also supported by TCAD simulations which reveal different components of 
lateral contributions. Lastly, we obtain both front and rear junction cells with certified FF well-above 80% and 
the best efficiency of 22.47%.   

1. Introduction 

Front/back-contacted silicon heterojunction (FBC-SHJ) solar cells 
with carrier-selective passivating contacts based on hydrogenated 
amorphous silicon (a-Si:H) achieved conversion efficiency well-above 
25% [1]. However, the application of (p)a-Si:H for hole collection is 
challenging because of its high parasitic absorption [2] and moderate 
doping efficiency [3–5]. The latter imposes constraints on the energy 
alignment for charge carrier transport from c-Si bulk to the indium tin 
oxide (ITO) transparent conductive oxide (TCO), thus limiting the de
vice fill factor (FF) and open-circuit voltage (Voc) [6–11]. A theoretical 
study performed by our group [10] suggests that an efficient (p)-contact 
needs to exhibit wide bandgap (Eg) and low activation energy (Ea) for 
improving the junction built-in voltage (Vbi), thus improving the selec
tivity for holes. Specifically, we assume a heterostructure that consists of 

a (n)c-Si substrate and a (p)-type layer. For simplicity, we neglect the 
(i)-type layer in between the (n)c-Si and the (p)-type layer. Under 
thermal equilibrium, the band bending at (n)c-Si/(p)-type layer interface 
is indicated by the Vbi and it is defined as [10]: 

Vbi = φp − φn (1-1)  

and 

φp = χe,p + Eg,p − Ea,p (1–2)  

with φp the work function of the (p)-type layer, φn the work function for 
the (n)c-Si substrate, χe,p the electron affinity of the (p)-type layer, Eg,p 

and Ea,p the bandgap and activation energy of the (p)-type layer, 
respectively. By substituting equations (1-2) into (1-1), we obtain: 
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Vbi = χe,p + Eg,p − Ea,p − φn (1–3) 

Since φn is fixed for the (n)c-Si and the χe,p is assumed constant for 
thin-film layers [12], to maximize the Vbi (and also c-Si band bending), a 
maximal Eg,p - Ea,p is preferred. That is, the requirement for a low Ea,p 

(p)-type layer is relaxed if the layer also features a higher Eg,p [10]. 
Hydrogenated nanocrystalline silicon oxide (nc-SiOx:H), featuring 

tunable and superior optoelectrical properties over standard a-Si:H, has 
been proposed as carrier-selective passivating contact and implemented 
in SHJ solar cells [13–29]. Specifically, Ea and Eg of nc-SiOx:H can be so 
finely tuned that effective carriers’ transport can be achieved. To further 
improve this hole-selective transport, (p)nc-SiOx:H and (p)nc-Si:H can be 
combined in a (p)-contact stack [10]. Indeed, aside from their optical 
advantages over the standard doped a-Si:H layers [19,28,30], the 
bi-layer contacts minimize the transport losses by (a) improving the hole 
accumulation at c-Si/(i)a-Si:H interface with a wide Eg (p)nc-SiOx:H, and 
(b) enhancing the charge exchange from (p)-contact to ITO with a low Ea 
(p)nc-Si:H layer. Due to the substrate-dependent growth characteristics 
of (p)nc-SiOx:H [31], prompt nucleation of nanocrystals [28] is required 
for its implementation into SHJ solar cells featuring an (i)a-Si:H 
passivation layer, thus achieving a low Ea (p)-contact close to the c-Si/(i) 
a-Si:H interface. 

To provide more insights about the transport mechanisms of charge 
carriers, efforts have been devoted to investigating the origins of solar 
cell series resistance (Rseries), revealing contributions from the bulk of 
the component materials and their discontinuous interfaces due to 
different Eg of adjacent materials [32–35]. Among those contributions, 
doped contact stacks are interesting due to their major contributions to 
the total device Rseries [36–40] in terms of contact resistivity (ρc). 
Experimental [41] and theoretical studies [11] reveal close correlations 
between ρc and device’s external parameters (FF and Voc), where the 
contact resistivity can be tuned via adjusting the properties of the doped 
layer (Ea and Eg) and of the TCO layer (carrier concentration, Ne). In 
other words, manipulation of those electrical properties in bi-layer 
charge carrier collectors based on (p)nc-SiOx:H and (p)nc-Si:H de
termines the alignment of energy states and thus the effectiveness of the 
charge carrier transport. 

In this contribution, we firstly investigate the thickness-dependent Ea 
of the bi-layer charge carrier collectors based on (p)nc-SiOx:H and (p)nc- 
Si:H as function of interfacial treatments [28]. Afterward, we explore the 
ρc,p of (p)-contact stacks under varying contacting conditions. Accord
ingly, we evaluate the effect of ρc,p on the Voc and FF of FBC-SHJ solar 
cells. To infer the hole transport losses, we decompose the devices’ Rseries 
in vertical and lateral contributions and we conduct advanced device 
simulations to understand the lateral collection mechanism of holes in 
various front junction cell configurations. 

2. Methodology 

Thin-film silicon layers were deposited in a multi-chamber Plasma- 
Enhanced Chemical Vapor Deposition (PECVD) system at a frequency of 
13.56 MHz or 40.68 MHz with optimized deposition parameters as 
described in our previous study [28]. Specifically, we present in Table 1 
the (p)-contact deposition conditions investigated in this study. To study 
the effect of interfacial treatments on the thickness-dependent Ea of the 
(p)-contact, we deposited layers on Corning Eagle XG glass and used 
spectroscopic ellipsometry (SE) to determine the thicknesses of the 
deposited films. We determined the optical bandgap (E04) by fitting the 
measured reflectance and transmittance spectra of the thin-film layers 
with SCOUT software [42,43]. To extract lateral dark conductivity σdark 
and Ea of the doped contacts, we used a temperature-dependent dark 
current-voltage (I–V) setup. We determined the ρc of doped contact 
stacks by preparing samples with (p)- or (n)-type Topsil float-zone (FZ) 
<100> c-Si wafers, which are 280 ± 20-μm thick with a resistivity of 3 
± 2 Ω cm, measured with a room-temperature dark I–V setup as intro
duced elsewhere [44]. 

For solar cell fabrication, we used the abovementioned 4-inch n-type 
c-Si wafers as the absorber. We firstly textured the c-Si wafers in diluted 
tetramethylammonium hydroxide (TMAH) solution with ALKA-TEX as 
additive [45]. Afterward, we used nitric acid (HNO3) to clean the 
textured wafers and diluted hydrofluoric acid (HF) to remove the native 
oxide layer formed on the surface of the wafers just before loading them 
into the PECVD [46]. During the PECVD process, we firstly deposited the 
(i)a-Si:H/(n)-contact, then (i)a-Si:H/(p)-contact on the other side. The 
interface plasma treatments consisting of a hydrogen plasma treatment 
and a very high-frequency (VHF) (i)nc-Si:H treatment were applied 
before the doped contact stack depositions [28]. Subsequently, we 
applied RF magnetron sputtering system to deposit 75-nm and 150-nm 
thick indium tin oxide (ITO) on the front and rear side of the solar cell 
precursors, respectively. Eventually, we screen-printed Ag paste and 
then cured the printed metal electrodes in an oven with air atmosphere 
at 170 ◦C for 45 min. The fabricated solar cells feature a cell area of 3.92 
cm2. 

During the fabrication of the solar cells, we tracked the precursor 
passivation qualities (e.g. implied Voc, i-Voc) before the ITO sputtering 
by using Sinton WCT-120 with quasi-steady-state photoconductance 
(QSSPC) or transient photoconductance decay (Transient PCD) mode 
[47,48]. We characterized the I–V performance of the solar cell by using 
an AAA class Wacom WXS-156S-L2 solar simulator. Further, for even
tually extracting the Rs,SunsVoc of the solar cells, we obtained the 
pseudo-FF (pFF) and SunsVOC from Sinton Suns-VOC-150 
Illumination-Voltage Tester. To independently confirm the cell param
eters, two cells were measured at the CalTeC of the Institute for Solar 
Energy Research Hamelin (ISFH), Germany. 

Numerical simulations carried out by us are based on TCAD Sen
taurus from Synopsys Inc. [49], using experimentally measured geom
etry, Ea, and E04 as input parameters. More details about models and 
parameters can be found in previous studies [10,11,41]. In this work, we 
used contact stacks consisting of (i)a-Si:H, (p)nc-SiOx:H, (p)nc-Si:H, ITO, 
Ag electrodes as shown in Fig. 1. These layers induce band bending in
side the c-Si, which is referred to as the space-charge layer inside the (n) 
c-Si bulk in this study. A schematic sketch of the band diagram of 
(p)-contact stack is given in Fig. 1 [10]. 

3. Results and discussions 

3.1. Activation energy of the (p)-contact 

Our bi-layer (p)-contact, consisting of (p)nc-SiOx:H (10 nm) and (p) 
nc-Si:H (varied thickness), was deposited on a glass substrate coated 
with (i)a-Si:H (10 nm). This structure is used to take into account the 
substrate-dependent growth of nc-SiOx:H thin films in our actual solar 
cells [31]. We assessed the Ea and σdark of the (p)-contact with schematic 
structures given in Fig. 2. To accelerate the nucleation of the (p)nc-SiOx: 

Table 1 
PECVD parameters for optimization of (p)nc-SiOx:H, (p)nc-Si:H, HPT, VHF (i)nc- 
Si:H treatment.  

PECVD parameters (p)nc-SiOx: 
H 

(p)nc-Si: 
H 

HPT VHF (i)nc-Si: 
H 

Frequency (MHZ) 13.56 13.56 13.56 40.68 
Temperature (◦C) 180 180 180 180 
Pressure (mbar) 1.4–3 2.2 2.2 4 
Power density (mW/cm2) 76 90 63 69 
SiH4 (sccm) 0.8 0.8 / 1.2 
H2 (sccm) 170 170 200 120 
CO2 (sccm) 1.4 0 / / 
B2H6 (200 ppm in H2) 

(sccm) 
10 10 / / 

Deposition ratea (nm/s) 0.018–0.036 0.047 / ~0b  

a The deposition rate refers to layers deposited on the flat glass substrates. 
b The deposition rate is hardly detectable by SE measurement after 6 min of 

deposition. 
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H, we additionally applied a combined interface treatment including 
hydrogen plasma treatment (HPT) and very-high-frequency (VHF) (i) 
nc-Si:H treatment (thereafter, simply denoted as interface treatment) 
before the (p)-contact deposition, as is proposed in our previous studies 
[28]. The thickness-dependent Ea and σdark of (p)-contacts with and 
without interface treatment are illustrated in Fig. 2. 

Similar as reported by Cabarrocas et al., [31], Ea decreases and σdark 
increases in both types of (p)-contacts with increasing (p)nc-Si:H thick
ness and tend to gradual saturation for (p)nc-Si:H thicknesses above 
around 20 nm (see Fig. 2). Besides this general trend, we also observe 
that the interface treatment induces improvements in electrical prop
erties of (p)-contacts, especially, when (p)nc-Si:H is thinner than 20 nm. 
In other words, the interface treatment promotes more conductive layers 

(lower Ea) and thus potentially a better performing (p)-contact for SHJ 
solar cell applications. Therefore, the interface treatment is chosen to 
enhance the selective transport of holes [10], because it may result in 
reduced resistive losses and therefore higher FFs in completed solar cells. 

3.2. Contact resistivity of the contact stacks 

To extract the ρc,p of the (p)-contact stacks in solar cells (see Fig. 3 
(a)), we fabricated symmetrical samples (see Fig. 3(b)) featuring the 
same (p)-contact stacks as applied in our solar cells [40]. With Rs, we 
represent the resistivity with a unit of mΩ⋅cm2. Mathematically, for the 
symmetrical test samples, the total contact resistivity (Rs,contacts) can be 
expressed as: 

Rs,contacts =Rs,sample − Rs,bulks (3-1)  

where Rs,sample is the total sample resistivity measured directly via the 
symmetrical sample, Rs,bulks is the bulk resistivity contributions from c-Si 
and thin-film layers that form the doped contact stacks. With known Rs, 

bulks, we can extract the Rs,contacts, which originates from the contact in
terfaces. Thus, the single-side ρc,p can be obtained via: 

ρc,p =Rs,contacts
/

2 (3-2)  

where the term ‘2’ reflects the symmetrical nature of the test sample. 
With this methodology, we firstly studied the effects of the interface 

treatment and thickness of an (i)a-Si:H layer on the ρc,p of the contact 
stacks. Then, we explored the effects of (p)nc-SiOx:H layers that featured 
different E04 and Ea. Lastly, we investigated the ρc,p by varying the 
thickness combinations in the bi-layer (p)-contact. 

3.2.1. Effect of the interface treatment and (i)a-Si:H layer thickness on 
contact resistivity 

To investigate the effect of the interface treatment and the thickness 
of an (i)a-Si:H layer on ρc,p of the (p)-contact stacks, we fabricated 
symmetrical samples with (p)-contact consisting of 4-nm thick (p)nc- 
SiOx:H and 16-nm thick (p)nc-Si:H layer. We evaluated carrier transport 
and passivation quality in terms of ρc,p of (p)-contact stacks and i-Voc of 
the sample precursor (before ITO sputtering) as shown in Fig. 4 and 
discussed below. 

Looking at the samples with 7-nm thick (i)a-Si:H, it is noticeable that 
the interface treatment significantly reduces the average ρc,p from 1221 
mΩ⋅cm2 down to 325 mΩ⋅cm2. Since the ρc,ITO/Ag of ITO/Ag interface is 
around 1.5 mΩ⋅cm2 [50], its contribution is negligible to the total ρc,p of 
the contact stack. The reduced ρc,p reflects the improvement of contacts 
from c-Si to ITO, which indicates that the interface treatment enables the 

Fig. 1. Schematic sketch (top) and band diagram under the dark thermal 
equilibrium condition (diagram) of the proposed (p)-contact stack for SHJ solar 
cells with the bi-layer (p)-contact. In general, the (p)-contact stack consists of a 
space-charge layer inside the (n)c-Si bulk, (i)a-Si:H, (p)nc-SiOx:H, (p)nc-Si:H, 
ITO, and Ag (not shown here). Figure adapted from Ref. [10]. 

Fig. 2. The influence of interfacial HPT + VHF treatment on Ea and σdark of bi- 
layer (p)-contact consisting of 10 nm (p)nc-SiOx:H and (p)nc-Si:H with variable 
thickness. The schematic structures for assessing Ea and σdark of the bi-layer (p)- 
contact are also presented. 

Fig. 3. Schematic sketches of (a) the front and rear junction solar cells under 
study; (b) symmetrical samples for extracting the contact resistivity ρc of doped 
contact stacks that originate from solar cells in (a). The (p)-contact is repre
sented by the (p)nc-SiOx:H + (p)nc-Si:H stack, while the (n)-contact is repre
sented by either (n)a-Si:H or (n)nc-SiOx:H, as discussed in our previous study 
[28]. Note that for symmetrical samples in (b) we used either (p)- or (n)-type 
c-Si bulk for studying the (p)- or (n)-contact stacks, respectively. 
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enhancement of the selectivity for hole transport. This beneficial effect 
on ρc,p is consistent with the reduced Ea of the (p)-contact [10] as is 
shown in Fig. 2. Furthermore, the interface treatment boosts the p-type 
wafer passivation quality, resulting in an i-Voc improvement of 18 mV 
similarly to what was reported previously for the n-type wafer [28]. By 
further thinning the (i)a-Si:H layer thickness from 7 nm to 5 nm, the ρc,p 
is cut down to 144 mΩ⋅cm2, which is lower than the majority of reported 
values in literature featuring either (p)a-Si:H or (p)nc-Si:H as (p)-contact 
[30,36,37,39–41,51]. Nevertheless, it is not our intention to pass any 
unfair argument on the goodness of (p)nc-SiOx:H-based (p)-contact with 
respect to the (p)a-Si:H contact. Specifically, ρc,p is reduced more than 
twice by reducing the thickness of the (i)a-Si:H layer by only 2 nm. This 
layer is directly beneath the (p)-contact and applying a thinner layer 
does hardly impact the passivation quality. This observation is in line 
with the trends that have been reported by Leilaeioun et al. [39] but they 
used a (p)a-Si:H layer. Indeed as reported by others [51–53], thinner (i) 
a-Si:H may improve the carrier collections through increased carrier 
tunneling probability. Within this series, 6-nm thick (i)a-Si:H delivers 
the highest i-Voc of 728 mV and a relatively low ρc,p of 222 mΩ⋅cm2. Thus 
we implement this (i)a-Si:H layer thickness together with the interface 
treatment in the samples that will be discussed in the following sections. 

3.2.2. Effect of (p)nc-SiOx:H optoelectrical properties on contact resistivity 
To maximize the Vbi,p at the c-Si/(i)a-Si:H interface and, thus, the 

hole accumulation at the c-Si/(i)a-Si:H interface [10], we applied (p) 
nc-SiOx:H with a varying difference between E04 and Ea by varying the 
deposition pressure as given in Table 1, where E04 is considered as an 
indication of the layer’s mobility gap (Eg) [54]. Here, we compare 
symmetrical test samples, which feature 4-nm thick (p)nc-SiOx:H 
deposited after the optimized interface treatment and coated with a 
12-nm (p)nc-Si:H layer. To extract the Ea and E04 of the three different 
(p)nc-SiOx:H layers, slightly different from the structure used in Fig. 2, 
we deposited 20-nm thick (p)nc-SiOx:H layers on glass substrates 
without (i)a-Si:H coating. The measured Ea and E04 of (p)nc-SiOx:H 
layers are given in Table 2 and indicated as Type-a, Type-b, and Type-c. 
Then, we evaluated the precursor i-Voc before ITO sputtering and ρc,p of 
the symmetrical test samples endowed with (p)nc-SiOx:H layers 
featuring various E04 - Ea values (see Fig. 5). 

As illustrated in Fig. 5, by widening the E04 - Ea difference from Type- 
a to Type-b (from 1.870 eV to 2.007 eV), ρc,p of the (p)-contact stacks 
significantly drops. Its value is reduced from 1027 mΩ⋅cm2 to 307 
mΩ⋅cm2. We ascribe the reduction of ρc,p by using Type-b (p)nc-SiOx:H 
layer to the improved Vbi,p, which indicates an enhanced band bending 

at the c-Si/(i)a-Si:H interface and therefore an increased hole accumu
lation [10]. By using Type-c (p)nc-SiOx:H layer, which features much 
higher Ea and E04 - Ea as compared to that of Type-a (p)nc-SiOx:H layer, 
the ρc,p of the contact stacks is also significantly reduced. A degradation 
in i-Voc is observed for the sample with Type-c (p)nc-SiOx:H as compared 
to samples with Type-a and Type-b (p)nc-SiOx:H. We ascribe this to the 
loss in chemical passivation of (i)a-Si:H, which is sensitive to the varied 
plasma conditions for realizing the optoelectrical properties of Type-c 
(p)nc-SiOx:H. Therefore, considering both passivation quality and elec
trical behavior, Type-b (p)nc-SiOx:H is preferred for solar cells 
fabrication. 

3.2.3. Effect of thickness combinations of the bi-layer (p)-contact on 
contact resistivity 

Aside from building up a sufficient Vbi,p at the c-Si/(i)a-Si:H inter
face, a low Ea (p)-contact is critical for achieving an effective transport of 
positive charges from the (p)-contact to the ITO. As known from the 
thickness-dependent Ea of (p)-contact discussed in Section 3.1, we tuned 
the Ea of the (p)-contact via varying the thickness combinations between 
(p)nc-SiOx:H and (p)nc-Si:H. In Fig. 6 we present their influence on ρc,p 
of the symmetrical test samples. 

As can be seen in Fig. 6, we observe that the average ρc,p decreases to 
a minimum of 291 mΩ⋅cm2 with increasing thickness fraction of (p)nc- 
Si:H. The ρc,p reduction can be explained by the thickness-dependent Ea 
of the (p)-contact (see Fig. 2). Indeed, by lowering Ea not only the band 
bending at the c-Si/(i)a-Si:H interface enhances, but also the potential 
barrier for holes decreases [10]. Both effects contribute to a more effi
cient transport of carriers from c-Si to ITO. This also explains the 
enhanced i-Voc up to 726 mV by increasing the (p)nc-Si:H thickness. It is 
worth noting that in the absence of (p)nc-Si:H (20 + 0 nm) beneath the 
ITO layer, we observe a diode behavior of the test sample. We ascribe 
this to an excessively large transport barrier at the (p)-contact/ITO 
interface possibly due to a parasitic junction in our 20-nm thick (p) 
nc-SiOx:H. Further, the complete removal of the (p)nc-SiOx:H (0 + 15 

Fig. 4. The contact resistivity ρc,p and i-Voc of (p)-contact stacks without and 
with HPT + VHF (i)nc-Si:H interface treatment, and depending on the (i)a-Si:H 
layer thickness. The passivation quality of the symmetrical test samples was 
measured before ITO sputtering. The results present averaged ρc,p from two 
symmetrical samples and the error bars represent the standard deviations. 

Table 2 
The optoelectrical properties of three types of (p)nc-SiOx:H layers.  

(p)nc-SiOx: 
H 

Deposition pressure 
(mbar) 

E04 (eV) Ea (meV) E04 – Ea (eV) 

Type-a 3.0 2.19 320 1.870 
Type-b 2.2 2.36 353 2.007 
Type-c 1.4 2.51 424 2.086  

Fig. 5. The contact resistivity ρc,p and i-Voc of (p)-contact stacks with (p)nc- 
SiOx:H layers featuring various E04 - Ea. The passivation quality of the sym
metrical test samples was measured before ITO sputtering. The results present 
averaged ρc,p from two symmetrical samples and the error bars represent the 
standard deviations. 
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nm) results in an i-Voc of only 655 mV, which indicates a very defective 
c-Si/(i)a-Si:H interface. In return, this defective interface might also 
negatively affect the ρc,p of the contact stacks. Therefore, the best 
thickness combination in terms of both i-Voc and ρc,p is found for the 
stack with 4 nm (p)nc-SiOx:H + 12 nm (p)nc-Si:H. The presence of a 4 
nm thick (p)nc-SiOx:H layer not only guarantees an excellent passivation 
quality but also enhances the band bending at c-Si/(i)a-Si:H interface. 

To sum up, we found that the application of the interface treatment 
together with a thinner (i)a-Si:H layer is crucial to minimize the carrier 
transport losses (ρc,p) in the (p)-contact stacks. We also observed (p)nc- 
SiOx:H with a larger E04 - Ea difference is critical for a significant 
reduction of ρc,p. Lastly, a bi-layer (p)-contact with thicker (p)nc-Si:H 
tends to deliver a lower ρc,p. 

3.3. Solar cells 

The studies about resistivity of (p)-contact stacks reveal various 
possible approaches to reduce the ρc,p by improving hole selectivity and 
minimizing the transport losses of holes. Accordingly, we implemented 
the results of the test structures in both front and rear junction solar cells 
to analyze their resistivity and performance (see Fig. 3(a)). To this 
purpose, we firstly extracted the solar cell’s pFF via Suns-VOC mea
surement and then used the pFF to evaluate the solar cell’s Rs,SunsVoc 
(mΩ⋅cm2) [47,55,56]. 

3.3.1. Effect of the interface treatment and (i)a-Si:H layer thickness on cell 
performances 

We fabricated front junction solar cells that feature an (n)a-Si:H as 
(n)-contact at the rear side, while varying the interface treatment and (i) 
a-Si:H layer thickness before the deposition of the front (p)-contact stack 
(4 nm (p)nc-SiOx:H + 16 nm (p)nc-Si:H). Solar cells’ performance key 
metrics (Voc, FF, pFF and Rs,SunsVoc) are depicted in Fig. 7. 

As shown in Fig. 7, the treatment boosts the average FF from 70.9% 
to 77.0% corresponding to a halved Rs,SunsVoc from 2920 mΩ⋅cm2 to 
1440 mΩ⋅cm2. This reduction in Rs,SunsVoc is expected from the previous 
contact resistivity study discussed in Fig. 4, where we observe a more- 
than-twice reduction in the ρc,p of the (p)-contact stacks by applying 
the interface treatment. By reducing the thickness of the (i)a-Si:H layer 
beneath the (p)-contact from 7 to 5 nm, we observe a 2.3%abs FF gain 
without significant loss in Voc. Accordingly, the average Rs,SunsVoc re
duces from 1440 mΩ⋅cm2 to 930 mΩ⋅cm2. Therefore, (i)a-Si:H with a 
thickness of around 5–6 nm is promising to improve the device FF while 
preserving Voc. 

3.3.2. Effect of (p)nc-SiOx:H optoelectrical properties on cell performances 
In Fig. 8, we present the effect of (p)nc-SiOx:H layers featuring 

various E04 - Ea values on cell parameters of rear junction FBC-SHJ solar 
cells. These results highlight the effect of E04 - Ea on the vertical col
lections of holes. The thickness of the (i)a-Si:H layer under the (p)- 
contact is 6 nm. The front side of the solar cells features an (n)a-Si:H 
layer as (n)-contact. 

As shown in Fig. 8, we observe a slight decrease of Voc from 720 to 
717 mV but an improvement in FF from 72.9% to 78.3% with increasing 
E04 - Ea. Correspondingly, the extracted average Rs,SunsVoc is observed to 
be halved from 2002 mΩ⋅cm2 down to 972 mΩ⋅cm2. Since the (p)-con
tact stacks are placed at the rear side of the solar cells, we can conclude 
the gain in FF mainly comes from the reduced vertical resistance 
contribution, which originates from decreased ρc,p of the (p)-contact 
stacks as discussed in Fig. 5. 

3.3.3. Effect of thickness combinations of the bi-layer (p)-contact on cell 
performances 

To evaluate the influence of the (p)-contact including the different 
thickness combinations, we compared Voc and FF of FBC-SHJ solar cells 
for the different stacks as mentioned in section 3.2.3. We show results 
for both front and rear junction configurations (see Figs. 9 and 10, 

Fig. 6. The contact resistivity ρc,p and i-Voc of (p)-contact stacks with varying 
(p)nc-SiOx:H and (p)nc-Si:H layer thicknesses. The passivation quality of the 
symmetrical test samples was measured before ITO sputtering. The results 
present averaged ρc,p from two symmetrical samples and the error bars repre
sent the standard deviations. 

Fig. 7. Front junction FBC-SHJ solar cells processed without and with HPT +
VHF (i)nc-Si:H interface treatment with varying thicknesses of (i)a-Si:H beneath 
the (p)-contact (4 nm (p)nc-SiOx:H + 16 nm (p)nc-Si:H): (a) Voc; (b) FF and pFF; 
(c) Rs,SunsVoc. Solar cells feature a nominal 3.2% front metal coverage. The re
sults present averaged parameters from four solar cells (the sample with 5 nm 
(i)a-Si:H represents the results of two cells). The error bars represent the 
standard deviations. 
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respectively). 
In the series of front junction cells, we refer the rear (n)-contact to 

our previously reported (n)-contacts based on (n)nc-SiOx:H [28]. We 
observe that Voc and FF change simultaneously with increasing the 
thickness fraction of (p)nc-Si:H. The improvement on FF observed in 
solar cells with (p)nc-Si:H layers reveals the crucial role of a low Ea layer 
[28] that is in contact with the ITO. Indeed, FF increases by more than 
8.5%abs to up to 79.5% by applying the ‘4 + 12 nm’ (p)-contact com
bination. Accordingly, the average Rs,SunsVoc also reduces from 2310 
mΩ⋅cm2 down to 950 mΩ⋅cm2 for all cells with a (p)-contact including 
both (p)nc-SiOx:H and (p)nc-Si:H. Due to the possible aggressive plasma 
conditions during our (p)nc-Si:H deposition, at least 4 nm of (p)nc-SiOx: 
H is again proven to be necessary to preserve the device passivation 
quality, which also affects the FF. In contrast, we also observe an 
increased average Rs,SunsVoc when the cell is poorly passivated. 

Lastly, (p)-contact stacks with a fixed 4-nm thick (p)nc-SiOx:H and 
with a varying thickness of (p)nc-Si:H were applied to rear junction FBC- 
SHJ solar cells. Device performances are reported in Fig. 10. The front 
side of the solar cells has an (n)a-Si:H layer as the (n)-contact. 

As illustrated in Fig. 10, we observe a general increment of average 
Voc and FF by increasing the (p)nc-Si:H layer thickness. The gains in Voc 
and FF are expected because of the reduced Ea of the (p)-contact, sup
ported by the thickness-dependent Ea of (p)-contact already shown in 
Fig. 2. Besides, the absolute gain in FF is more pronounced when 

increasing the (p)nc-Si:H layer thickness from 4 nm to 8 nm. We ascribe 
this to the initial sharp reduction of Ea of the (p)-contact when (p)nc-Si:H 
is thinner than 10 nm (see Fig. 2). Further increasing the thickness of the 
(p)nc-Si:H layer results in the gradual saturation of the FF around 78.5%. 
This is also reflected in the evolution of the devices’ Rs,SunsVoc, where the 
average Rs,SunsVoc tends to reach a minimum of 1200 mΩ⋅cm2 with the 
increasing (p)nc-Si:H layer thickness. 

3.4. Solar cells’ resistivity contributions: Rs,lateral vs Rs,vertical 

In front junction cells, (p)-contact stacks involve not only vertical but 
also lateral collections of holes. This stimulates our interest in dis
tinguishing the resistance contributions from both directions. To this 
end, we decomposed the Rs,SunsVoc of the abovementioned front junction 
FBC-SHJ cells with the symmetrical structures as shown in Fig. 3 (b). 
With the obtained Rs,SunsVoc, we can derive the lateral Rs,lateral that comes 
from the front side of the solar cells via: 

Rs,lateral = Rs,SunsVoc − Rs,vertical (3-3)  

where: 

Rs,vertical =
(
Rs,vertical,p + Rs,vertical,n

)/
2 (3–4)  

the Rs,vertical,p and Rs,vertical,n correspond to resistivity contributions from 
the (p)-contact stacks and the (n)-contact stacks of the solar cells, 
respectively. Therefore, aside from the symmetrical (p)-contact stacks 

Fig. 8. Rear junction FBC-SHJ solar cells with (p)nc-SiOx:H featuring varying 
E04 - Ea in the (p)-contact (4 nm (p)nc-SiOx:H + 16 nm (p)nc-Si:H): (a) Voc; (b) 
FF and pFF; (c) Rs,SunsVoc. Solar cells feature a nominal 4.4% front metal 
coverage. The results represent averaged parameters from three solar cells (the 
sample with Type-a (p)nc-SiOx:H represents the results of two cells). The error 
bars represent the standard deviations. 

Fig. 9. Front junction FBC-SHJ solar cells with varying thicknesses of (p)- 
contact ((p)nc-SiOx:H + (p)nc-Si:H): (a) Voc; (b) FF and pFF; (c) Rs,SunsVoc. Solar 
cells feature a nominal 4.4% front metal coverage. The results represent aver
aged parameters from three solar cells. The error bars represent the stan
dard deviations. 
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samples already made, we also fabricated symmetrical (n)-contact stacks 
samples, which have the same structures as the corresponding rear (n)- 
contact stacks in the solar cells (see Fig. 3(b)). Here, we consider only 
vertical transport of electrons through the rear (n)-contact stacks. 

The breakdown of solar cells’ Rs,SunsVoc for different layers and 
treatments is illustrated in Fig. 11. 

As it can be seen from the analysis of Rs,SunsVoc in Fig. 11(a) and (b), 
the variations in ρc,p of the (p)-contact stacks (see Section 3.2) do not 
only change directly the Rs,vertical,p but also the distribution of the Rs, 

lateral. In Fig. 11(a), the (n)a-Si:H based (n)-contact stacks account for an 
Rs,vertical,n of 102 mΩ⋅cm2 (ρc,n of 63 mΩ⋅cm2), which is less resistive than 
(p)-contact stacks. When applying the interface treatment, we observe a 
significant reduction in Rs,vertical,p as a result of the decrement of ρc,p of 
the (p)-contact stacks. Meanwhile, we also recognize a lower contribu
tion from Rs,lateral. The reduction of Rs,lateral may result from both 
stronger band bending and better collection of holes from (p)-contact to 
the ITO layer. Moreover, thinning down the (i)a-Si:H beneath the (p)- 
contact also follows the trends but with rather comparable reductions of 
both Rs,vertical,p and Rs,lateral. In fact, (p)-contact stacks with thinner (i)a- 
Si:H layer features lower vertical resistance, which promotes lateral 
transport through ITO, thus a lower Rs,lateral as well. 

In Fig. 11(b), it is shown that the contribution of the (n)-contact stack 
based on (n)nc-SiOx:H to Rs,vertical,n is 71 mΩ⋅cm2 (ρc,n of 33 mΩ⋅cm2). 
Differently, by varying thickness combinations of the (p)-contact, we 
observe a trade-off between Rs,vertical,p and Rs,lateral. Due to the observed 
diode behavior of the symmetrical sample (see Fig. 6) with only (p)nc- 
SiOx:H (20 + 0 nm), we present only its device Rs,SunsVoc, which is the 
most resistive within the series. Along with the increased fraction of (p) 
nc-Si:H layer, we observe the gradual lowering of Rs,vertical because of the 
reduced ρc,p of the (p)-contact stacks (see Fig. 6). However, the increased 
contribution from Rs,lateral compensates the reduced Rs,vertical, thus 
maintaining the devices’ Rs,SunsVoc nearly constant. We ascribe this to 
competing effects between the ones on carrier collections due to thinner 
(p)nc-SiOx:H and thicker (p)nc-Si:H. It is worth noting that a thicker (p) 
nc-SiOx:H or (p)nc-Si:H tends to enhance the band bending inside (n)c-Si 
as a result of thickness-dependent Ea of (p)-contact, thus reducing ρc,p 
and promoting the lateral transport inside ITO for both cases. Therefore, 
on the one hand, a thinner (p)nc-SiOx:H is less likely to induce an effi
cient space-charge layer (band bending) inside the (n)c-Si bulk as 
compared to its thicker counterpart. Thus, a thinner (p)nc-SiOx:H layer 

Fig. 10. Rear junction FBC-SHJ solar cells with (p)-contacts featuring a fixed 4- 
nm thick (p)nc-SiOx:H but varying (p)nc-Si:H layer thicknesses: (a) Voc; (b) FF 
and pFF; (c) Rs,SunsVoc. Solar cells feature a nominal 4.4% metal coverage. The 
results represent averaged parameters from three solar cells. The error bars 
represent the standard deviations. 

Fig. 11. The decompositions of front junction FBC-SHJ solar cells’ Rs,SunsVoc with Rs,vertical (distinguished between (n)-contact stacks Rs,vertical,n and (p)-contact stacks 
Rs,vertical,p) and Rs,lateral: (a) effect of the interface treatment and (i)a-Si:H layer thickness; (b) effect of thickness combinations of the bi-layer (p)-contact. The error bars 
represent the standard deviations. 
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may require more support for the lateral transport of holes from the 
space-charge layer inside the (n)c-Si bulk. On the other hand, a thicker 
(p)nc-Si:H is capable of reducing the Ea of the (p)-contact and thus the ρc, 

p and for this reason, a more efficient lateral transport of holes inside the 
ITO is expected. As it can be seen from Fig. 11(b), the increased Rs,lateral 
with thinner (p)nc-SiOx:H and thicker (p)nc-Si:H indicates that more 
holes transport laterally through the (n)c-Si bulk. Therefore, there is a 
more dominating effect of the (p)nc-SiOx:H layer thickness on the lateral 
transport distribution of holes. Besides, similar Rs,SunsVoc values with 
different vertical and lateral components also reveal that Rs,SunsVoc is 
limited by lateral transport in the device ascribed to ITO mobility and 
front Ag grid pitch size. Lastly, the cell that has only (p)nc-Si:H presents 
both increased Rs,vertical and Rs,lateral that result from increased ρc,p and 
decreased Voc. 

To deeper understand the role of the Rs,lateral as observed in Fig. 11 
(b), we performed TCAD simulations to analyze front junction FBC-SHJ 
solar cells featuring varied thickness combinations of the bi-layer (p)- 
contact. We evaluated the charge per second that moves laterally in each 
layer on the front sides of solar cells under maximum power point (MPP) 
conditions. Since the lateral current flow through the (p)-contact is 
negligible as compared to the one of the c-Si bulk and the ITO layer, we 
present here only the results of the c-Si bulk and ITO layer. The values 
are normalized for all samples and are shown in Fig. 12(a). Note, the 
component that is missing in Fig. 12(a) to reach 100% for each thickness 
combination indicates non-collected (recombined) carriers as compared 
to the optimal sample featuring ‘4 + 12 nm’ (p)-contact. 

As noticeable in Fig. 12(a), the lateral current flow at MPP increases 
with the thicker (p)nc-Si:H (or thinner (p)nc-SiOx:H). By lowering the ρc, 

p of the (p)-contact stacks, the probability of holes to be transported from 
the c-Si to the ITO increases. Interestingly, with increasing thickness of 
the (p)nc-Si:H layer (or decreasing thickness of (p)nc-SiOx:H), we 
observe variations in the c-Si bulk contribution. Not only the absolute 
current that is laterally transported through the c-Si bulk increases but 
also its relative fraction increases. This is evident, especially, by 
comparing samples with ‘15 + 4 nm’ and ‘4 + 12 nm’ (p)-contacts. As 
expected, these increased c-Si bulk contributions elucidate the higher Rs, 

lateral as observed in Fig. 11(b). Besides, the schematic sketches of lateral 
current flows in the simulated solar cells are shown in Fig. 12(b) and (c). 
In fact, from the simulations, the hole concentration (Nh) in the space- 
charge layer differs by implementing (p)-contacts with different thick
ness combinations. Specifically, the Nh in the space charge layer is 
around 1017 cm− 3 for the cell with ‘15 + 4 nm’ (p)-contact, which is 

nearly one order of magnitude higher than that of the cell with ‘2 + 13 
nm’ (p)-contact. This varied Nh in the space-charge layer is reflected in a 
form of varied space-charge layer thickness as shown in Fig. 12(b) and 
(c). Although the cell with ‘15 + 4 nm’ (p)-contact features a lower ρc,p as 
compared to that of the cell with ‘2 + 13 nm’, a stronger band bending 
induced by the thicker (p)nc-SiOx:H promotes the carrier lateral 
collection through ITO, and vice versa. 

With the knowledge of solar cells’ performances and during this 
study further careful processing of the FBC-SHJ solar cells, we present in 
Fig. 13(a) and (b) the independently certified J-V characteristics of our 
best front and rear junction FBC-SHJ solar cells, respectively. The cor
responding decompositions of solar cells’s Rs,SunsVoc are also presented 
in Fig. 13. For the front junction cell, we used (n)a-Si:H as (n)-contact 
and we implemented the optimized 6 nm (i)a-Si:H and ‘4 + 12 nm’ (p)- 
contact together with the interface treatment at the front side. While for 
the rear junction cell, instead of ‘4 + 12 nm’ (p)-contact, we applied ‘4 +
16 nm’ due to less strict optical limitations when the (p)-contact is 
located at the rear side of the solar cell. With these, we have achieved FF 
of 80.9% and 80.4% for front and rear junction configurations, respec
tively. Moreover, thanks to the more transparent (n)-contacts [28] based 
on (n)nc-SiOx:H placed at the sunny side, we achieved an efficiency as 
high as 22.47% in the rear junction configuration. Lastly, as seen from 
the decompositions of solar cells’ Rs,SunsVoc, the higher Rs,lateral for this 
rear junction cell indicates that more electrons transport laterally 
through the (n)c-Si bulk as compared to the fraction transporting 
through the ITO. This corresponds to similar observations as previously 
reported by Bivour et al. [57]. 

4. Conclusion 

In this work, we investigated and optimized hole collectors – or (p)- 
contact stacks – based on bi-layers of (p)nc-SiOx:H and (p)nc-Si:H, which 
are integrated into high-efficiency SHJ solar cells. 

We determined the thickness-dependent Ea of the bi-layer (p)-con
tact, for which the thicker the (p)nc-Si:H the lower the Ea of the (p)- 
contact. Meanwhile, we demonstrated the necessity of our HPT + VHF 
(i)nc-Si:H interface treatment, which significantly improved the elec
trical properties of the bi-layer (p)-contact, especially when it is thinner 
than 30 nm overall. Accordingly, the interface treatment also induced 
significant ρc,p reduction of the (p)-contact stacks. Besides, a thinner (i)a- 
Si:H layer proved to minimize transport losses for holes. We have re
ported (p)-contact stacks featuring a low contact resistance (ρc,p of 144 

Fig. 12. The (a) simulations and (b), (c) schematic sketches of simulated lateral current flow distributions within the c-Si bulk and ITO layer in front junction FBC- 
SHJ solar cells with varying thickness combinations of the bi-layer (p)-contact. Note, the component that is missing in (a) to reach 100% for each thickness com
bination indicates non-collected (recombined) carriers as compared to the optimal sample featuring ‘4 + 12 nm’ (p)-contact. The ρc,p,(b) and ρc,p,(c) represent the 
contact resistivity of the contact stacks featuring ‘15 + 4 nm’ and ‘2 + 13 nm’ (p)-contact, respectively. Nh,(b) and Nh,(c) are the hole concentration in the space-charge 
layer of (n)c-Si for cells featuring ‘15 + 4 nm’ and ‘2 + 13 nm’ (p)-contact, respectively. 
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mΩ⋅cm2) when (i)a-Si:H is 5 nm. Interestingly, (p)nc-SiOx:H layers 
featuring a larger E04 - Ea were found to be beneficial for the ρc,p. 
Moreover, by varying the thickness combinations in the (p)nc-SiOx:H 
and (p)nc-Si:H stacks, we were able to prove the critical roles of both (p) 
nc-SiOx:H and (p)nc-Si:H. In particular, (p)nc-SiOx:H preserves the 
passivation quality and enables sufficient band bending at c-Si/(i)a-Si:H 
interface, while (p)nc-Si:H enhances the transport of holes to ITO and 
the band bending as well. 

Subsequently, we have observed that the evolution of solar cells’ FF 
are closely correlated to their Rs,SunsVoc and therefore to the ρc,p of (p)- 
contact stacks. It is worth noting that in front junction FBC-SHJ solar 
cells, ρc,p of (p)-contact stacks also affects the distribution of vertical and 
lateral transport of holes. The application of an interface treatment and a 
thinner (i)a-Si:H layer reduced both vertical and lateral resistance losses 
at the same time. Differently, we have observed a trade-off between 
vertical and lateral resistance when we varied the thickness combina
tions of the (p)-contact. The latter finding was supported by TCAD 
simulation, from which we observed increased contributions from the 
space-charge layer inside the (n)c-Si bulk when a thinner (p)nc-SiOx:H is 
applied. Our best cells were certified to feature FF well-above 80% for 
both front and rear configurations, and an efficiency of 22.47% was 
achieved for a rear junction solar cell. 
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