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Abstract— Silicon heterojunction solar cells can employ p-type 

hydrogenated nanocrystalline silicon nc-Si:H(p) on their front 

side, since these can provide better transparency and contact 

resistance compared to  hydrogenated p-type amorphous silicon 

layers. We investigate here the influence of trimethyl boron 

(TMB) and BF3 as dopant source on the layer properties and its 

performance in solar cells. Both gases enable high efficiencies but 

yield a different crystallinity and effective doping. A high BF3 

flow lowers the series resistance through a low activation energy 

of dark lateral conductivity and maintains a high crystallinity. 

This allows fill factors up to 83%, however with the apparition of 

a parasitic absorption in the UV. A low TMB flow enables 

simultaneously a high crystallinity and a low activation energy. 

As an illustration of this layer potential, a 23.9%-certified 

efficiency is achieved with a 2 x 2 cm2 screen-printed device. We 

finally suggest that similar transport vs. transparency trade-offs 

can be reached for both dopant types for front junction 

application, while high BF3 flow allowing lower series resistance 

might be of interest when placed on the rear side. 

 
Index Terms— heterojunction, carrier-selective contact, 

nanocrystalline silicon p-layer, passivating contact, thin films, 

dopant precursor gas. 
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I. INTRODUCTION 

HE silicon heterojunction (SHJ) technology enables 

reaching conversion efficiency of up to 25.1% for double-

side contacted solar cells [1],[2], 26.7% for interdigitated 

back contact cells [3], and average efficiency above 23% in 

several laboratories and production industries [4],[5],[6]. 

Standard SHJ designs use hydrogenated amorphous silicon (a-

Si:H) for both surface passivation (a-Si:H(i)) and selective 

layers (a-Si:H(n) and a-Si:H(p)), completed by indium tin 

oxide (ITO) for lateral charge transport and  anti-reflection. 

Although these layer stacks enable excellent surface 

passivation and carrier selectivity, SHJ solar cells suffer from 

important parasitic light absorption and possible charge 

transport losses due to the relatively low transparency [7] and 

doping efficiency of a-Si:H [8],[9], respectively. Replacing the 

doped a-Si:H layers by nanocrystalline silicon (nc-Si:H(n) and 

nc-Si:H(p)) is a promising route to improve the efficiency of 

SHJ [10] or to simplify the manufacturing process of IBC solar 

cells [11]. Requirements to develop a good crystalline contact 

include: 1) obtaining a fast nucleation of the crystalline phase 

of the doped nc-Si:H layers on top of the passivation a-Si:H(i) 

layer, 2) reaching a high crystallinity to benefit from the higher 

transparency and doping efficiency of the crystalline phase, 3) 

using plasma conditions that don’t hinder passivation [10]. 

For the development of the n-doped contact, PH3 is 

commonly used as the dopant precursor gas. In Ref. [12], 

excellent solar cell results were obtained in a rear junction 

(RJ) configuration, i.e. with the n-layer at the front, with solar 

cells reaching an efficiency of up to 23.4%. The high 

transparency and the good contact properties of the nc-Si:H(n) 

were made possible by introducing a non-doped nc-Si:H seed 

layer of ∼5 nm, which enhances the crystallinity of the 

subsequent ∼20 nm-thick n-doped layer. By thinning down the 

layer to below 10 nm and alloying it with oxygen (to form a 
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nc-SiOx:H(n) layer), it was possible to boost even more the 

transparency of the contact in RJ solar cell while keeping good 

transport properties [13],[14]. Finally, a remarkable 25.1% 

efficiency device was obtained on a full size n-type M2 

monocrystalline-silicon, featuring a 20 nm nc-SiOx:H(n) 

layers at the front together with optimized passivation layers 

(Jsc = 39.55 mA/cm2, FF = 85.0%, Voc= 747 mV) [2]. 

On the hole-selective-contact side, nc-SiOx:H(p) layers are 

more difficult to obtain with similar transparency and transport 

properties compared to their (n)-type counterparts, making the 

front junction (FJ) configuration less attractive [15]. Indeed, it 

was reported to be challenging to obtain both a high 

crystallinity for layers thinner than ∼20 nm and a dark 

conductivity activation energy (EA) approaching the low 

values reached with nc-SiOx:H(n) (EA of ∼80 meV for p-

layers compared to 30 meV for n layers [16]). These facts 

often motivate the p-doped layer's placement at the rear side, 

enabling the use of thicker or more highly doped materials 

thanks to lower optical transparency constraints [17]. 

However, by introducing an oxide pre-treatment [18] and 

investigating substrate temperature lower than 200 °C [19] to 

promote crystallinity (see Fig. 4)  without impacting 

passivation, solar cell efficiency of 23.5% were demonstrated 

as well with nc-Si:H(p) in front junction configuration, mainly 

enabled by the lower contact resistance [20]. In the present 

contribution, we will build upon those previous developments. 

Overall, the incorporation of nc-Si:H layers in solar cells 

was studied in several ways, such as: i) varying the PECVD 

parameters (frequency, pressure, substrate temperature, the 

dilution ratio D=[H2]/[SiH4]) [10]; ii) varying the silicon 

precursor gas [10]; iii) developing different incubation layers 

and surface pre-treatments [10] and iv) investigate the 

influence on the subsequent TCO growth [21]. Out of the 

directions that remain to investigate, the impact of the boron 

doping and boron gas precursor (B2H6, BF3 and B(CH3)3, also 

named TMB for trimethylborane) are still to clarify. An 

ellipsometric study reported that films prepared with B2H6 

exhibit a delayed nucleation compared to their PH3 and 

intrinsic counterparts [22]. Similarly, a higher ratio D = 

[B2H6]/[SiH4] leads to a lower Raman crystallinity and smaller 

crystallite sizes measured via XRD [23]. However, the 

influence of boron on crystallinity is not trivial. In Ref. [24], 

using real-time spectroscopic ellipsometry, it was found that 

B2H6, TMB, and BF3, combined with an adequate surface 

treatment (e.g., H plasma treatment for TMB and BF3), a high 

dilution ratio of R=[H2/SiH4]=200, doping level (D=0.01 for 

B2H6 and TMB, D=0.02-0.05 for BF3, with D=[X]/[SiH4] 

where [X] is the dopant flow) and plasma power (P=200 

mW/cm2 for B2H6 and TMB, P=700 mW/cm2 for BF3) yield 

similarly dense, single-phase nc-Si:H layers. This study also 

evidenced several advantages of BF3 such as: i) avoiding 

carbon incorporation; ii) a wider precursor gas flow range 

yielding a crystalline regime and iii) a tolerance to higher 

plasma power and lower hydrogen-to-silane dilution leading to 

higher deposition rates without impinging crystallinity [24]. 

Finally, in Ref. [25], by comparing SIMS measurement and 

Raman crystallinity, a dopant-to-silane dilution range was 

identified where the boron concentration can be increased by 

several orders of magnitude without affecting crystallinity. 

In the present publication, we aim to clarify the influence of 

the dopant source on the nc-Si:H(p) transparency and contact 

properties and its integration in solar cells. Hereafter, we 

present two batches of solar cells. First, with a “TMB and BF3 

doping series”, we study the impact of the TMB and BF3 flow 

on layers of similar thicknesses and report on their crystallinity 

using UV-Raman spectroscopy, the dopant inclusion using 

dark conductivity measurement, and their chemical 

composition measured via SIMS. Second, with a “BF3-doped 

layer thickness series”, we study the optical impact of using a 

high BF3 flow. Optimization possibilities using both types of 

dopant sources are finally discussed, and front-junction 

devices featuring a < 30 nm-thick nc-Si:H(p) allowing 

properties as good as their rear-junction counterparts are 

demonstrated. Finally, employing a double-antireflective 

coating, a 2 x 2 cm2 solar cell with a certified efficiency of 

23.92% is presented, featuring a nc-Si:H (p) layer on the front 

side and a single screen-print step.silicon is the main 

photovoltaic absorber material since many decades, and this 

domination is set to last for a few more years considering the 

current evolution of the market [26].  

II. EXPERIMENTAL DETAILS 

A. Solar cell preparation 

The structure of the solar cells described in this section can 

be seen in  

Figure 1. The solar cell preparation was based on 4’’, ∼2 

Ωcm, n-type FZ c-Si wafers. They were first placed in an 

alkaline etching solution to create random pyramids with an 

orientation (111) on both sides, resulting in a wafer thickness 

of ∼195 μm. The wafers were then chemically cleaned. The 

native oxide was removed using a one minute bath in 5% 

diluted HF. 

The silicon layers were deposited via PECVD in a parallel-

plate plasma box KAI-M system at a frequency of 13.56 MHz. 

The latter is composed of two chambers dedicated to intrinsic 

and doped layers, respectively.  

The solar cells were fabricated in a front-junction 

configuration. All intrinsic layers were deposited at a substrate 

temperature of 200 °C while all the other PECVD layers are 

deposited in a dedicated chamber at 175 °C. First, a 7 to 10 
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nm-thick a-Si:H(i) layer was deposited for passivation on the 

backside, followed by an a-Si:H(n) / nc-Si:H(n) stack (or “in” 

stack).  

 
 

Figure 1. Scheme of the solar cells processed in this study. (a) Samples of the " TMB and BF3 doping series" (b) Samples of the "BF3-doped layers thickness 

series". 

 

For the deposition of the front ip stack, we used two 

different strategies for the two batches presented in this study 

in order to avoid process artifacts that could be present in a 

non-industrial environment. They differ notably by the coating 

of the chamber and holding plate as well as the waiting time 

introduce between the process of the different layers: 

i. For the “TMB and BF3 doping series”, first the a-Si:H(i) 

front layer was co-deposited on all samples in the same 

condition as the rear a-Si:H(i) layer. Then all samples 

were removed and stored in nitrogen. After a p-type 

coating of the doped chamber and holder plate, each 

sample was processed individually: a 1-2nm SiOx layer 

was deposited on top of the a-Si:H(i) layer using a gas 

mixture of SiH4, CO2, and H2. The role of this seed 

layer was to enhance the crystallinity of the subsequent 

nc-Si:H(p) layer without damaging the surface 

passivation [27]. Then, the nc-Si:H(p) layer was finally 

deposited with a hydrogen dilution of 

R=[H2]/[SiH4]=133, a varying dopant gas flow of 3 and 

9.5 sccm for TMB and 9.5 and 50 sccm for BF3 (both 

being diluted at 98% in H2 corresponding to dilutions 

of D=[X]/[SiH4] of 0.004, 0.013, 0.066 respectively, 

with [X] being the actual TMB or BF3 concentration). 

This sequence resulted in the “ip” stack. 

ii. For the “BF3-doped layer thickness series”, to avoid 

possible artifacts coming from air exposure and waiting 

time of the samples after the front a-Si:H(i) layer 

deposition, the ip stacks of each sample were processed 

in a single process without interruption. However, in 

this approach, the i-layer could be impacted by the 

previous nc-Si:H(p) deposition on the holder plate, the 

latter containing more or less dopant depending on the 

previous layer deposited. This, in turn, could affect the 

collection efficiency of the i-layer [7], affecting the 

current of the solar cell and hindering our conclusions 

on the BF3 absorption properties. We thus included in 

this fabrication batch similar solar cells to characterize 

this effect, where only the doped chamber and holder 

plate coating before the ip stack deposition is changed.  

Next, for the “TMB and BF3 doping series”, a ∼125 nm 

(flat equivalent) indium zirconium oxide TCO allowing a 

higher mobility than ITO for same optical properties (See 

[28],[29]) was deposited on the front side via RF-sputtering in 

a MRC-II system using a target of 2% weight of ZrO2 in In2O3 

with gas flow ratio of [Ar], [H2] and [O2] of 99.2%, 0.4% and 

0.4% respectively, a pressure of 10 mTorr and a power density 

of 1.65 W/cm2. The deposition was made through a shadow 

mask defining five 2 x 2 cm2 solar cells per wafer. 

Subsequently, using DC-sputtering, a ∼220 nm-thick (flat 

equivalent) ITO was deposited on the full area of the backside 

followed by a ∼100 nm-thick (flat equivalent) Ag blanket. 

Contacting of the solar cells was performed by screen-printing 

a silver grid on the front side using a curing temperature of 

210 °C for 30 minutes in a belt furnace.  

Finally, a 100 nm-thick PECVD SiOx layer was deposited 

at 180 °C on the front side to form a double anti-reflective 

coating (DARC) [30],[31]. This minimizes the reflectance of 

the solar cell and reduces the TCO sheet resistance (Rsheet) 

[21],[32], thus allowing to observe more clearly the impact of 

the contact resistance of the hole-selective stack on the total 

series resistance. IV measurements before SiOx deposition are 

given in the Appendix (Fig. 8), showing that the Rsheet variation 

among the sample has been reduced to lower than 15 Ω/sq. 

For the “BF3-doped layers thickness series”, a simpler single 

ARC was realized on the front side with a ∼120 nm-thick (flat 
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equivalent) ITO layer. It was deposited via DC-sputtering on a 

In2O3(90):SnO2(10) target with a gas flow ratio of [Ar] to [O2] 

of 98/2, at a pressure of 8mTorr, a power of ∼2.2 W/cm2.  

Finally, the certified solar cell presented at the end of the 

study was produced using the same process order as the “TMB 

and BF3 doping series”. It was then placed in forward-bias in 

the dark for two weeks, with a current flow of 40 mA/cm2 

corresponding to a carrier injection in the wafer similar to 

open-circuit condition under one sun. This step improves the 

surface passivation similarly to the beneficial effect of light-

soaking [33].  

B. Solar cell characterization 

Along the process flow, the lifetime and implied Voc were 

measured after the deposition of the in-i and in-ip stacks using 

a WCT-120 photoconductance lifetime tester in the transient 

analysis mode. IV curves of each solar cell were collected 

using a Wacom Electric Co. Super solar simulator with AM 

1.5G illumination. Series resistance (Rs) at Maximum Power 

Point (MPP) and Fill Factors without the effects of Rs (FF0) 

were obtained by comparing the IV curve of a device at 1 Sun 

with the one at 0.05 Sun using the method described in [34]. 

External quantum efficiency (EQE) curves were collected 

using a system developed in-house with a lock-in amplifier and 

a xenon arc lamp shining a 1 x 1.5 mm2 monochromatic light 

spot between the grid fingers of the solar cell. For each wafer, 

the solar cell with the closest Jsc value to the median of the five 

cells, was chosen for the EQE measurement. TCO sheet 

resistance (Rsheet) was measured using a transfer length method 

(TLM) structure screen-printed simultaneously with the front 

silver grid.  

Raman spectra of nc-Si:H layers were acquired directly on 

the wafer on areas uncovered by TCO. To avoid the 

contribution of the c-Si and the a-Si:H(i) layer underneath, a 

325 nm UV laser was used to probe only the top 10-15 nm of 

the layers [35]. To obtain an accurate background shape and 

extract the crystalline and amorphous phase features, Raman 

spectra were fitted with Gaussians centered around 315, 420, 

480, 510, 520 and 625cm-1 [36]. The Raman crystallinity (Xc) 

is then computed as  were the A’s are the 

amplitudes of the respective amorphous and crystalline 

Gaussians [37].  

Finally, using a 442 nm laser with a probing depth down to 

the wafer, we used the c-Si signal counts attenuation to 

measure the absorption of the ip stack at this wavelength, as 

was used in [38]. 

C. Characterization on reference layers 

Dark conductivity samples were prepared by co-depositing 

ip stacks on glass substrates and then evaporating ∼100 nm-

thick Al pads at room temperature. The samples were then 

placed in an N2 atmosphere of approximately 1 mbar on a 

thermally conductive chuck. The temperature was ramped 

from 25 °C to 180 °C in 15 min, held for 90 min, and then 

ramped down to 25 °C during 4 hours. The resistance between 

the two pads was measured using two-probe pogo-pins on each 

pad and electrometers. The activation energy of the dark 

lateral conductivity (EA) and room temperature conductivity 

(σRT) were calculated on the descending temperature range, by 

fitting the data between 30 °C to 145 °C with the formula σ(T) 

= σ0exp(-EA/kT), with k being the Boltzmann factor and σ0 a 

pre-factor equal to the extrapolated conductivity at infinite 

temperature. Different pre-treatments were applied before the 

Al pads evaporation, as shown in the Appendix.  

Transmission electron microscopy (TEM) was performed to 

assess the overall microstructure. A TMB-based c-Si(n)/a-

Si:H(i)/SiOx/nc-Si:H(p) stack (flow of TMB of 9.5 sccm) was 

deposited on a mechanically polished (111) c-Si wafer and the 

TEM sample was prepared using the conventional focused ion 

beam lift-out method in a Zeiss NVision 40 dual beam 

FIB/scanning electron microscopy system. The lamella was 

then analyzed by TEM in a double Cs-corrected TFS Titan 

Themis operated at 200 kV. Scanning TEM (STEM) high-

angle annular dark-field images and corresponding energy-

dispersive X-ray spectroscopy maps were acquired with a 

beam current of 400 pA.  

The thicknesses of the layers were measured using variable-

angle spectroscopic ellipsometry from co-deposited ip stacks 

on glass substrates. Spectrums were acquired in the range 1.5-

6 eV at angles of 50°, 60° and 80° using a Horiba Jobin Yvon 

ellipsometer. Modeling was performed in the DeltaPsi2 

software as follows. First, a standard a-Si:H(i) layer was 

characterized and fitted to a single Tauc-Lorentz (TL) model, 

yielding a layer thickness of around 8 nm. The nc-Si:H(p) 

layers in the ip stacks were modeled as a double TL with peak 

at 3.36 eV and 4.25 eV, as suggested in Ref. [39]. Finally, 

surface roughness was added. Note that modeling the nc-Si 

with a single TL or otherwise with a double TL and an 

additional Harmonic Oscillator and testing various starting 

conditions gave similar thicknesses as those reported here. 

Finally, the chemical composition along the ip stack depth 

was characterized via Secondary Ion Mass Spectrometry 

(SIMS) measurements performed on a double-side polished 

(111) n-type wafer. A CAMECA SC-Ultra instrument 

operating with a Cs+ or O2
+ bombardment at a low impact 

energy (1 keV) was used. Secondary ions were collected from 

an area of 60 μm in diameter and analyzed in different 

conditions to optimize the ionization yield of the elements of 

interest. Boron was analyzed as B+ , whereas fluorine and 

oxygen were analyzed as negative ions (F- and O- respectively) 
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at high mass resolution (2000). Silicon and hydrogen were collected as SiCs+ and HCs2
+ ions, respectively. 

 
 

Figure 2. IV characteristics for the samples of the " TMB and BF3 doping series" (after deposition of the SiOx DARC). 

 

 

 
 

Figure 3. Analysis of the optical properties of the “TMB and BF3 doping series”. (a) Short-circuit current integrated from the convolution of EQE with 

AM1.5G. (b) Raman crystallinity for two different batches. (c) EQE and reflectance (displayed as 1-R) of the solar cell. (d) Thicknesses obtained from 

ellipsometry, with Total thick. = Bulk thick + Roughness. 
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Figure 4. a) STEM HAADF image of the c-Si(n) / a-Si:H(i) / SiOx / nc-Si:H(p) stack, b) corresponding net EDX intensity map of the Si, O and C K edges, c) 

high-resolution TEM images and d) corresponding inverse Fourier transform of a selection of Si reflections (Fourier transform provided as inset). 

 

 

 
 

Figure 5. (a) Activation energy of the BF3- and TMB- prepared nc-Si:H(p) layers for different dopant flows and two different batches of samples. (b) SIMS 

Boron profile of ip stacks deposited on DSP wafer. 
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III. RESULTS AND DISCUSSION 

A. TMB and BF3 doping series 

1) IV 

The IV results for the “TMB and BF3 doping series” are 

presented in Figure 2. We will first describe here only the 

impact of the used dopant flow upon them, and discuss the 

relation to the material properties more in depth in the next 

sections. We observe that efficiency values close to 23.5% can 

be obtained both with TMB and BF3. All devices feature high 

Voc above 730 mV, except for the 50 sccm BF3 flow, for which 

it is slightly lower of 2 mV and a 0.5% drop of the median FF0 

is also noticeable. This sample might suffer from a slightly 

lower passivation quality, as can be seen from the lifetime 

measurement of the solar cell precursor (given in the 

Appendix), possibly due to a longer waiting time before 

processing the a-Si:H(i) front layer, which was observed in 

previous experiments (not shown here) to negatively impact 

passivation. Despite this small passivation issue, increasing the 

BF3 flow from 9.5 to 50 sccm allows reducing the series 

resistance of ∼0.2 Ωcm2, pushing the FF up to 83% for the 

best cell. Yet, it also leads a drop in the median Jsc of 0.5 

mA/cm2, which we will discuss in detail in the section below. 

Then, comparing TMB and BF3 with the same flow of 9.5 

sccm, we observe a large difference in JSC of about 1 mA/cm2, 

while the transport and passivation are very similar (same Voc, 

FF, FF0 and Rs).  Finally, reducing the TMB flow from 9.5 to 

3 sccm, we observe an increase of the median JSC of 

0.6 mA/cm2 and an improvement of the median FF of 0.7% 

through a reduction of the median Rs of 0.11 mΩcm2. These 

improvements might come from the enhanced crystallinity of 

the layer, as discussed in the next sections. 

 

2) Optical and material properties 

Figure 3 presents the data relative to the optical properties 

of the “TMB and BF3 doping series”. We find again the same 

trend for the Jsc integrated from EQE than the one from IV 

measurements. We also observe a clear correlation of the latter 

with the evolution of the crystallinity. Moreover, this 

observation is well reproduced among the different batches of 

this study. The EQE spectrums show that the current 

difference is happening in the UV-Blue part of the spectrum. 

Since the difference of reflectance among the samples is too 

low to explain the EQE trends in the range 320-600 nm, we 

can conclude to a parasitic absorption phenomenon. Finally, 

we also note a lower EQE also in the range 600-1180 nm for 

the layer prepared with 9.5 sccm of TMB. However, this 

difference can be ascribed to a more absorbing TCO, as shown 

by the lower Rsheet (see Figure 8) and lower IR-reflectance 

(due to more absorption) of this sample. 

Ellipsometry measurements show that all p-layers have 

similar total thicknesses (bulk + roughness) around 25-30 nm, 

with the small trend visible uncorrelated with the Jsc trends. 

These observations indicate that for the TMB samples, the 

transparency is controlled by the Raman crystallinity of the 

sample, a change of crystallinity from 60% to 30% leading to a 

drop of Jsc of 0.6 mA/cm2 in the range 320-600nm of the 

spectrum. This is expected due to the higher absorption of the 

amorphous phase compared to the crystalline one.  

However, the phenomenon is different for BF3. Contrary to 

TMB, BF3 does not strongly hinder the crystallization, either 

due to the absence of carbon [40] or lower boron incorporation 

[23], and only a small drop of crystallinity of 5% is observed 

when going from 9.5 to 50 sccm. However, despite this small 

change, we observe a significant Jsc drop of 0.4 mA/cm2. 

Further discussion on this absorption is provided in the “BF3-

doped layer thickness series” section. 

Completing the observation of the structural properties, 

TEM analysis was performed on the full c-Si(n) / a-Si:H(i) / 

SiOx / nc-Si:H(p) stack with the 9.5 sccm TMB recipe which 

leads to the lower crystallinity among the layer presented in 

this study, however with a deposition time longer of 33% (see 

Figure 4). The total thickness of the full c-Si(n) / a-Si:H(i) / 

SiOx / nc-Si:H(p) stack thickness approaches 40 nm, including 

a roughness in the order of 10 nm. This corresponds to results 

given by ellipsometry, taking into account the longer 

deposition time of this layer. The STEM EDX map and the 

inverse Fourier transforms of a selection of Si reflections 

computed from a high-resolution TEM image highlight the 

short nucleation zone of the nanocrystalline phase after the O-

rich layer. Thanks to the SiOx pre-treatment [18] and the 

substrate temperature lower than 200 °C [19], the Si crystalline 

domains do not exhibit the typically conical shape [41] but 

instead nucleate with a large cross-section already during the 

early stages of the growth (see arrowheads), and this already 

for the less crystalline layer recipe. 

 

3) Transport, activation energy, and boron content 

Figure 5 a) presents the dark conductivity activation energy 

(EA) of the a-Si:H(i) / nc-Si:H(p) stacks co-deposited on glass 

substrate. With a 9.5 sccm of dopant gas flow, the sample 

prepared with TMB systematically exhibits the lowest EA (∼30 

meV) compared to the one prepared using BF3 (∼70meV or 

higher depending on the batch considered). However, the high 

EA of BF3 layers can be reduced to ∼30 meV as well by 

increasing the dopant flow. Finally, we can see that by 

reducing the TMB flow to 3 sccm, we can still reach a low EA 

of ∼30 meV. However, this latter observation was not 

reproducible systematically, as can be seen by the differences 
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between the “TMB and BF3 doping series” and the “SIMS 

batch” and is discussed at the end of this section. 

Correlating the Ea of Figure 5 a) with the crystallinity of 

Figure 3 b), we observe that a low activation energy is not 

always correlated with a high crystallinity. In the case of BF3, 

both flows lead to similar crystallinities and increasing the 

dopant flow only decreases EA., suggesting an increase of 

doping due to the higher flow of dopant precursor.  On the 

other hand, layers doped with 3 sccm of TMB show a high 

crystallinity ,but the B concentration in the film might be too 

low to reach a high doping, leading to a higher EA than for 

larger TMB flows even though the latter have a lower 

crystallinity.  

In Figure 5 b), we see that the higher TMB flow of 9.5 

sccm yields a higher B content in the layer as expected. The 

intrinsic reference also shows a small B amount, probably due 

to the chamber's contamination by the preceding p-layer 

deposition. Finally, the lower TMB flow of 3 sccm and the 9.5 

sccm BF3 layer show similar B contents, possibly due to the 

lower dissociation of BF3 in the plasma [24]. 

Considering the “SIMS Batch” characterization, we can 

therefore conclude that for TMB, even a low B incorporation 

can lead to a layer with a low EA, possibly explained by a 

better dopant activation in this more crystalline layer. Even 

though the 3 sccm TMB sample's activation energy is higher 

than for 9.5 sccm for the “TMB and BF3 doping series”, this 

translates into a better series resistance for the solar cell. The 

EA observed for the layer doped with 9.5 sccm of BF3 in the 

SIMS batch is intriguingly much higher than the one of the 3 

sccm TMB sample despite similar B concentration. This could 

suggest that some B is inactive when BF3 is used. e.g. due to 

an incorporation as dopant-inactive BFX groups. 

The lack of correlation between the series resistance of the 

solar cell and the layers' dark conductivity activation energy 

could be explained by the following facts. First, we are looking 

at very small variations in the activation energy and series 

resistance. Second, the trends might be lower than batch-to-

batch variations. Indeed, simulations of IBC-SHJ of the 

transport through the i-p-TCO hetero-interface and subgap 

energy states showed that all activation energies lower than 

100 meV and a TCO doping higher than 1020 cm-3 enable 

reaching similar values of FF [43], which is the case here. 

Third, a low flow of 3 sccm of TMB is actually close to the 

mass flow controller minimal value, which can explain the 

variability of the activation energy. Finally, note that the 

accurate measurement of the activation energy in the small 

range between 30 to 100 meV can also depend on the sample 

preparation, as shown in the Appendix. 
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Figure 6. Analysis of the optical properties of BF3-doped p-layer. (a) Total layer thickness (bulk + roughness) measured by ellipsometry v.s. deposition time 

of the p-layer. (b) Current integrated from EQE, (c) Raman signal from the underneath c-Si Wafer measured with a 442nm laser wavelength vs. p-layer 

thickness and (d) Crystallinity of the p-layer. 

 

B. BF3-doped layer thickness series 

To clarify the absorption of BF3-doped layers, we processed 

p-layers with 9.5 and 50 sccm of BF3 and varied their 

deposition time. Moreover we varied the chamber coating 

prior to the ip stack deposition to detect a possible influence 

from the plate coating on the i-layer properties when using a 

high dopant flow, as explained in the experimental part. 

Figure 6 presents the results of this study. 

The layers have similar thicknesses, low deposition rates of 

0.14-0.15 nm/s, and layers start to grow after a delayed of 10-

50 s which could correspond to the nucleation time [24]. For 
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210 s, which is the same deposition time as the “TMB and BF3 

doping series”, we find similar p-layer thicknesses between 25 

to 30 nm and confirm a current drop of ∼0.4-0.5 mA/cm2 

when going from 9.5 to 50 sccm. Looking at the dependence 

of Jsc upon thickness, we notice that using 50 sccm of BF3 

always leads to higher absorption. This data shows a similar 

value of current of 40.6-40.7 mA/cm2 extrapolated for a zero 

nm-thick layer and almost a twice as large slope for 50 sccm 

compared to 9.5 sccm with a current loss of 0.06 and 0.03 

mA/cm2/nm respectively. This factor of two between the 

slopes is also reproduced using Raman profilometry [33] as 

shown in Figure 6 d). These observations, correlating multiple 

samples, confirm that layers prepared with 50 sccm of BF3 

absorb more than those prepared with 9.5 sccm, without any 

noticeable influence from the chamber coating. 

Regarding structural properties, the crystallinity 

measurements show that using a 50 sccm flow instead of 9.5 

sccm slows down slightly the crystallite growth, similarly to 

[23] yet less strongly. The offset is up to 10-12% for ∼40 nm 

layers, whereas it tends towards less than 5% for a zero 

thickness. Thus, since the difference is increasing with the 

growth, we conclude that this effect stems from a bulk 

modification of the nanocrystalline layer and not its incubation 

zone. More in-depth characterizations on the boron content, 

layer porosity and the grain size would be needed to confirm 

these theories. 

IV. RECORD CELL AND OUTLOOK 

In the previous section, we showed possible to combine 

high Jsc and FF by using p layers prepared with low TMB 

flows. As an illustration of the potential of this layer, we 

produced a 2 x 2 cm2 solar cell with the same structure and 

processes as for the “TMB and BF3 doping series”. Solar cells 

featured a 4-sccm TMB p-layer, an indium zirconium oxide 

layer (allowing higher mobility than ITO for same optical 

properties [28],[29]), a single screen-printing step, finished 

with a ∼100 nm (on textured wafer) SiOx layer (see  

Figure 1). A flow of 4 sccm of TMB was used instead of the 

3 sccm to avoid using values too close to the minimum of the 

mass flow controller and allow more reproducible results. A 

high crystallinity of 67% was also measured for this sample 

(not shown), showing that the resulting material properties are 

similar.  

The cells were then held in forward-bias conditions for two 

weeks to improve their passivation properties [33]. Figure 7 

shows the independently certified results, reaching conversion 

efficiency of 23.92%, a FF of 82.22%, Jsc value of 39.6 

mA/cm2 and Voc of 734.5 mV. From Fig. 2, we can suggest 

that a similar efficiency could be obtained using a BF3 flow of 

9.5 sccm. However, changing the BF3 flow does not allow to 

relax the trade-off between transparency and transport, since it 

increases more the parasitic absorption than it decreases the 

series resistance.   

For TMB p-layers, it has been shown that higher 

efficiencies up to 24.1% can be obtained by alloying the layer 

with oxygen in a multilayer approach [32]. Higher efficiency 

could be obtained then by optimizing the i- and p-layer 

thicknesses. For the BF3 p-layers, the very low series 

resistance achieved despite stronger absorption in the UV 

could be of interest for rear-junction application. Moreover, 

the integration of nc-Si:H in industrial production is still a 

challenge due to the low deposition rate. Since BF3 is less 

sensitive than TMB to amorphization of the layer, a less dilute 

regime could be explored to reach faster deposition rates. 

V. CONCLUSION 

We investigated the influence of TMB and BF3 as dopant 

sources on the transparency, contact properties of nc-Si:H(p) 

layers and their integration in solar cells. Both gas precursors 

allow to reach high efficiencies. Reaching a FF above 82% is 

possible by lowering the dark conductivity activation energy of 

the layers down to 30 meV. A high Jsc can be obtained by 

increasing the crystallinity to 60%. Overall, it is possible to 

reach both a low EA and a high crystallinity with a low TMB 

flow. Based on these findings, the TMB nc-Si:H(p) layer's 

potential was illustrated by presenting a certified 23.9%-

efficient solar cell featuring a 100 nm DARC SiOx layer. 

Then, we showed that it is possible to reach slightly higher 

crystallinity and current by switching from TMB to BF3 as the 

dopant source, however at the expense of a higher EA. A higher 

dopant-gas flow was needed to reach similar EA values, which 

induces parasitic absorption in the UV and precludes a clear 

benefit to be seen by using BF3 or TMB. This parasitic 

absorption was shown be not linked to a difference in 

crystallinity or thickness and it remains to be fully explained. 

Figure 7. IV certification of the optimize device featuring the 4 sccm 

TMB front nc-Si:H(p) layer. 
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The use of BF3 remains of specific interest in rear junction 

configuration since the optical drawbacks are then alleviated, 

and the electrical benefits would be maintained. 
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APPENDIX 

A. SIMS chemical composition 

To link solar-cell transport performance to layer properties, 

Figure 10 presents the SIMS profiles of the different chemical 

elements and the activation energy for layers prepared with the 

different dopant flows.  

Figure 10 a) shows the Si, H, O, F, C, and B profiles of a 

representative sample, allowing to observe the important 

transitions between the different layers: One can observe two 

peaks in almost every profile (except for Boron) that are 

characteristics of the wafer interface and of the SiOx surface 

treatment.  

First, similar oxygen profiles are observed for all samples. 

On the other hand, carbon profiles show two distinctive peaks 

at the SiOx interface only for the TMB-prepared samples, 

showing that the carbon present in the precursor is 

incorporated mainly at the interface with the seed layer.   

Secondly, the presence of fluor can be seen at the wafer 

interface for all samples. This is due to the initial HF treatment 

to remove the native oxide. For BF3, a large peak of F can be 

seen, fluor being accumulated at the oxide interface. Then, the 

hydrogen profile reveals a very distinct peak at the oxide and 

wafer surface for all samples except for BF3 where the peak to 

valley is attenuated in comparison. This flatter profile could 

indicate that some hydrogen diffuses more in this sample, yet 

this would need to be confirmed with other measurements or 

more extensive statistics. Next, we observed a tailing of the F, 

H and B profiles for BF3 samples into the wafer, suggesting a 

possible diffusion of those species. However, this last 

affirmation should be put in contrast with the silicon profile of 

the BF3 samples, which is less dense near the surface of the 

wafer, indicating a possibly different porosity of the a-

Si(i):H/c-Si interface. If there is indeed diffusion of F, H and 

B, they are correlated with the particular surface condition of 

this sample and we cannot conclude that this is only an effect 

triggered in BF3-prepared samples. 

B. Activation energy influence on samples treatments 

In this section, we present the effect of sample treatments 

upon the measured activation energy EA. Different treatments 

were applied to the a-Si(i):H / nc-Si(p):H samples co-

deposited on glass: samples were dipped in HF or pre-

annealed in N2/air prior to the Al pad evaporation, or post-

annealed in N2, as well as exposed to combinations of those 

treatments. Note that the value reported in the main text 

corresponds to a 2 hours annealing in N2, conform to our 

standard characterization method. 

On Figure 11, we see that all doping preparation can reach 

EA values of 30 meV upon post-annealing in N2 atmosphere. 

This effect cannot be attributed to dopant activation since 

samples annealed before the Al pads depositions did not 

exhibit such reduction of EA. However, the samples prepared 

with 9.5 sccm of BF3 that were dipped in HF right before the 

Al pads evaporation, the EA remains high in all the cases, 

showing that care should be given to surface oxidation. 
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Figure 8. Supplementary data for the IV characterization of the “TMB and BF3 doping series”. The different status correspond to values measured just after 

the Screen-printing step, after 6 days of waiting in the air and after the deposition of the DARC SiOx layers. 

 



Publisher version: 

10.1109/JPHOTOV.2021.3074072 

 

 
 

Figure 9. Injection dependent lifetime of solar cell precursors (after PECVD layers deposition) of the “TMB and BF3 doping series”. 
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Figure 10. SIMS profile of ip stacks deposited on DSP wafer. (a) Example of a nc-Si:H(p) / SiOx /  a-Si:H (i) / c-Si(n) contact analysis, featuring the layer 

prepared with 9.5sccm TMB. (b) Activation energy of the nc-Si:H(p) layer for different dopant flow and dopant source and two different batches of samples. (c) 

Profiles of B, F, H, Si, O, and C compared for different doping flow and dopant source. 
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Figure 11. Activation energy of the doping series after different treatments. Pre-annealing and “HF dip” refer to treatment prior to the Al Pads evaporation on 

contrary to the Post-annealing. Measurements shown in the main text corresponds to the first 2 hours of Post-annealing in N2 


