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Abstract

Hydrogenated nanocrystalline silicon oxide (nc-SiOx:H) layers exhibit promising

optoelectrical properties for carrier-selective-contacts in silicon heterojunction (SHJ)

solar cells. However, achieving high conductivity while preserving crystalline silicon

(c-Si) passivation quality is technologically challenging for growing thin layers (less

than 20 nm) on the intrinsic hydrogenated amorphous silicon ((i)a-Si:H) layer. Here,

we present an evaluation of different strategies to improve optoelectrical parameters

of SHJ contact stacks founded on highly transparent nc-SiOx:H layers. Using plasma-

enhanced chemical vapor deposition, we firstly investigate the evolution of

optoelectrical parameters by varying the main deposition conditions to achieve layers

with refractive index below 2.2 and dark conductivity above 1.00 S/cm. Afterwards,

we assess the electrical properties with the application of different surface treat-

ments before and after doped layer deposition. Noticeably, we drastically improve

the dark conductivity from 0.79 to 2.03 S/cm and 0.02 to 0.07 S/cm for n- and p-

contact, respectively. We observe that interface treatments after (i)a-Si:H deposition

not only induce prompt nucleation of nanocrystals but also improve c-Si passivation

quality. Accordingly, we demonstrate fill factor improvement of 13.5%abs from 65.6%

to 79.1% in front/back-contacted solar cells. We achieve conversion efficiency of

21.8% and 22.0% for front and rear junction configurations, respectively. The optical

effectiveness of contact stacks based on nc-SiOx:H is demonstrated by averagely 1.5

mA/cm2 higher short-circuit current density thus nearly 1%abs higher cell efficiency

as compared with the (n)a-Si:H.
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1 | INTRODUCTION

Silicon heterojunction (SHJ) solar cells demonstrated excellent effi-

ciencies that are well beyond 25%,1,2 and therefore becoming one of

the most promising technology to reduce the levelized cost of elec-

tricity. The crucial ingredient to achieve such high efficiency is the

incredibly high open-circuit voltage (VOC), which is above 750 mV.3-5

Typically, SHJ contact stack structures consist of intrinsic and doped

a-Si:H thin layers (less than 15 nm) grown by plasma-enhanced chemi-

cal vapor deposition (PECVD). Theses Si cells with thin-film layers

must also feature certain properties to build efficient contacts in

terms of carrier selectivity and carrier selective transport for obtaining

a high fill factor (FF).6 Such layer properties point to minimal activation

energy (Ea) for both contacts whereas wider bandgap (Eg) is more

favorable for the collection of holes (p-contact).

Despite their limited thickness, a-Si:H–based thin films induce

significant parasitic losses when placed on the sunny side of the cell.7

Besides, Ea of doped a-Si:H layers is in the order of hundreds of meV

because of their moderate doping efficiency.8 The attempt of reaching

higher doping within a-Si:H films increases defect density, which will

deteriorate the effective carrier collection.9 To quench this material

bottleneck and owing to their superior electrical and favorable optical

properties, hydrogenated nanocrystalline silicon (nc-Si:H) layers have

been proposed for carrier-selective-contacts (CSCs) in SHJ solar

cells.10-13 The material consists of small nanocrystals embedded in the

amorphous matrix,14 giving confirmed anisotropy properties in the

growth direction.15 Furthermore, nc-Si:H alloyed with oxygen (nc-

SiOx:H) allows tunable optoelectrical properties,16,17 with the advan-

tage of simultaneously obtaining higher Eg and lower Ea, when com-

pared with a-Si:H. This unique feature also enables more flexibility to

tailor the selective transport for enhancing solar cells performance.6

Interestingly, with similar optical transparency, n-type nc-SiOx:H

layers exhibit generally higher conductivity than p-type layers.18,19

Accordingly, the use of p-type nc-SiOx:H as a front emitter in SHJ cell,

which demands a more sensitive processing than n-type counterpart,

is rarely reported.20-22

On the other hand, in SHJ solar cell application, it is challenging

to maintain an excellent electrical cell performance while optimizing

the optical layer properties because of the substrate growth

selectivity on top of the (i)a-Si:H layer.23 Research and development

have been devoted in studying the interface treatment to properly

grow a nanocrystalline structure.24-28 In particular, hydrogen plasma

treatment (HPT) is widely studied for improving the c-Si/(i)a-Si:H

chemical interface-passivation quality.29,30 From Si thin-film

experience, this treatment can also result in a low-temperature

crystallization of a-Si31 that might be beneficial for nanocrystal

growth. Aside from HPT, non-oxidic seed layer26,27 and CO2 plasma

treatments28 are also utilized to minimize the incubation layer

thickness on thin nc-Si:H layers. It is also well known that very-high-

frequency (VHF) plasma may induce less ion bombardment compared

with radio-frequency (RF)32 and thus, it is more efficient for reaching

higher crystallinity fraction (FC) within thin layers.33 Therefore, it is

critical to explore nucleation methods for achieving excellent bulk

conductivity and nanocrystal growth of thin (less than 20 nm)doped

nc-SiOx:H layers while maintaining excellent passivation quality. In

this contribution, we explore highly transparent selective transport

layers for carrier collection based on nc-SiOx:H for SHJ solar cells.

After the section about experimental details, the remainder of this

paper is organized as follows: first, we study the optoelectrical proper-

ties of doped nc-SiOx:H layers by varying PECVD deposition parame-

ters. Afterwards, we investigate the effects of different interface

treatments in both n-type and p-type contact stacks. Finally, we dis-

cuss the impact of the interface treatments into front/back-contacted

silicon heterojunction solar cells.

2 | EXPERIMENTAL DETAILS

For layer optimization, both n-type and p-type nc-SiOx:H layers are

deposited on Corning Eagle XG glass using radio-frequency (RF, 13.56

MHZ) multichamber PECVD system with thicknesses from 40 to

100 nm. The PECVD parameters are presented in Table 1. Layer thick-

nesses are found by modeling measured spectroscopic ellipsometry

(SE) spectra with the effective-medium approximation (EMA)

Bruggeman model.34 A temperature-dependent I-V setup is used,

whose probes touch aluminum strips evaporated on the layers in

TABLE 1 PECVD parameters for optimization of doped nc-SiOx:H layers, doped nc-Si:H, pre-HPT, VHF (i) nc-Si:H treatment, post-HPT, and
(n)a-Si:H

PECVD Parameters
(n)
nc-SiOx:H

(p)
nc-SiOx:H

(n)
nc-Si:H

(p)
nc-Si:H pre-HPT

VHF (i)
nc-Si:H post-HPT

(n)
a-Si:H

(p)
a-Si:H

Frequency (MHz) 13.56 13.56 13.56 13.56 13.56 40.68 13.56 13.56 13.56

Temperature (�C) 180 180 180 180 180 180 180 180 180

Pressure (mbar) 1.1-4.4 1.4-3 2.7 2.2 2.7/2.2 4 2.7 0.6 0.9

Power (mW/cm2) 55-90 55-90 76 90 63 69 21 28 16

SiH4 (sccm) 1 0.8 1 0.8 / 1.2 / 40 8

H2 (sccm) 60-160 110-210 100 170 200 120 200 / 24

CO2 (sccm) 0-2.2 0-2.8 0 0 / / / / /

PH3 or B2H6 (200 ppm in

H2) (sccm)

0.7-3.7 / 1.2 / / / / 11 8

B2H6 (200 ppm in H2) (sccm) / 5-30 / 10 / / / / /
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order to measure lateral dark conductivity (σd) and Ea of deposited

layers. The real part of the refractive index (n) and the E04, which is

the energy at which the absorption coefficient reaches 104 1/cm, are

obtained by fitting a thin-film multilayer model in SCOUT software35

with measured reflectance and transmittance spectra. FC is extracted

by Raman spectroscopy with a green laser (λlaser = 514 nm), using a

fitting model similar as used in Tan et al.34 However, the existence of

nanocrystals is hardly distinguishable when fitted FC is below 25%.

We analyze the composition of the hydrogen bonding configurations

and microstructure of the (i)a-Si:H layer by Fourier-transform infrared

(FTIR) spectroscopy.

For solar cell preparation, we use a 4-inch Topsil n-type double-

side polished float-zone (FZ) < 100 > c-Si wafers with resistivity of 3 ±

2 Ω cm and thickness of 280 ± 20 μm. The wafers are double-side

textured in TMAH solution with ALKA-TEX as additive.36 Subse-

quently, they are cleaned through a wet chemical oxidation process

using nitric acid (HNO3) and afterward dipped into 0.55% HF for

5 minutes immediately before being loaded into the PECVD equip-

ment.37 The deposition time is adapted for tilted pyramids using the

geometrical factor38 of 1.7. Firstly, one side of the c-Si wafer is passiv-

ated with (i)a-Si:H/n-type contact stack to form the electron contact.

Afterwards, (i)a-Si:H/p-type contact stack is deposited on the other

side of the wafer to form the hole contact. To investigate the effect

of nucleation on the growth of doped layers, the deposition of non-

oxidic–doped nc-Si:H, pre-HPT, and/or VHF (i)nc-Si:H treatments are

applied right after the (i)a-Si:H deposition. After contact stack deposi-

tion, post-HPT and doped a-Si:H capping layer are additionally applied

(see Table 1). Besides, the indium tin oxide (ITO) is sputtered on both

front and rear sides of the solar cell precursors with thickness of

75 and 120 nm, respectively. Lastly, screen printed Ag paste is applied

and cured in an oven under air atmosphere at a temperature of 170�C

for 45 minutes for each side. Unless specifically mentioned, solar cells

fabricated in this study have an area of 7.84 cm2 with 12.5% metal

coverage.

The passivation quality of solar cell precursors is measured by

Sinton WCT-120 under transient photo-conductance decay (transient

PCD) mode. The current-voltage characteristics under illumination of

solar cells are tested with an AAA class Wacom WXS-156S-L2 solar

simulator under standard test conditions (STC) and using a calibrated

reference solar cell. In-house external quantum efficiency (EQE) setup

is used to obtain the integrated JSC,EQE for analyzing the spectral

response without the influence of the front metal grid. We use Sinton

Suns-VOC-150 Illumination-Voltage Tester to acquire the pseudo FF

(pFF).

3 | RESULTS AND DISCUSSIONS

3.1 | Tunable optoelectrical properties of doped
nc-SiOx:H

To evaluate the optimal trade-off of optoelectrical parameters of

doped nc-SiOx:H for solar cell applications, we performed a series of

experiments varying the PECVD process parameters (see Table 1).

The summary of measured n, σdark, and E04, Ea, and FC of doped nc-

SiOx:H, nc-Si:H, and a-SiOx:H layers within the explored PECVD pro-

cess window is illustrated in Figure 1.

As shown in Figure 1A, we firstly address the trade-off

between optical and electrical properties of doped nc-SiOx:H layers.

For n-type layers, along with the increment of n, the improvement

of σdark is generally observed, which indicates lower fraction39 of (n)

a-SiOx:H but more conductive (n)nc-Si:H and/or (n)a-Si:H phase

F IGURE 1 The sum-up of measured optoelectrical properties of doped nc-SiOx:H, nc-Si:H, and a-SiOx:H layers during the optimization
process: (A) σdark vs n; (B) Ea vs E04; (C) FC vs E04. Note: half-down symbols represent nc-SiOx:H layers; solid symbols represent nc-Si:H layers that
miss CO2 during the depositions; open symbols that distinguish a-SiOx:H are based on FC from Raman spectroscopy; dashed lines in A,C are
guides to the eye; colored rectangular areas in B indicate the optical window of achieving acceptable Ea (less than 200 meV) for solar cells
application. Doped nc-SiOx:H layers that are used in fabricating solar cells are marked with labels given in Table 2 [Colour figure can be viewed at
wileyonlinelibrary.com]
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inside the material. To be more specific, increasing the deposition

pressure and decreasing deposition power result in layers feature

larger n, and these are also observed by Gabriel et al who ascribe

the increasing of n with decreased “power to pressure ratio” to less

incorporation of oxygen in the mixed-phase material.40 Besides,

changing directly the composition of precursor gases, mainly

decreasing H2 flow and CO2 flow, results in higher n as well, and

this is observed in literature.39-42 However, the nanocrystalline

phase is hardly seen when depositions feature insufficient H2 dilu-

tion (less than or equal to 60 sccm) or inappropriate pressure (less

than or equal to 1.1 mbar and greater than or equal to 4.4 mbar)

(see (n)a-SiOx:H in Figure 1A). Indeed, nucleation of nc-Si requires

sufficient atomic hydrogen in the plasma, while this is not likely to

happen when H2 dilution is too low and deposition pressure is too

high.41,43,44

As for p-type layers, changes of deposition conditions induced

the increased n of p-type layers may be explained similarly as that

of n-type layers. The increased n is mainly seen by increasing depo-

sition pressure, B2H6 flow and decreasing deposition power, H2

flow and CO2 flow. The (p)a-SiOx:H shown in Figure 1A is due to

high CO2 flow (greater than 2.8 sccm), high B2H6 flow (greater than

25 sccm), low H2 flow (less than 130 sccm), or high pressure

(greater than 3 mbar). The amorphization induced by the high B2H6

flow could be related to a similar finding reported in Cuony et al,45

where a monotonic decrement of FC is observed with increased

TMB/SiH4 ratio. Moreover, for both n- and p-type layers, highly

conductive nc-Si:H layers are obtained when CO2 is missing during

the deposition.

Moreover, as shown in Figure 1B, n-type layers exhibit a wider

optical window to achieve acceptable Ea for solar cell application as

compared with p-type layers. Therefore, front surface field (FSF) fea-

turing (n)nc-SiOx:H is supposed to be a better candidate and easier to

apply in solar cells than (p)nc-SiOx:H. Lastly, as shown in Figure 1C,

the variation of extracted FC with E04 reflects the change of constitu-

ents of this mixed-phase material. The positive correlation between

FC and E04 of doped nc-SiOx:H is mainly due to more hydrogen and/or

more oxygen incorporation into the layer,41 while the atomic

hydrogen-induced nucleation effect can still compensate the

amorphization effect from oxygen. However, when oxygen incorpora-

tion exceeds a certain limit, the nanocrystal growth is compromised as

discussed in literatures.34,39,41,45

Overall, tunable optoelectrical properties of doped nc-SiOx:H

layers enable the flexibility to tailor the selective transport6 for

enhancing solar cells performance. In Table 2, we report the optimized

optoelectrical properties of both p-type and n-type nc-SiOx:H layers

for subsequent solar cell applications.

3.2 | Interfaces treatments on doped contact
stacks

In this section, we evaluate the variations in doped layers properties

for different interface treatments: (a) after (i)a-Si:H deposition (pre-

treatment) and (b) after doped layer deposition (post-treatment). To

accelerate the nucleation of nc-SiOx:H, we introduced pre-treatments

including pre-HPT, VHF (i)nc-Si:H treatment and the application of a

non-oxidic (n)nc-Si:H or (p)nc-Si:H seed layer just before the n-type

and p-type type contact stack deposition, respectively. Post-

treatments such as (n)a-Si:H or (p)a-Si:H capping layer after the

growth of the contact stacks were tested. Additionally, we also

applied a post-HPT after n-type contact stack deposition. Figure 2A,B

shows the schematic illustration of treatments applied on n-type and

p-type contact stack, respectively.

Therefore, we coated glass samples with 10-nm thick (i)a-Si:H

followed by n-type contact stack ((n)nc-SiOx:H−1 + (n)nc-Si:H) or p-

type contact stack ((p)nc-SiOx:H + (p)nc-Si:H). Subsequently, we char-

acterized the doped contact stack's electrical properties in terms of Ea

and σdark. Figure 3 illustrates the effects of pre- and post-treatments

on doped layers, whereas those treatments were already firstly opti-

mized in terms of plasma conditions and deposition time to have bet-

ter electrical properties of doped layers without negatively affecting

the passivation quality in solar cell application. In Figure 3A, the com-

bined treatment-1 represents: pre-HPT + (n)nc-Si:H seed + n-type

contact stacks + post-HPT + (n)a-Si:H, while combined treatments-2

represents: pre-HPT + VHF (i)nc-Si:H seed + n-type contact stacks +

post-HPT + (n)a-Si:H.

Considering samples without any treatment indicated as the ref-

erence, for n-type contact stack, layers exposed to single pre-treat-

ment and post-treatment exhibit decrements of Ea. Especially, for the

single treatments, the use of (n)a-Si:H capping layer plays the most

significant role for improving Ea from 53.5 to 36.5 meV and doubling

σdark from 0.79 to 1.57 S/cm. Such an effect evidences that (n)a-Si:H

performs a better interface contact with metal than (n)nc-Si:H coun-

terpart. Note that the (n)a-Si:H we used in this experiment was previ-

ously optimized with Ea of 206 meV and σdark of 0.02 S/cm. Faster

nucleation is seen by applying pre-HPT, non-oxidic (n)nc-Si:H, and

VHF (i)nc-Si:H treatment, which increase σdark as compared with the

reference sample. However, it is worth noting that contact stack after

the 20-minutes post-HPT treatment exhibits slightly reduced lateral

σdark than the reference sample. Since the lateral σdark is measured by

probing contacts which are formed on the surface of the layer, the

reduction of lateral σdark indicates that the surface of the contact stack

is less laterally conductive after post-HPT. We speculate that surface

amorphization (few nanometers) is induced by this low-power post-

TABLE 2 Optoelectrical properties of selected nc-SiOx:H layers

Layers Thickness (nm) σdark (S/cm) Ea (meV) E04 (eV) n @ 632 nm (−) FC (%)

(n)nc-SiOx:H-1 63.4 1.02 46.6 2.72 2.63 60.1

(n)nc-SiOx:H-2 50.3 0.01 132.1 2.96 2.13 56.3

(p)nc-SiOx:H 68.7 0.02 103.6 2.31 3.11 32.3

4 ZHAO ET AL.



HPT leading to a low conductivity amorphous film. Nevertheless, we

cannot detect such shallow-surface FC changes as compared with the

thick bulk layer. This is because of the Raman spectroscopy used in

this study, which features a penetration depth in the range of hundred

nanometers. HPT-induced amorphization of nc-Si:H is reported,46 for

which a layer with initial FC over 20% (with the existence of grain

boundaries) experiences a decrease of FC after HPT, resulting from

migrating H atoms that minimize lattice strain energy. As reported

elsewhere,47 the formation of a few nanometers disordered surface

layer on p-type CZ-Si after HPT is confirmed by cross-sectional trans-

mission electron microscopy (TEM). In any case, by means of SE, we

observe no etching of the contact stack after the post-HPT. By com-

bining the applied pre- and post-treatments, we are able to improve

further the σdark of the n-type contact stacks from 0.79 to 2.03 S/cm

as compared with the reference sample.

For p-type contact stack, we note positive effects in applying pre-

treatments in terms of lower Ea and higher σdark. Among pre-

treatments, the most obvious enhancement of Ea (from 111.2 to 96.4

meV) and σdark (from 0.02 to 0.03 S/cm) is seen when applying VHF (i)

nc-Si:H treatment after (i)a-Si:H deposition. The VHF plasma condi-

tions used in this study are acting mainly as surface treatment, since

no change in thickness is detected by SE, even after 6 minutes of

deposition. Similar to that of n-type contact stacks, we boost the σdark

to 0.07 S/cm and reduce Ea to 81.1 meV by adding a (p)a-Si:H layer

on p-type contact stacks. Moreover, we also observe improved elec-

trical properties by combining the pre-HPT and VHF (i)nc-Si:H treat-

ment as compared with the reference sample, while the combined

treatments do not outperform samples with the corresponding single

treatments.

To further understand the effects of pre-HPT and VHF (i)nc-Si:H

treatment on the thin (i)a-Si:H layer, we evaluated the passivation

quality and layer's microstructure. To this purpose, we prepared

double-side textured symmetrical samples with 10-nm thick (i)a-Si:H

and monitor the effective lifetime (τeff) and the structural change in

F IGURE 3 Measured electrical properties (Ea and σdark) of (A) n-type and (B) p-type contact stacks with different pre- or post-treatments. The
total thickness of the doped contact stack is 82 ± 2 nm [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 Schematic illustration of treatments applied on (A) n-type and (B) p-type contact stack, respectively [Colour figure can be viewed
at wileyonlinelibrary.com]
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the layer because of the abovementioned treatments by measuring

their FTIR spectra. Figure 4 depicts the injection level dependent τeff

and the FTIR spectra related to the (i)a-Si:H without treatment (refer-

ence), with pre-HPT and with pre-HPT + VHF treatment.

As shown in Figure 4A, the reference sample without treatment

demonstrates τeff values slightly over 4 ms (at Δn = 1015 cm−3), while

we observe improved passivation quality (τeff over 5 ms) when HPT is

applied after the deposition of (i)a-Si:H. Interestingly, applying HPT +

VHF (i)nc-Si:H treatment, we observe the most significant τeff

enhancement resulting in values beyond 11 ms.

To investigate the reason for this improvement, we report in

Figure 4B the corresponding FTIR spectra measured on the same sam-

ples. Results reveal the changes in hydrogen content and microstruc-

ture of (i)a-Si:H layer. The absorption peak can be deconvoluted into

two Gaussian distributions, which are related to the low stretching

mode (LSM) and high stretching mode (HSM) of Si─H bonds. It is

well-established that LSM is assigned to monohydrides,48 while HSM

is attributed to dihydrides49 or integrated clustered monohydrides

groups at internal void surfaces.48 The microstructure factor R, which

combines both stretching modes to describe the layer quality, is

defined as50:

R= IHSM= IHSM + ILSMð Þ= I2090= I2090 + I2000ð Þ,

where I2090 (IHSM) and I2000 (ILSM) are integrated absorptions of

Gaussian peaks at 2090 and 2000 cm−1, respectively. As shown in

Figure 4B, compared with the reference sample, we observe overall

increased absorbance when either only HPT or combined treatments

are applied. This indicates the overall increase of Si─H bonds inside

the (i)a-Si:H,29 which result in better passivation. Besides, the

R increases when both only HPT and combined treatments are

applied, thus revealing the reduced compactness of the (i)a-Si:H layer

with those treatments. In other words, it indicates that the (i)a-Si:H is

more close to the amorphous-to-crystalline transition region,51 which

can foster more effectively the nucleation of doped layers. Such an

effect should be more noticeable especially when doped layers have

thinner thickness.

To sum up, the applied pre-treatments on both n-type and p-type

contact stacks demonstrate enhanced electrical properties for the test

structures. Meanwhile, the combination of pre-HPT and VHF (i)nc-Si:

H treatment is found to significantly improve the c-Si/(i)a-Si:H inter-

face passivation quality. As for post-treatments, boosts of σdark are

observed when doped a-Si:H capping layers are applied on the

corresponding doped contact stacks. In the following, we investigated

the effects of the aforementioned treatments on the performance of

solar cell structures.

3.3 | Solar cells

Solar cells are fabricated using the n-type and p-type contact stacks

discussed in Figure 3. In order to evaluate both optically and electri-

cally the aforementioned layers on solar cells, we located the contact

stack under study in front of the device. Therefore, we analyze n-type

(p-type) contact in rear (front) junction devices. The schematic illustra-

tions of reference cells' structures for treatments applied on n- and p-

type contact stacks are shown in Figure 5. Besides the various treat-

ments herein analyzed, the stacks under study closely follow the sort

of contact stack that potentially optimizes carriers transport across

heterointerfaces in SHJ cells.6 In a nutshell, such optimal stack com-

prises (a) an (i)a-Si:H to achieve excellent surface passivation, (b) a

high bandgap silicon-alloy layer (eg, nc-SiOx:H) to induce stronger

band banding at c-Si/(i)a-Si:H, and (c) a low bandgap silicon layer (eg,

nc-Si:H) to enable efficient charge exchange with the TCO.

For n-type contact layers evaluation, the rear side p-type contact

stack structure remains constant as (i)a-Si (8 nm)/(p)nc-SiOx:H

F IGURE 4 (A) Injection level dependent lifetime curve measured on symmetrical samples and (B) Fourier-transform infrared (FTIR) spectra in
the range of 1700 to 2500 cm−1, related to (i)a-Si:H samples without treatment, with HPT and with HPT + VHF (i)nc-Si:H treatment [Colour
figure can be viewed at wileyonlinelibrary.com]
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(10 nm)/(p)nc-Si:H (10 nm), with reference n-type contact stack as (i)

a-Si (8 nm)/(n)nc-SiOx:H−1 (12 nm)/(n)nc-Si:H (3 nm) (see Figure 5A).

Figure 6 illustrates solar cells' external parameters for different treat-

ment conditions.

As shown in Figure 6, the reference cell shows FF of 65.6%, VOC

of 723 mV, JSC,EQE of 38.5 mA/cm2, and ηactive of 18.3%. When pre-

HPT is applied, we measured improved EQE response, which is

related to bandgap widening inside (i)a-Si:H with H incorporation that

improves the short wavelength response.30 However, cell with only

pre-HPT exhibits a drastic FF drop of over 10%abs as compared with

the reference cell. Such an effect could be ascribed to unexpected

changes on contact properties of (n)nc-Si:H/ITO interface, even

though further investigation is necessary. Indeed, while FF drop is

induced by pre-HPT, it can be totally recovered and even improved

when we additionally applied a post-HPT or with an extra (n)a-Si:H

capping layer. Among these solutions, (n)a-Si:H is more beneficial with

a FF gain of 6.3%abs as compared with the reference cell. Such an

effect is consistent with results discussed in Section 2, where the (n)a-

Si:H capping layer exhibits lower Ea and higher σdark values when (n)a-

Si:H is in contact with the metal. However, in solar cells, n-type con-

tact stack is in contact with sputtered ITO instead of metal; thus the

gain of FF by applying (n)a-Si:H capping layer may result from differ-

ent mechanisms as compared with the sample shown in Section 2.

Nevertheless, a study of the n-type layer/ITO interface52 using X-ray

photoelectron spectroscopy (XPS) depth profiling measurements

showed that (n)a-Si:H forms better interface with sputtered ITO as

compared with (n)nc-Si:H. This is because of (a) the lack of oxygen

segregation, (b) much less oxidized Si atoms near interface region, and

(c) less ITO diffusion into (n)a-Si:H layer, while highly oxidized inter-

face and ITO in-diffusion happens when (n)nc-Si:H is applied.52

Besides, the formation of a-SiOx:H(In) in ITO/(n)-Si interface during

sputtering of ITO, which builds a potential barrier (ie, blocking the

transport of electron), is also reported.53 Those studies may explain

the gain of FF by applying the (n)a-Si:H capping layer before ITO

sputtering. Similarly, the possible shallow surface amorphization of

contact stack result from the post-HPT as discussed in Section 2 may

explain the improved FF of the solar cell, because amorphous layers

relax the sharp potential change at TCO hetero-interfaces thus

improving energy band alignment.54 Nevertheless, the highly

absorptive (n)a-Si:H induces an overall degradation of the JSC,EQE to

below 38 mA/cm2. The insertion of a 2-nm thick (n)nc-Si:H seed layer

in combination with pre- and post-HPT provides a tiny FF improve-

ment (0.4%abs) but with a passivation degradation of 6 mV as com-

pared with the cell with only pre- and post-HPT. The little gain of FF

results from better doped contact stack owing to faster nucleation

induced by non-oxidic doped layer,26,27 while drop of VOC is because

of a rather aggressive deposition of (n)nc-Si:H directly on (i)a-Si:H

layer. Eventually, solar cell with combined treatments-1, namely, pre-

HPT + (n)nc-Si:H seed + n-type contact stacks + post-HPT + (n)a-Si:H,

exhibits a 7.6%abs. of FF improvement relative to the reference cell.

Similarly, we investigate the effect of different treatments for p-

type contact stack in front junction solar cells as shown in Figure 7.

We kept the optimized strategy of n-type contact stack discussed in

Figure 6 for all cells unless otherwise mentioned. The p-type contact

stack has the following reference structure (i)a-Si (8 nm)/(p)nc-SiOx:H

(10 nm)/(p)nc-Si:H (10 nm) as reported in Figure 5B.

As illustrated in Figure 7, compared with the reference cell, differ-

ent single pre-treatments: pre-HPT, (p)nc-Si:H seed layer, and the

VHF (i)nc-Si:H treatment can improve the FF without deteriorating

VOC which remains above 720 mV. It is worth noting that VHF (i)nc-

Si:H treatment and (p)a-Si:H capping layer demonstrate to be effec-

tive single treatments for improvement on FF of 2.2%abs from 72.1%

to 74.3%. The FF improvement corresponds to observed σdark and Ea

enhancements reported in Figure 3. However, (p)a-Si:H that is highly

parasitic absorptive degrades the JSC,EQE from 37.0 to 35.2 mA/cm2.

Therefore, there is no gain in ηactive by applying the (p)a-Si:H capping

layer. Lastly, we combined pre-HPT and VHF (i)nc-Si:H treatment.

Together with further thicknesses optimizations of contact stacks, we

were able to obtain cell with overall improved VOC from 721 to

723 mV, JSC,EQE from 37.0 to 37.8 mA/cm2, FF from 72.1% to 76.9%,

and ηactive from 19.2% to 21.0% compared with the reference sample.

The gain of performance is expected, as discussed in Figure 4, since (i)

a-Si:H layer, after the combined treatments, tends to prompt the

nucleation of nanocrystal growth on top while providing excellent

passivation quality to c-Si/(i)a-Si:H interface.

In return, as inspired by the optimized pre-HPT and VHF (i)nc-Si:

H treatment for p-type contact stack, these combined treatments are

also investigated on n-type contact stack as pre-treatments in solar

F IGURE 5 Schematic illustrations of reference cells' structures for studying effects of treatments applied on (A) n-type contact stack and
(B) p-type contact stack [Colour figure can be viewed at wileyonlinelibrary.com]
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cells. As known from Figure 3A, we are able to observe improved σdark

of n-type contact stack when the combined treatments-2 is applied as

compared with combined treatments-1. However, precursor passiv-

ation quality is hardly preserved with direct application of (n)nc-SiOx:

H-1 layer after the pre-HPT and VHF (i)nc-Si:H treatment. Despite

the optical advantage from (n)nc-SiOx:H-2 (see Table 2), it also

exhibits better preserved precursor passivation quality when pre-HPT

+ VHF (i)nc-Si:H treatments are applied with even thinner (i)a-Si:H

layer beneath. Therefore, together with optimized p-type contact

stacks, we use combined treatment-2 with (n)nc-SiOx:H-2 for rear

junction cells and combined treatment-1 with (n)nc-SiOx:H-1 for front

junction cells, respectively. The best front and rear junction cells with

7.84 cm2 cell area are listed in Table 3 (cells 1 and 2). This 7.84-cm2

cell design has a 12.5% metal coverage, which limits the measured JSC

below 34.0 mA/cm2. A new cell design with 3.92-cm2 wide area fea-

turing 4.4% metal coverage has been then realized. With the new cell

design and further fine-tuning contact stacks' thicknesses and treat-

ments, more performant solar cells are obtained (see Table 3, cells

3 and 4).

Thanks to the highly transparent n-type nc-SiOx:H layer that has

a high E04 nearly 3.0 eV and low n of 2.13, at least 0.7 mA/cm2 higher

F IGURE 7 The solar cells' parameters with different treatments
on p-type contact stack in front junction structure. *: cell features
optimized thicknesses of both sides (i)a-Si:H and rear side (n)nc-SiOx:

H. Each data point represents one solar cell [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 6 The solar cells' parameters for different treatments on
n-type contact stack in rear junction structure. Combined treatments-
1 represents pre-HPT + (n)nc-Si:H seed + n-type contact stacks +
post-HPT + (n)a-Si:H. Each data point represents one solar cell
[Colour figure can be viewed at wileyonlinelibrary.com]
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JSC values are obtained for rear junction cells as compared with front

junction cells (cell 2 vs cell 1 and cell 4 vs cell 3). Still, the higher FF

achieved in front junction configuration yields similar η for both struc-

tures in “7.84 cm2” and “3.92 cm2” cell designs. Note that the cells do

not have a double-antireflection-layers on the front to even more

clearly show the transparency of our n-type contact stack. Eventually,

cells with both front and rear junction structures achieved η of around

22.0%. Furthermore, to clarify the advantage of using (n)nc-SiOx:H

contact stack over (n)a-Si:H layer, the J-V parameters and EQE curves

of two rear junction cell designs with either combined 8 nm (n)nc-

SiOx:H−2 + 3 nm (n)nc-Si:H + 2 nm (n)a-Si:H layer stack or only 6 nm

(n)a-Si:H are compared and given in Table 4 and Figure 8,

respectively.

From Table 4, it is obvious that an average gain of 1.5 mA/cm2 in

JSC results in an average improved efficiency of 0.8%abs when (n)nc-

SiOx:H contact stack is applied. Specifically, the EQE curves given in

Figure 8 reveal that by using (n)nc-SiOx:H layer stack, the cell has sig-

nificantly enhanced EQE till 650 nm and slightly improved EQE from

1000 nm.

Even though transport mechanisms have been unveiled for

achieving ultimate FF in SHJ cells,6 the pre-conditioning for optimal

layer's growth and other experimental steps, such as pre- and post-

treatments as well as back end metallization, heavily impact on the

road towards ultimate transport. In fact, the notable difference

between pFF and FF shown in Table 3 indicates further optimizations

are required to minimize the transport resistivity of charge carriers. In

this respect, a measurement of the contact resistance between doped

contact-stacks and TCO layers based on transfer length method

would give more insights.

Additional optimizations of TCO and front metal grids are

required for improving further the cell efficiency. It is expected that

solar cells with mainly doped nc-SiOx:H and nc-Si:H contact stacks,

combined with (a) wafers thinner than approximately 280 μm, (b) even

lower metallization fraction, and (c) novel TCOs, such as hydrogenated

fluorine-doped indium oxide,55 will enable efficiency well beyond 23%

without dual antireflective coating. Moreover, we also expect that

doped nc-Si (Ox):H layers deposited under VHF will deliver better

layer and cell performances than layers deposited under RF. Besides,

this SHJ cell will be further optimized for application in the per-

ovskite/crystalline silicon tandem solar cell.

4 | CONCLUSIONS

In this study, we developed transparent carrier-selective transport

layers mainly based on nc-SiOx:H alongside with interface treatments

to improve carrier collection in SHJ applications.

Nc-SiOx:H layers with state-of-the-art electrical properties

(σdark = 1.02 S/cm for n-type and 0.04 S/cm for p-type) and opti-

cal properties (n = 2.13 and E04 = 2.96 eV for n-type) are achieved

and used in solar cells. We observed improved electrical properties

TABLE 3 The illuminated J-V characterizations and pseudo parameters of the best solar cells

Cell Number Cell Area (cm2) Metal Coverage (%) Junction Position VOC (mV) JSC (mA/cm2) FF (%) η, (%) pFF (%)

1 7.84 12.5 Front 718 32.9 77.9 18.4 81.0

2 7.84 12.5 Rear1 714 34.0 75.3 18.3 81.5

3 3.92 4.4 Front 714 38.6 79.1 21.8 83.6

4 3.92 4.4 Rear1 712 39.3 78.6 22.0 83.9

a(n)nc-SiOx:H-2 layer is chosen.

TABLE 4 The illuminated J-V parameters of rear-junction solar cells using different front n-type contacts. Results are averaged from three
similar cells

n-Type Contacts Cell Area, (cm2) Metal Coverage (%) Junction Position VOC (mV) JSC (mA/cm2) FF (%) η (%)

(n)nc-SiOx:H layer stacka 3.92 4.4 Rear 713.3 ± 1.2 38.9 ± 0.5 79.0 ± 0.3 21.9 ± 0.2

(n)a-Si:H 3.92 4.4 Rear 712 ± 1.0 37.4 ± 0.3 79.4 ± 0.2 21.1 ± 0.2

a(n)nc-SiOx:H-2 layer is chosen.

F IGURE 8 The external quantum efficiency (EQE) curves of rear
junction cells with only 6 nm (n)a-Si:H layer and 8 nm (n)nc-SiOx:H−2
+ 3 nm (n)nc-Si:H + 2 nm (n)a-Si:H layer stack [Colour figure can be
viewed at wileyonlinelibrary.com]
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(Ea and σdark) of test structures after pre-treatments (pre-HPT, non-

oxidic nc-Si:H seed layer and VHF (i)nc-Si:H) and also excellent

passivation on c-Si/(i)a-Si:H interface with τeff over 11 ms when

combined pre-HPT and VHF (i)nc-Si:H treatments is applied. The

post-treatments, especially 2 nm of (n)a-Si:H and (p)a-Si:H capping

layer applied on n-type and p-type contact stacks, respectively,

demonstrate significant improvements on σdark from 0.79 to 2.03

S/cm for n-type contact stacks and from 0.02 to 0.07 S/cm for p-

type contact stacks. Eventually, we implemented the interface

treatments into front/back-contacted silicon heterojunction solar

cells giving a guideline for nanocrystalline film development. We

monitored the FF and VOC to evaluate the effects of different

treatments, which affect the nucleation of doped layers and their

interface with ITO. Combining optimized interface treatments on

the contact stacks, we improve the FF from 65.6% in a rear junc-

tion cell to 77.9% in a front junction cell (7.84 cm2). Furthermore,

cells with area of 3.92 cm2 featuring 4.4% metal coverage demon-

strate improvement of FF from 77.9% to 79.1% and 75.3% to

78.6%, thus η from 18.4% to 21.8% and 18.3% to 22.0% are

achieved for front and rear junction cells, respectively, with per-

spective of further improvements by optimizing the front grid, bulk

thickness and using more transparent TCO.
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