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Doped nanocrystalline silicon (nc-Si:H) thin films offer improved carrier transport characteristics and

reduced parasitic absorption compared to amorphous silicon (a-Si:H) films for silicon heterojunction

(SHJ) solar cell application. In this article, we review the growth conditions of nc-Si:H thin films as the

carrier-selective layers for SHJ solar cells. Surface and growth zone models are analysed at different

stages of incubation, nucleation, and growth of the silicon nanocrystallites within the hydrogenated

amorphous silicon matrix. The recent developments in the implementation of nc-Si:H films and oxygen-

alloyed nc-SiOx:H films for SHJ cells are highlighted. Furthermore, hydrogen and carbon dioxide plasma

treatments are emphasised as the critical process modification steps for augmenting the nc-Si:H films'

optoelectronic properties to enhance the SHJ device performance with better carrier-selective interfaces.

1. Introduction

Solar photovoltaics (SPV) is one of the best options to meet the

world's terawatt power demand in the near future.1 Silicon-

wafer based solar cells with high power conversion efficiency

(PCE) and cost reduction have been driving the technological

advancements in this area. These are based on the classical

homo-junction solar cells processed at high temperature, and

the amorphous/crystalline silicon (a-Si/c-Si) heterojunction

(SHJ) solar cells prepared at low temperature with relatively

better performance. In the silicon family, the hydrogenated

amorphous silicon (a-Si:H) has drawn attention with its atypical

optoelectronic properties (tailored forbidden energy bandgap,

carrier mobility, and conductivity).2 The concept of a-Si:H/c-Si

heterojunction (SHJ) has emerged based on the c-Si and the a-

Si:H materials' comprehensive understanding, the power

conversion efficiency (PCE) of such SHJ designs has surpassed

25% for both-side contacted cells,3 and the interdigitated back

contact (IBC) design has led to >26% efficient cells.4 The PCE of

a both-side contacted SHJ solar cell is limited mainly by the

short-circuit current (JSC) losses in the amorphous layers.5–7 A

novel device architecture, e.g., rear-emitter device conguration

aided with new functional materials, is now considered essen-

tial for the SHJ device performance augmentation.

The JSC of a both-side contacted SHJ cell has been recognised

to be limited by the optical losses such as (1) parasitic absorp-

tion in the short wavelength region (<500 nm) by the a-Si:H

layers on the front side, thereby reducing the JSC by �1.5 mA

cm�2,5,6,8 and (2) refractive index (n, at 632 nm unless specied

otherwise) mismatch among c-Si (n� 3.8), a-Si (n� 4.0), and the

transparent conducting oxide (TCO) (n � 2.0) at the front which

may result in some optical reection losses.8 Moreover, the

highly defective a-Si:H(p) layer has slightly inferior electronic

properties,9 e.g. dark conductivity (s0)� 10�2 S cm�1, because of

a low doping efficiency leading to a high series resistance as well

as inadequate a-Si(p)/TCO electronic contact, and hence a low

ll factor (FF) of the SHJ device.10 Hydrogenated amorphous

silicon oxide (a-SiOx:H) has been implemented as an alternative

material for SHJ cells to minimise the front region optical losses

due to its improved transparency.11,12

Recently, research efforts have been shied toward doped

nanocrystalline silicon (nc-Si:H) thin lms as carrier-selective

layers for SHJ cells.13–16 In nc-Si:H lm, silicon nanocrystallites

are embedded in a matrix of amorphous silicon, and H is

preferentially located at the grain boundaries or in the amor-

phous phase.17,18 With added crystallinity, an increase in

transparency as well as conductivity of the silicon lm is ex-

pected. The optoelectronic properties of nc-Si:H strongly

depend on the crystalline fraction. Because of the mixed crys-

talline phase, the nc-Si:H lm has higher doping efficiency, so

s0 can be higher by more than two orders of magnitude than

that of the doped a-Si:H.15,17,19 Combined with improved carrier-

transport properties, it could help improve the FF of the SHJ

cell.15 The nc-Si:H thin lm can reduce parasitic absorption at

the shorter wavelength region due to its higher optical band gap

(E04 � 2.0 eV) compared to the a-Si:H lms, which would enable

an increase of the photocurrent of the SHJ cell. Additionally, nc-

Si:H has been reported to suppress the Schottky-barrier effect

which is generally observed between a-Si:H(p) and the adjacent

TCO layer.15 The refractive index of the nc-Si:H lm (n � 3.4) is

lower than that of a-Si:H and depends on the crystalline fraction
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and doping concentration.17–19 Moreover, with the CO2 plasma

during the nc-Si deposition,2 a lower refractive index (n � 2.8)

can be achieved from the oxygen-alloyed nc-Si:H (or, nc-SiOx:H)

layer, which can signicantly improve the light coupling at the

front side of the SHJ cell,20–23 yielding JSC above 40 mA cm�2 for

the rst time for a two-side contacted SHJ cell.23 Recently, large-

area (244 cm2) SHJ solar cells featuring nc-SiOx:H(n) front

contacts have been demonstrated with a power conversion

efficiency of 23.1% (ref. 24) and a certied 25.11% efficient cell

by Hanergy.25

Achieving the aforementioned improved properties of the nc-

Si:H layers during application in the SHJ solar cell, where the

deposited layers' thickness is usuallymaintained below 10 nm, is

a challenging job. Several requirements need to be addressed: (1)

fast nucleation and suppression of the “incubation zone”

amorphous layer during deposition, (2) sufficiently high crys-

talline fraction for a high doping efficiency and electronic

conductivity, (3) preserving a high passivation level/interface

from the underlying very thin (�5 nm) intrinsic a-Si:H layer

(this is a stringent requirement during the nc-Si growth, which

enables high open-circuit voltage and efficiency of the SHJ cell).

Moreover, for industrial manufacturing, a thin layer with a short

deposition time (<100 s) is necessary to keep the production

costs low. Hence, the deposition rate has to be greater, or a very

thin (�10 nm) layer has to satisfy the material functionalities.

Furthermore, the boron dopant has an amorphising impact on

the layer growth, inhibiting the fast nucleation of the p-type nc-

Si:H layer.26 Therefore, deposition of a high-quality thin nc-Si:H

layer with these stringent requirements is a challenging task.

SHJ devices, when fabricated in the inverted-polarity congura-

tion, wherein the p-type emitter is located on the rear side while

the illumination side features the n-type a-Si:H or nc-Si:H or nc-

SiOx electron-contact layers, relax some of the constraints and

also lead to better cell results.10,14,15,24,25 In this article, we review

the growth conditions necessary to realise very thin high-quality

nc-Si lms, their optoelectronic properties, and the integration

of the lms as carrier-selective contacts in the SHJ solar cells.

Furthermore, we present information related to the possibilities

of process modications based on the deposition techniques

and plasma treatments for tailoring the nc-Si layers' optoelec-

tronic properties.

2. Nano-/micro-crystalline silicon
thin films

Hydrogenated nano-/micro-crystalline silicon (nc-/mc-Si:H) is

a biphasic material, with the nature of the lm being catego-

rized based on the nanocrystallites' distribution/size embedded

in the amorphous silicon matrix.17,18 The crystallite size varia-

tion during the growth process has been understood based on

the classical theory of crystal growth and nucleation, which

depicts a direct relation between the critical crystal size and

atomic volume.27 If the occupancy of crystallites is dense and

the size is a few nanometers, the lm is considered nano-

crystalline. Films with larger silicon crystallites (>10 nm) are

considered as micro-crystalline.18

The schematic in Fig. 1 depicts the segregation of nano- and

micro-crystalline phases within the amorphous matrix.

Depending on the parametric conditions, the agglomeration of

ne silicon nanocrystallites leads to the formation of micro-

crystallites. To effectively probe the presence of such crystallites

in a lm, Raman spectroscopy (structural) and electron

microscopy (morphology) characterisation tools are adopted.28

However, the silicon crystallinity variation results in the

formation of complex phases within the amorphous matrix.

Investigating and mapping the structural details of such

complex phases with optoelectronic properties of lms is

indeed a tedious task. For crystallite distribution analysis, other

factors such as effective crystalline volume fraction, structural

parameters, and dielectric functions need to be considered.29

2.1 Growth conditions for crystallization

For deposition of amorphous and microcrystalline Si:H lms,

the plasma-enhanced chemical vapor deposition (PECVD)

system in a simple parallel-plate conguration is commonly

used.2,17,18 In a PECVD process, various primary reactions and

some secondary reactions take place.30 The a-Si:H lm growth

usually occurs at a normal pressure of <1 torr, with an RF

plasma excitation frequency of 13.56 MHz (or VHF), in

a discharge of silane and other dopant gasses. The schematic of

a basic PECVD system is shown in Fig. 2. It consists of a vacuum

system, precursor gas handing system, RF power supply,

impedance matching network, and a set of parallel electrodes –

one being the RF electrode and the other the substrate holder

heated to the desired temperature (<300 �C). This technique's

basic principle follows from the dissociation of the precursor

gas molecules by the energetic electrons present in the plasma,

generation of mainly silyl (SiH3) radicals and ions, diffusion of

these radicals towards the substrate, and bonding with surface

dangling bonds resulting in lm growth. The nc-Si:H lm

deposition involves similar processing steps to those required

for the a-Si:H lm, but the deposition conditions are different.

To induce crystallisation in an amorphous silicon matrix, some

general deposition conditions need to be ne-tuned, which are

very interdependent, as depicted in Fig. 3. The crystallisation

Fig. 1 Schematic representation of nano- and micro-crystalline

silicon within the amorphous silicon matrix.
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can be initiated either by variation of one of the parameters or

a combination of parameters represented by the shaded region

in Fig. 3. For instance, along with a ux of SiH3 radicals, a large

ux of atomic hydrogen toward the substrate is required to

induce crystallinity.17,18,30 Therefore, silane is highly diluted

with hydrogen for deposition of nc-Si:H. Another requirement is

deposition temperature; usually, higher temperature favours

crystallinity.

The independent parameter optimisation (excitation

frequency, power density, gas pressure, and hydrogen dilution)

is considered a favourable condition for the nc-Si:H lms'

growth.31–34 Guo et al.31 have explored the evolution of mc-Si:H

thin lms with the variation of deposition pressure. The study

has highlighted the suitable role of working pressure and SiH4

depletion combination for attaining a lm's high deposition

rate. Veneri et al.32 have investigated the role of high-frequency

plasma along with power density variation in mc-Si:H lm

deposition, and a transition from the a-Si:H to the mc-Si:H phase

was observed with the variation of power. Rath et al.33 have

investigated the effect of gas pressure variation on the electron

density and energy of plasma, which has revealed the role of

plasma species in modifying the microstructure of a lm. The

cyclic or layer-by-layer (LBL) deposition method, in which the

substrate is alternately exposed to silane and hydrogen plasmas,

has been explored for the deposition of mc-Si:H lms.34 With

this process, the transition from an amorphous to a crystalline

phase could be achieved by suitable hydrogen and silane

plasma exposure times. With increasing the number of cycles,

the growth zone gradually changes from incubation to nucle-

ation and growth, with an increasing crystalline fraction, and

once the steady-state phase is reached, the entire lm down to

the interface becomes micro-crystalline. The efficacy of the LBL

process is that it entirely avoids the silyl ion bombardment

during hydrogen plasma exposure, therefore promoting

hydrogen-induced crystallisation.

The growth of nc-Si involves four phases: incubation,

nucleation, growth and steady-state, represented by increasing

crystalline fraction.34 The amorphous incubation phase during

a lm growth is the initial stage, followed by the onset of

nucleation of crystallites.34–36 This incubation phase is consid-

ered a critical factor for controlling the lm's crystalline frac-

tion.18,33 The thickness of this incubation zone has to be

governed by the deposition parameters. The underlying

intrinsic a-Si:H layer is prone to induce a thicker incubation

zone. Specic plasma conditions are known to reduce the

incubation zone's thickness, but can also cause the passivation

of the a-Si/c-Si interface to deteriorate.

A few growth models have been considered for explaining

the origin of crystallinity.35–40 Based on similarities among these

models, they are put into two groups, which are (1) surface

model, and (2) growth-zone model.18,38,39 Fig. 4 shows the

schematic representation of the two models. The surface model

explains the lms' growth dependence on plasma species

interaction with the material's surface, since species present in

the plasma discharge will have quite different energies.42 In this

model, the adsorbed radicals can diffuse across the surface

until they nd the energetically favourable site, leading to the

formation of crystallites via structural rearrangement, and the

model therefore depends on the surface mobility of the

precursors. Additionally, the surface model considers the

selective etching of silicon by hydrogen ions, and the etch rate is

higher for the disordered phase in comparison with the ordered

phase.35,40,41 The process of successive deposition and selective

etching leaves the surface and bulk with distributed voids, and

hence the structure is considered to remain porous. The etching

of the disordered surface can enhance the proportion of

ordered geometry with better crystallisation. The simultaneous

deposition and etching processes also lead to the formation of

unstable nuclei during crystallisation. Consequently, the

surface model approach restricts the discussion related to the

details of subsurface growth and nucleation processes during

lm deposition, and is thus suggested to give a limited expla-

nation of a lm's growth.

Conversely, in the growth-zone model, the formation of

crystalline phases results from the interaction of atomic

hydrogen ions with an a-Si layer beneath the surface (subsur-

face);42–44 the extension of the growth zone is only a few nano-

meters below the surface. Thus, the dependency of incubation

Fig. 2 Schematic of a basic plasma enhanced chemical vapor depo-

sition system.

Fig. 3 Various deposition conditions for the growth of nanocrystalline

silicon thin films.
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time and the crystalline fraction is highly associated with

hydrogen concentration. The hydrogen ions react with the

lm's subsurface strained/weak Si–Si and Si–H bonds and

promote structural relaxation and rearrangement of the silicon

network (crystal nucleation) by the generation of heat during

chemical reactions (called chemical annealing).43

Apart from diluting the silane plasma with hydrogen during

the lm deposition, the post-deposition moderate hydrogen

plasma treatment (HPT) is also considered one of the crucial

process steps to promote crystallinity via surface modication.45

HPT promotes the structural rearrangement of the disordered

state into an ordered state by H insertion via the process of

chemical annealing.35 The motivation behind the plasma

treatment has been to add an extra degree of freedom to the

growth zone by separating the growth and etching processes.

With HPT, the effective diffusion of atomic hydrogen (in the

absence of silane plasma) promotes the incubation phase

effectively at the initial stage of lm growth. The formation of

a porous silicon network in the initial stage of lm growth has

also been suggested as the necessary condition for the nucle-

ation process. Therefore, the nucleation of crystallites is

considered to be dependent on the composition of the initial

seed layer. The diffusion of hydrogen during the growth of

intrinsic/doped nc-Si:H thin lms needs analysis with the

surface/growth zone model's help to understand the interfaces

and surface bonding. The incubation phase also depends on the

substrate selectivity/orientation apart from the plasma gas

composition and hydrogen plasma treatment as emphasised in

the work of ref. 39, where the study also highlights the role of

alternate HPT and amorphous silicon growth by the LBL

deposition technique, thereby segregating the deposition and

etching conditions.

Similar to HPT, the discontinuous plasma treatment has also

been implemented to explore lm growth near the transition

zone (between incubation and nucleation).46,47 In a recent study,

we have demonstrated the structural modications of the a-

Si:H/nc-Si:H lm using a pulsed plasma during the CVD

process.48 The importance of pulsed plasma has been veried in

terms of an extended transition zone, and the growth of

a typical sub-nanocrystalline phase has been explored by

Raman spectroscopy. The study showed a correlation between

raising stress and Raman peak broadening as a consequence of

structural modication with an improvement in crystallinity.

The optical and electrical characteristics are also well correlated

with the structural properties of the nc-Si:H lm,49 like the

combination of a large bandgap and high electrical conductivity

in comparison to the pure a-Si:H lm. So, pulsed plasma pro-

cessing can also be an effective way to explore the overlooked

growth zone during lm deposition.

3. Progress in the SHJ cell fabrication
using nc-Si:H layers as the carrier-
selective contacts

For SHJ solar cell fabrication, the initial growth and the related

phases of the carrier-selective layers are of great importance; the

schematic of a SHJ cell based on the nc-Si:H carrier-selective

layers is presented in Fig. 5. In comparison to the homo-

junction silicon solar cells, an unoptimized SHJ cell shows an

inferior performance due to the a-Si:H/c-Si hetero-interface,

which will introduce energy band offsets and interface/surface

defect states leading to anomalous behaviour in the light

current density–voltage (J–V) characteristics and the carrier

Fig. 4 Schematic representation of (a) the surface model and (b) growth zone models for the growth of nc-Si:H thin films.18,30

3376 | Nanoscale Adv., 2021, 3, 3373–3383 © 2021 The Author(s). Published by the Royal Society of Chemistry
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transport recombination, respectively.50 So, apart from under-

standing the growth process of the nc-Si:H thin lms (for an SHJ

solar cell application), there is a need to develop a better nc-Si/c-

Si interface for facilitating charge carrier collection. Another

critical consideration in an SHJ cell fabrication is c-Si surface

passivation by a very thin (�5 nm) intrinsic a-Si:H layer. For the

purpose of better surface passivation, one needs to avoid an

epitaxial passivation layer growth on the c-Si surface for mini-

mizing the interface/surface defect states (which promotes the

carrier recombination).51,52

Apart from avoiding an epitaxial growth at the a-Si:H(i)/c-Si

interface, efficient doping in the carrier-selective layers is also

considered a critical factor in augmenting the device perfor-

mance.53 The effective doping of a carrier-selective layer in

a device facilitates (1) band bending, (2) better eld-effect

passivation, and also (3) reduces series resistance as well as

contact resistivity with the adjacent TCO layer.54 The signicant

advantage of the nc-Si:H lm is its high doping efficiency in

comparison with the a-Si:H lm,17,55 which also facilitates

suppression of excess defect formation in a lm.56 In the

following sections, we highlight the research work on nc-Si:H

thin lms for SHJ device application as the carrier-selective

layers.

3.1 Optical properties

For enhancing the photogeneration of charge carriers in the c-Si

absorber, one has to suppress the optical absorption in the front

carrier-selective layers. The localised bulk/surface defect states

(from the mixture of strained, broken and dangling bonds) of

a thin a-Si:H/nc-Si:H lm near the middle of the energy

bandgap inuence the optical absorption.56 Since the nc-Si:H

lm consists of both the amorphous and the nanocrystalline

phases, the optical absorption of such biphasic lm is lower for

high energy photons in comparison with the a-Si:H lm due to

the optical bandgap of >1.9 eV,57–59 from the quantum size

effects.60 For enhancing the optical transparency further, the nc-

SiOx:H thin lms have also been utilised, where the inclusion of

oxygen reduces the optical absorption without affecting the

charge carrier transport.2,20–25,60,61

Mazzarella et al.23 have demonstrated SHJ solar cells incor-

porating the p-type mc-SiOx:H emitter layer with a power

conversion efficiency of 20.3% and JSC exceeding 40 mA cm�2.

The work highlighted the advantage of the mc-SiOx:H emitter

layer over the conventional a-Si:H layer because of the improved

refractive index matching of the front layer stack (better light

coupling) and parasitic absorption reduction leading to a gain

in JSC of �1.7 mA cm�2. However, the study remained open-

ended with scope for improving the cell's series resistance

and ll factor depending on the structural changes and size of

crystallites, which eventually helps in the charge carrier trans-

port. Later, in a similar investigation, n-type nc-SiOx:H layers

with a range of refractive indices and conductivities were

implemented as the front carrier-selective contacts in a rear-

emitter conguration to avoid the optical constraints and to

reduce the front contact resistance with the TCO.61,62 The study

demonstrated the advantage of the nc-SiOx:H(n) layers as the

front contact and the rear-emitter conguration of the SHJ solar

cell leading to a best conversion efficiency of 21.6% (JSC ¼ 40.0

mA cm�2, VOC ¼ 729 mV, FF ¼ 80.0%). Recently, the advantage

of a 20 nm thick nc-SiOx:H(n) layer as a front contact layer has

been demonstrated in a certied record 25.11% efficient large-

area (244 cm2) SHJ solar cell of Hanergy, while also utilising

other improved functionalities such as bilayer intrinsic a-Si

passivation, ne printing, environment control, etc.25 The

benet of the front nc-SiOx:H(n) contact layer is seen from the

39.55 mA cm�2 JSC value and a very high FF (�85%). This study

shows that it is possible to implement thicker front contacts in

SHJ solar cells with better crystallinity as well as transparency.

3.2 Carrier transport and crystallinity

The shape and size of the silicon nanocrystallites as well as the

crystalline fraction, are considered to play a signicant role in

allowing a conductive percolation path for the charge

carriers.23,63 A critical threshold for percolation has been iden-

tied at a crystalline fraction of 0.2–0.3, and a sublinear

dependence of the Hall mobility on the crystallite size has also

been determined for the nanocrystalline lms.63 Because of the

directional evolution, a columnar or lament structure of the

crystallites is suggested to be benecial for a low threshold of

percolation.64 As the growth of the nc-lms is abruptly termi-

nated, and the crystallite size varies with thickness, the shape of

the crystallites is also suggested to be conical for such ultrathin

lms.15 The thickness of the laments/columns could be esti-

mated to be about 5 nm from TEM or atom probe tomography

(APT) measurements.15,62,64 Therefore, the effective carrier

transport mechanism is determined by the nanocrystal's

randomness/distribution, size and density. The typical depen-

dence of the crystalline fraction on the lm thickness is pre-

sented in Fig. 6, which depicts an increase in crystallite size and

fraction in the growth direction with an increase in lm

thickness.

Doped nc-Si:H layers are considered to minimise the asso-

ciated transport restrictions in an SHJ device.55 This is generally

related to a better band bending of c-Si at the interface because

of the enhanced crystallinity as well as doping.65 However,

Fig. 5 Schematic of a SHJ solar cell featuring doped nc-Si:H layers as

carrier-selective contacts.
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efficient p-type doping is challenging to realise in nc-Si lms as

it causes increased optical absorption and suppression of

nucleation.66 The crystallinity as well as p-type doping efficiency

may depend on the type of dopant, e.g., trimethyl boron (TMB),

boron triuoride (BF3) or diborane (B2H6).
66 For example, TMB

reportedly causes delayed nucleation because of the generation

of methyl radicals during deposition or the atomic H neutral-

ising the B dopants. B2H6 and BF3 have been previously shown

to cause better inclusion of active dopants. Fig. 7 illustrates the

junction formation and energy band alignment of the SHJ cells

with the a-Si:H(p)/a-Si:H(i)/c-Si and nc-Si:H(p)/a-Si:H(i)/c-Si

heterostructures. The widening of nc-Si's energy bandgap can

inuence the conduction and valence band offsets at the

interface, and the nc-Si helps in minority carrier transport by

providing a percolation path via the nanocrystallites within the

a-Si matrix.

Nogay et al.15 reported efficient incorporation of doped nc-/

mc-Si:H layers into one of the sides as the carrier-selective

contacts in the SHJ cells demonstrated improved carrier trans-

port and contact resistivity. The experiments revealed substan-

tial lowering of the contact resistivity of doped nc-Si layers, and

a signicant reduction of activation energies (from 0.284 to

0.077 eV) in comparison with the a-Si:H layers, which suggests

suppression of the Schottky-barrier effect. Replacing the doped

a-Si:H layers with the nc-Si:H counterparts enabled up to 1.5%

gain in FF of the SHJ solar cell. Good power conversion effi-

ciencies of 20.9% and 21.1% were achieved by utilising front

side n-type nc-Si:H and rear side p-type nc-Si:H layers from an

SHJ device, respectively, while maintaining VOC values of

720 mV. Kirner et al.67 have demonstrated the implementation

of a front nc-Si:H(p)/nc-SiOx:H(p) contact stack and addressed

the importance of the additional very thin (3 nm) nc-Si:H(p)

contact layer over the emitter toward the front TCO for max-

imising the FF (minimising the series resistance) by avoiding

the dominant loss mechanism at the front TCO/emitter inter-

face and highlighted the role of nc-Si:H layers' low activation

energies. Richter et al.64 have explored nc-SiOx:H layers as the

carrier-selective layers in a SHJ solar cell by varying the optical

bandgap from 1.9 to 2.9 eV and refractive index from 1.9 to 3.6

in the simulations. Table 1 shows some of the SHJ device

photovoltaic parameters featuring the nc-Si:H and nc-SiOx:H

carrier selective layers.

Although the nc-Si:H layers have carrier transport benets,

a few challenges remain associated with incorporating the

doped nc-Si:H layers. One of the problems is the doping

concentration limitation, mainly when designing a p-type layer

with boron dopants, which inhibits crystallites' growth due to

structural hindrance from the substitutional doping.68–70 The

challenge is also the nucleation of the nc-Si:H layer on top of the

intrinsic a-Si:H passivation layer without affecting it.55 Oen,

thicker (10–20 nm) doped nc-Si lms are required for better

transport characteristics of the SHJ cell, which limit its adop-

tion in industrial manufacturing because of a high deposition

time. The plasma pre-treatment of the intrinsic a-Si:H passiv-

ation layer has been suggested for instantaneous nucleation

and enhancing the crystallinity of the very thin nc-Si:H

layers.71,72 Some of the signicant observations with the

plasma treatments are discussed in the following section.

3.3 Hydrogen/carbon dioxide plasma treatment

The interface pre-treatment improves the passivation quality

through surface restructuring as well as fast nucleation of the

doped nc-Si layer.70–74 The hydrogen present during post-

deposition acts as a catalyst (as well as an etchant) for

promoting the surface reactions to facilitate crystallisation of

the silicon matrix by restructuring the Si–Si bonds, apart from

reducing the grain boundary defects. This process involves two

steps: initial formation of intermediate Si–H–Si bonds and then

reconstruction/relaxation into Si–Si bonds with the bond angles

and lengths close to those of the (nano)crystalline silicon.35

Guha et al.75 have reported the threshold hydrogen dilution

condition for the transition from the mc-Si:H to the a-Si:H

structure. Pham et al.76 emphasised the role of the undoped

nc-Si:H seed layer combined with the post hydrogen treatment

in promoting the crystallinity of the front nc-Si:H(n) layer and

also demonstrated an improvement in layer conductivity which

resulted in the better performance of the nal device. A recent

investigation showed that the combined process improvement

of the hydrogen plasma treatment and the very high frequency

(VHF) plasma deposition of the nc-SiOx:H layer also led to a cell

power conversion efficiency of �22%.77

Mazzarella et al. have investigated the CO2 plasma pre-

treatment of the i-layer prior to the p-type nc-Si:H layer

Fig. 6 Schematic representation of film thickness dependent carrier

transportmechanism via siliconmicro-/nano-crystallites embedded in

an amorphous silicon matrix.23

Fig. 7 Energy band diagrams of (a) a-Si:H(p)/a-Si:H(i)/c-Si and (b) nc-

Si:H(p)/a-Si:H(i)/c-Si heterostructures representing the charge carrier

transport variation.
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growth and the effect of its thickness on a cell's ll factor and

series resistance.71 The treatment was shown to be responsible

for suppressing the weak Si–Si/Si–Hbonds in a layer with the Si–

O bonds, which promotes structural order. Vaucher et al.72 have

reported the active nucleation and the associated improve-

ments in the cell's open-circuit voltage due to the CO2 plasma

pre-treatment. Boccard et al.78 have explored the nucleation of

the mc-Si:H layer on the intrinsic a-Si:H layer with the CO2

concentration variation and treatment time. Fioretti et al.65 have

reported a �23.45% efficient SHJ cell with a low-temperature

(175 �C) deposited p-type nc-Si:H emitter layer combined with

the plasma pre-treatment of the underlying a-Si:H(i) layer. It was

identied that the low-temperature deposition led to a marked

improvement in crystallinity (from 35% to 55%) with the better

percolation of crystallites along the growth direction, providing

easy transport of photo-generated charge carriers. The role of

stacked front n-type layer (comprising seed nc-Si:H, bulk nc-

SiOx:H and contact nc-Si:H layers) for augmenting the SHJ

device performance combined with the plasma pre-treatment of

the a-Si:H(i) layer has also been investigated, and has high-

lighted the importance of a non-oxidic seed layer for enhanced

nucleation of nc-SiOx lm.62 The work also highlighted

a reduced deposition time (<100 s) for the front stack, wherein

ultrathin 5 nm nc-SiOx:H(n) combined with an nc-Si:H(n)

contact was shown to give the best cell efficiency of 22.6%,

with FF exceeding 80%.22 Similarly, the scalability and homo-

geneity of the ultrathin n-type stack as a front contact has been

demonstrated on a large-area (244 cm2) SHJ cell, whereby an

efficiency of 23.1% has been demonstrated by implementing

the stack of 5 nm nc-SiOx:H(n) and 5 nm nc-Si:H(n) front

contact layers.24

From the above discussion, it can be seen that research on

the doped nc-Si:H layers as carrier-selective contacts in SHJ cells

is rapidly evolving, as demonstrated by recent promising cell

performances shown in Table 1. Several challenges remain to be

solved as routine SHJ cell efficiencies exceeding 25% and VOC
well above 740 mV are yet to be demonstrated. Adoption of p-

type nc-Si:H as front contacts seems to be difficult, as a trade-

off has to be made between the nal SHJ cell parameters,

such as FF and JSC. Stacking of p-type nc-SiOx:H layers and

ultrathin nc-Si:H(p) contact layers seems to be the better option

to improve the p/TCO contact properties whereby a JSC value of

40 mA cm�2 could be achieved. The rear-emitter SHJ congu-

ration opens wide possibilities by allowing the superior n-type

nc-Si:H or nc-SiOx:H as front contacts that show better charac-

teristics. Doped nc-SiOx:H layers as the front surface eld,

especially a stack of nc-Si/nc-SiOx, are promising because of the

impressive JSC values, and its tunable properties and excellent

SHJ cell performances have been demonstrated on a laboratory

scale as well as on industrial silicon wafers. At the same time,

the rear-emitter conguration requires wide adoption of thin n-

Cz wafers with a high bulk lifetime (>3 ms) for the holes to be

collected at the rear. Still, deposition engineering combined

with understanding the material and interface properties is

needed to fully address some of the issues.

4. Conclusions

The growth, material properties, and current status of nc-Si

layers for the SHJ solar cell application are reviewed. The liter-

ature related to the growth of nc-Si:H in the a-Si:Hmatrix via the

surface and growth zone models is emphasised. The surface

Table 1 Performance of selected SHJ solar cells featuring nanocrystalline silicon based thin films as carrier-selective contacts

Layer/stack Focused area of investigation Signicant result Cell parameters Ref.

nc-SiOx:H(p) Reducing optical reection losses

at the front side

Photocurrent density

enhancement

VOC ¼ 688 mV, JSC ¼ 40.4 mA

cm�2, FF ¼ 72.9%, h ¼ 20.3%

23

nc-SiOx:H(n) To minimise current losses Fill factor improvement by

reducing resistance losses

VOC ¼ 729 mV, JSC ¼ 40 mA cm�2,

FF ¼ 80.0%, h ¼ 21.6%

61

nc-Si:H(p)/

nc-SiOx:H(p)

Emitter/TCO contact resistance

loss minimization

Fill factor improvement with the

better carrier tunnelling

VOC ¼ 696 mV, JSC ¼ 37.5 mA

cm�2, FF ¼ 76.8%, h ¼ 20.2%

67

nc-Si:H(p) contact layer

nc-Si:H(n,p) Complete device fabrication with
the doped nc-Si:H layers

Improvement in optical and
electrical performance of a device

VOC ¼ 721 mV, JSC ¼ 36.9 mA
cm�2, FF ¼ 79.3%, h ¼ 21.1%

15

nc-SiOx:H(n) Ultrathin (5 nm) nc-SiOx:H front

emitter

Short deposition time (<100 s) VOC ¼ 731 mV, JSC ¼ 38.3 mA

cm�2, FF ¼ 80.6%, h ¼ 22.6%

62

nc-Si:H seed and contact layers

nc-Si:H(p) Plasma pre-treatment of the a-

Si:H(i) layer

Improved crystallinity and

transparency of the nc-Si:H(p)

layers

VOC ¼ 734.1 mV, JSC ¼ 39.41 mA

cm�2, FF ¼ 81.07%, h ¼ 23.45%

65

Low-temperature deposition of nc-

Si:H(p)

Higher band bending in the c-Si

wafer

nc-SiOx(n) Front contact stack Full-size (244 cm2) rear-junction

cell

VOC ¼ 739 mV, JSC ¼ 38.7 mA

cm�2, FF ¼ 80.7%, h ¼ 23.1%

24

Effect of nc-Si:H seed layer and

contact layer

FF exceeding 80% for the front

stack having a 5 nm nc-SiOx:H(n)

and 5 nm nc-Si:H(n) contact

nc-SiOx(n) Front surface eld (20 nm) Full-area (244 cm2) rear-emitter
cell exceeding 25% efficiency

VOC ¼ 747 mV, JSC ¼ 39.55 mA
cm�2, FF ¼ 84.98%, h ¼ 25.11%

25
Bilayer intrinsic a-Si:H passivation

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 3373–3383 | 3379
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model is suggested to have a limitation in explaining the thicker

lms with sufficient crystallinity; thus, the growth zone model

has been considered to be suitable for discussing the surface as

well as subsurface growth reactions. The overall understanding

of the nc-Si:H lms' growth is based on (1) surface and growth

zone models, and (2) pre-/post-deposition (H2/CO2) plasma

treatment to inuence the incubation of crystallinity by

promoting subsurface reactions to initiate fast nucleation, and

also a change from a disordered to an ordered structure.

We also briey presented the nc-Si:H layers' advantage as the

carrier-selective layers for the SHJ cells to overcome some of the

optical and electrical losses in comparison to the conventional

a-Si:H layers. The oxygen alloying of the nc-Si:H (emitter) layer is

found to be the better option for controlling the parasitic

absorption loss with a modied refractive index instead of pure

nc-Si:H layers. The H2/CO2 plasma treatment for the nc-Si:H

layers is discussed for promoting charge carrier transport

through percolation of crystallites with different process

condition variations (plasma frequency and low-temperature

deposition). Still, there is much scope in this emerging area

for better understanding of the nc-Si:H growth on c-Si with

different orientations and plasma treatments, and further

related to the carrier transport mechanisms and energy band

offsets at the interface based on nc-Si:H layers as the carrier-

selective layers in the SHJ device.
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