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Silicon wafer solar cells continue to be the leading

photovoltaic technology, and in many places are now

providing a substantial portion of electricity generation.

Further adoption of this technology will require processing

that minimises losses in device performance. A fundamen-

tal mechanism for efficiency loss is the recombination of

photo-generated charge carriers at the unavoidable cell

surfaces. Dielectric coatings have been shown to largely

prevent these losses through a combination of different

passivation mechanisms. This review aims to provide an

overview of the dielectric passivation coatings developed

in the past two decades using a standardised methodology

to characterise the metrics of surface recombination

across all techniques and materials. The efficacy of a

large set of materials and methods has been evaluated using

such metrics and a discussion on the current state and

prospects for further surface passivation improvements is

provided.

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Silicon wafer solar cells are the

fastest growing and most successful photovoltaic technol-

ogy to date. The past decade witnessed remarkable

technical and economical milestones: (i) record breaking

single junction cells with power conversion efficiencies

exceeding 26% [1]; (ii) multicrystalline silicon cells, which

account for over 60% of the PV market, that now have

efficiencies exceeding 20% [2]; (iii) a continued average

annual growth in the PV market of more than 40% over the

past decade [3]; (iv) a vast reduction in module production

costs bringing the $/Wp of solar energy below grid parity in

many places around the world; and (v) energy payback

times now below 1 year [4, 5].

To keep the growth and deployment of this technology,

industry and academics continue to research ways to

increase cell efficiency and/or reduce its production cost.

Out of these two approaches, improved efficiency has the

greatest scope to impact the overall cost of solar electricity

since it affects the entire value chain [6–8]. The production

and processing of silicon has largely improved in the past

decades. This has reduced the negative effects of bulk

impurities in cell performance. Cost reduction has also

driven cells to become increasingly thinner. These

successes meant that the efforts to improve further device

performance have shifted towards surface physical

phenomena, mainly the passivation of surfaces and

interfaces. Surface passivation helps to prevent unwanted

recombination of photogenerated electron–hole pairs. As

such, it is a key requirement to achieve high conversion

efficiencies. In fact, a large portion of the improvement

achieved in record-breaking silicon cells has been possible

due to outstanding surface passivation. This is demon-

strated, for example, by the use of amorphous silicon

passivation in Kaneka’s 26.6% [9] and Panasonic’s 25.6%

[10] cells, or aluminium oxide passivation of p-type silicon

combined with thin oxide electron selective contacts in

Fraunhofer ISE 25.7% TOPCon cell [11].

The surfaces in a solar cell form an abrupt

discontinuity to the semiconductor crystal lattice. This

means that the band structure of the material is disrupted

and a semi-continuum of energy states arise in the

previously forbidden bandgap. These states correspond to

strained or unterminated, also referred to as dangling,

surface bonds. Recombination mediated by bandgap

states is best described using the well-known

Shockley–Read–Hall [12, 13] theory, extended to a

continuum of surface states [14–16]. In the case of the

semiconductor surface, a good estimation can be achieved
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by approximating the recombination activity of interface

states of all energies, into a concentration Dit of states at a

single energy in the middle of the gap (Et�Ei¼ 0). The

states at this energy have electron recombination velocity

Sn0 ¼ vthDitsn, and hole capture velocity Sp0 ¼ vthDitsp,

where s indicates the capture cross section of the states.

The total recombination at the surface is then charac-

terised by the effective surface recombination velocity

(SRV) as follows:

Seff ¼
Us

Dn x ¼ dð Þ

¼
1

Dnd

nsps � n2i
ns þ nið Þ=Sp0 þ ps þ nið Þ=Sn0

: ð1Þ

where ns, ps represent the steady-state carrier concen-

trations at the surface, Dnd represents the excess minority

carrier concentration at the edge of the space charge

region (of width d) formed at the surface of the

semiconductor due to surface charge [17], and ni
represents the intrinsic carrier concentration. The lower

the effective SRV the better the surface is from the point of

view of device performance since fewer carriers are lost in

recombination processes.

An examination of Eq. (1) shows that there are two

complementary ways of reducing surface recombination.

First by reducing the rate by which interface states capture

electrons and holes, either by having fewer states or lower

capture probabilities, represented together by the Sn0, Sp0
parameters. This is achieved by completing the dangling

bonds using a surface dielectric coating or chemical

species – usually hydrogen, and is commonly referred to

as the chemical component of passivation. Second, since

a recombination process requires the presence of both

electrons and holes, lower recombination rates are achieved

by reducing the number of one type of carriers available at

the surface, ns or ps, by changing their ratio at the surface

ps/ns, which is constant for steady-state conditions. The

minority carrier at the surface normally determines the rate

of recombination. This is often but not necessarily the bulk

minority carrier and thus in n-type Si, a lower hole to

electron ratio (ps/ns) would reduce surface recombination.

This reduction can be achieved in two distinct ways. The

first is achieved by an electric field that penetrates the

semiconductor surface and thus modifies the surface carrier

concentration. This is referred to as the field-effect

component of surface passivation. The electric field is

often established by a fixed charge density Qf in the

dielectric film which creates a mirror charge in the surface

region of the silicon. The second strategy is the in-diffusion

of a high concentration of dopants of either carrier type near

the surface. This produces an equilibrium near-surface

charge carrier gradient, which in the case of compensating

dopants is also known as an emitter. When such an emitter

does not fulfill a carrier collection task it is termed a

floating emitter. This manuscript predominantly focusses on

dielectric chemical and field-effect passivation, and presents

a review of the surface dielectrics developed in the past two

decades. The field-effect passivation (FEP) coming from

diffused emitters is not within the scope of this review, yet it

will be noted when it is used in combination with dielectric

coating passivation.

An observation is made with regards to nomenclature.

Here, the widely adopted field-effect passivation terminol-

ogy has been used, but it is important to note that, in the

absence of external stimulation, the electric field and

associated charge distribution established in the near surface

region is in equilibrium. Therefore the electric field cannot

repel excess minority carriers away from the surface.

This electric field, however, modifies the surface carrier

concentration, which in regimes of heavy accumulation and

inversion, leads to a reduction in recombination rates upon

carrier excitation. Thus, strictly speaking, the reduction in

surface recombination is due to the spatial change in carrier

concentration near the surface, which in turn is due to the

electric field. This distinction has recently been pointed

out by Cuevas [18, 19]. However, the term ‘field-effect

passivation’ has been retained for the present work since it is

in wide use throughout the literature and it is clear that an

electric field is created in the silicon near surface region by

doping or by dielectric charge, as originally pointed in the

early 1950s by Shockley and Pearson [20, 21] in the context

of the field-effect transistor.

Girisch et al. [15] and Aberle et al. [16] proposed a

solution algorithm for Eq. (1) that included the contribution

from photo-generated carriers and accounted for dielectric

film charge Qf, the silicon surface space charge region

QSi(ns, ps), and charged interface states Qit. Figure 1

illustrates the solution to Eq. (1) using this algorithm for a

typical Si–SiO2 interface. Here the chemical and field-effect

aspects of surface passivation can be distinguished. The

Figure 1 Effective SRV as a function of positive and negative

dielectric charge concentration Qf for, n and p-type silicon with

Sn0¼ 10� Sp0, Dnd¼ 1015 cm�3, dopant concentration Ndopants,

and uniform interface charge Qit¼ 1011 e/cm�2.
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effect of slower capture rates is simply to lower the overall

SRV as evident in the bottom solid blue trace. The effect of

dielectric charge concentration is examined in more detail

for n- and p-type silicon of different doping levels. First, it is

noted that positive charge (solid trace) normally provides

better passivation than negative charge (dashed trace). This

is due to the higher capture velocity of electrons, compared

to that of holes which is commonly observed at dielectric–

silicon interfaces, particularly for the Si–SiO2 interface

where the ratio is found to be �10–100 [16]. Secondly, Seff
scales with the surface dopant density when FEP is

the dominant passivation mechanism. This was shown

by McIntosh and Black in Ref. [22]. Previously, this

increase had been incorrectly attributed to a larger carrier

recombination rate (Sn0, Sp0) at highly doped surfaces. It is

actually found that the fundamental recombination rate at,

e.g. Si-Al2O3 surfaces, is independent of the surface dopant

density [22, 23].

When a dielectric film is used to passivate the silicon

surface it is possible, and likely, that both chemical and

field-effect passivation are present. Distinguishing between

these can elucidate ways in which more effective passivation

is achieved. In this review, whenever possible, the data

reported in the literature will be used to infer the influence of

each of these mechanisms.

2 Characterising surface passivation A number

of metrics have been used to characterise the amount of

recombination taking place at a semiconductor surface. To

produce a comparative review of different passivation

dielectrics, the metrics and experimental methodologies

commonly used to infer them will be reviewed in this

section.

2.1 Surface recombination velocity The SRVwas

the first quantity experimentally measured since it related

directly to the SRH description of defect-mediated

recombination at the surface, as described in Section 1.

Initial measurements of SRV were deduced from current

density measurements in pn junction diodes either with a

gate-controlled bias [14, 24], or photo-generation of carriers

far from the junction using a bias light [15, 25–27]. At

present, contactless photoconductance (PC) decay or

transient measurements [28] of effective lifetime (teff),

from which SRV can be extracted, is the preferred technique

since it does not require a device structure or direct contacts,

and can examine larger areas. In PC measurements the

conductance, and thus the change in minority carrier

concentration, is measured using either microwaves [29–31]

or inductive coupling [32–36]. Out of these two, inductive

coupling PC has become the technique of choice for

minority carrier lifetime measurements in silicon, largely

due to the developments by Ron Sinton [37, 38] via his

company Sinton Instruments [39] in the past decades.

Measurements of effective lifetime contain the contri-

butions of all recombination mechanisms in the bulk and at

the surface of the specimens:

1

teff
¼

1

tb
þ

1

ts
: ð2Þ

Increasing both these lifetimes is key to improving cell

performance. The bulk component tb includes the intrinsic

components due to Auger and radiative recombination [40],

which will here be described by Richter’s parameterisation

[41], with the radiative recombination term Brel from Ref.

[42] and Blow from Ref. [43]. It also includes defect-

mediated SRH recombination mainly arising from bulk

impurities. Surface passivation studies are normally con-

ducted in high quality Float Zone (FZ) silicon, where SRH

bulk lifetime is sufficiently high that the bulk recombination

is negligible relative to other recombination mechanisms.

Grant et al. [44–46] have recently showed that grown-in

bulk defects can be activated in FZ-Si when annealed,

resulting in substantial recombination. They also demon-

strated the conditions required to minimise their effect.

These defects and their energy states, however, have not yet

been fully studied. In this paper, to account for bulk

recombination and so find ts, an injection-independent bulk

SRH lifetime tSRH is used in an iterative algorithm as

proposed by Kimmerle et al. [47]:

1

ts
¼

1

teff
�

1

tRad
�

1

tAug
�

1

tSRH
: ð3Þ

The algorithm is described in Section 2.2 where it is

used to determine J0s. For the calculation of SRV, the SRH

bulk lifetime is assumed infinite to minimise the propagation

of error in the calculation.

The surface lifetime component ts has a complex

dependence on SRV. The amount of recombination at the

surface depends on the spatial variation of the injected

carriers. Carriers generated far from the surface may only

recombine when they diffuse to the surface. Similarly,

carriers generated at the surface may recombine instan-

taneously or diffuse to the bulk. To account for this

dependence, Luke and Cheng [48] developed a formalism

and found a solution that indicates that the effective SRV is a

function of an infinite sum of decaying exponential terms of

effective lifetime, where the first mode is dominant and is

written as follows:

Seff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D
1

ts

� �

s

tan
W

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

D

1

ts

� �

s
 !

; ð4Þ

where W is the specimen width and D is the ambipolar

carrier diffusion coefficient. For sufficiently low SRV,

tan(x)� x, and the SRV can be approximated to

Seff ¼
1

teff
�

1

tB

� �

W

2
ð5Þ
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This expression has been widely used to characterise

SRV, as its accuracy is better than 4% when recombination

is the same at both surfaces and (SeffW)/D< 1/4 [49]. Since

some of the specimens, for example textured silicon, may

not fulfill this requirement, the effective SRV in all works

referenced in this review is calculated from the reported PC

measurements of teff using Eq. (4), andD as a function ofDn
using Klaassen’s mobility model [50] as implemented in PV

Lighthouse [51].

From Eq. (5) it is also clear that for a given level of

surface passivation, the effective lifetime increases for

thicker samples, and higher bulk intrinsic lifetimes,

corresponding to a lower doping. Seff is therefore the

preferred metric to assess the passivation quality of a

dielectric film. An important distinction to draw, however,

is that the effective SRV, as used here, relates to the

recombination current at a virtual surface at the edge of

the space charge region, rather than the recombination

occurring at the actual surface. This is because calculating

and measuring the excess carrier concentration Dn at the

actual surface is a rather involved task. This definition of Seff
has been widely accepted [17].

2.2 Surface saturation current The second metric

used to characterise surface recombination is the emitter

saturation current density J0e. This quantity has been more

generally used to assess the combined recombination from

surface states and a highly doped emitter. It has become very

popular as it can be used to evaluate the quality of an emitter,

from the point of view of recombination, using measure-

ments of teff and Kane and Swanson’s well-known method

[35]. Recently, McIntosh and Black [22] proposed the

surface saturation current density J0s metric, which relates

directly to J0e when SRH and Auger recombination in the

emitter are negligible, and showed that it provides a better

comparison of dielectric passivation quality in specimens

without an emitter (undiffused) when field-effect passiv-

ation is significant. They demonstrated that in such

undiffused specimens J0s is independent of the surface

dopant concentration under most practical conditions, and it

is thus a superior metric of passivation quality in dielectric

films.

J0s values reported in this review have been determined

from the values presented in the original manuscripts by

following a similar iterative procedure as suggested by

Kimmerle et al. [47], which was developed from the work of

M€ackel and Verner [52]. First, tSRH is assumed infinite and

J0 is calculated from a PC measurement of teff as follows:

J0 Dnð Þ ¼
d

dDn
n2i;eff :

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D
1

ts

� �

s

tan
W

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

D

1

ts

� �

s
 ! !

;

ð6Þ

where Auger and radiative recombination are again

described by Richter’s parameterisation [41], and the

effective intrinsic concentration ni,eff(Dn) is calculated

using the online PV Lighthouse [51] implementation of

P€assler’s model [53]. Following on M€ackel and Verner’s

suggestions, the J0s value has been calculated as the average

around the�10% of the flattest part of the J0(Dn) curve. The
flattest part was defined by the minimum of dJ0(Dn)/dDn.
After finding an injection-independent J0s, the SRH term

that satisfies

J0s� Ndop þ Dn
� �

qn2i;eff
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D
1

ts

� �

s

tan
W

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

D

1

ts

� �

s
 !

;

ð7Þ

and is found numerically using a Nonlinear Least Squares

minimisation in Matlab. Once a tSRH(Dn) is found, an

average injection-independent tSRH is found averaging the

same range of Dn as previously done for J0(Dn). This

procedure is iterated until tSRH and J0s change marginally.

The resultant value of tSRH is then used in ts to find Seff.

An important insight to draw fromM€ackel and Verner’s

study is the large variation that can exist in the determination

of J0s depending on the sample and measuring technique. To

counteract this, the surface recombination metrics reported

here will concentrate on studies using semi-uniform

illumination, by using the IR-filtered flash lamp in the

standard WCT Sinton system, a base dopant resistivity as

close to 1Vcm as possible, and no emitter such that, in

absence of band bending, the surface carrier concentration is

the same as in the bulk. Additionally, the same intrinsic bulk

recombination models are applied to all effective lifetime

measurements, and the extraction of J0s is kept within the

0.5�Ndop<Dn< 5�Ndop range.

2.3 Implied open-circuit voltage The implied

open-circuit voltage, abbreviated iVoc, is the third metric

that will be used here to compare the quality of different

dielectrics and deposition techniques at passivating the

silicon surface. This can be calculated from the known Dn
values obtained from a measurement of teff(Dn) using PCD.
As detailed by Cuevas and Sinton [54], iVoc is given by

iVoc ¼
kT

q
ln

Dn Ndop þ Dn
� �

n2i;eff

 !

ð8Þ

Unfortunately, the generation data required to calculate

the equivalent suns intensity for a Dn in a given sample is not

widely available in the literature and thus, the iVoc calculated

here is obtained as a function of Dn rather than Suns. Unless
otherwise indicated all values of teff, Seff and iVoc will be

reported at a minority carrier injection of Dn¼ 1015 cm�3.

2.4 Textured surfaces The effect of texturing the

silicon surface is also considered in this work. Texturing

of the solar cell’s surface is an integral part of the

manufacturing process as it enhances photon capture and

trapping. A large number of methods to texture silicon have
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been developed, however, the random upright pyramids

formed using a buffered alkaline etchant (typically buffered

KOH) is the commercially standard method in monocrys-

talline silicon [55]. Despite the fact that all practical solar

cells only exhibit textured surfaces, at least on the front

surface, much less data have been reported for recombina-

tion parameters for textured specimens than for flat ones.

These data are presented here but the following consider-

ations must be noted with regards to surface recombination

metrics for textured silicon.

Recombination at a textured surface is generally larger

than for a flat surface of an equivalent specimen. This is

firstly due to the increase in surface area when the texturing

is formed. The texturing processes for single crystal silicon

typically produce a random pyramidal morphology with an

area about 73% larger [17, 55] than the pre-existing {100}

surfaces commonly used. The faces of the pyramids

are approximately {111} surfaces and McIntosh and

Johnson [55] demonstrated that the increase in recombina-

tion on textured material was not only associated with the

extra surface area, but also due to the larger number of

dangling bonds at a {111} surface, and also the higher

concentration of interface defects in a textured surface,

possibly originating from mechanical stress in the

dielectric–silicon interface at creases, edges or vertices.

Baker-Finch and McIntosh [56] characterised the contri-

butions of the latter.

These differences have been commonly taken into

account by simply multiplying J0s by a scaling factor such

that flat and textured surfaces are assumed comparable [55,

57, 58]. However, as shown by McIntosh and Johnson [55],

the value of such a factor depends strongly on the texturing

process and the surface dopant concentration. For this

reason, the metrics reported for textured silicon in this

review are calculated in the same way as for flat silicon

samples without a scaling factor, and should only be

compared to similarly textured specimens.

3 The impact of surface passivation on cell
performance The requirement of higher efficiency solar

cells is currently driving industry into adopting better

performing architectures [2]. The passivated emitter rear

cell (PERC) and the interdigitated back contacted (IBC) cell

are among the most promising designs for high efficiency

in the coming decades [59]. To provide an indication of

how dielectric surface passivation affects the performance

of devices, a number of simulations have been conducted

here using EDNA 2 [60] and Quokka 2.2.4 [61]. In Quokka,

surface recombination is better modelled by the J0e
parameter when moderate or large charge concentrations

are present in the dielectric, or when the surface has the

added field-effect from an emitter or surface field. The J0e
parameter for the front surface of the cells modelled here

varied between 1 and 1000 fA cm�2. This simulates a wide

range of surface recombination at the front of the cell.

A typical PERC p-type cell with a local aluminium back

surface field (BSF) and screen-printed metallisation has

been chosen, as reported by Fell in 2014 [62]. Two different

front emitters were modelled to evaluate the effect of

the industry trend towards lighter doping. The parameters

for the modelled PERC cell are listed in Table 1.

Figure 2a illustrates a simulation of the J0e parameter. This

was conducted in EDNA 2 to quantify the effect that

chemical and field-effect passivation have on the front

surface recombination parameters J0e and Seff. It is noted

here that a similar simulation of J0e can also be done as

suggested by Cabanas-Holmen and Basore [63] using a

semi-ideal lightly doped pn junction, with negligible p side

recombination in PC1D [64]. In Fig. 2a, it is evident that

lighter-doped emitters are beneficial from the point of view

of surface recombination when moderate chemical passiv-

ation is provided. Lighter-doped emitters also gain more

passivation from the field-effect mechanism. As the

chemical passivation worsens, the field-effect is of lesser

importance. This is due to the marginal change in carrier

concentration induced by the field in a surface with already

very low concentration of minority (holes) carriers. Overall

it can be seen that J0e,front can vary strongly depending on the

quality of chemical passivation, and only benefits when a

substantial concentration of charge is mirrored in the space

charge region, as a result of the dielectric film charge. This

indicates that for PERC cells the field-effect mechanism is

of lesser importance than the chemical.

Figure 2b illustrates the efficiency of the simulated

PERC cell when front surface recombination is varied, as

represented by the J0e parameter. It is clear that the

performance of this cell is dependent on the passivation of

both front and back surfaces. As the passivation decreases,

Table 1 Summary of cell parameters used for simulations in

Quokka.

parameter PERC IBC

cell thickness 180mm 180mm

base doping p n

base resistivity 1Vcm 1Vcm

SRH bulk lifetime tn¼ 0.5,

tp¼ 3ms

tn¼ tp¼ 5ms

emitter diffusion rsheet 100,150V/& 90V/&

base diffusion rsheet 60V/& 50V/&

front surface field rsheet – 200V/&

undiffused rear J0,

passivated

13, 130 fA cm�2 2 fA cm�2

emitter diffusion J0,

passivated

– 19, 200 fA cm�2

emitter diffusion J0,

contacted

600 fA cm�2 417 fA cm�2

base diffusion J0, passivated – 215 fA cm�2

base diffusion J0, contacted 800 fA cm�2 583 fA cm�2

emitter contact resistance 2� 10�3Vcm2 5� 10�5Vcm2

base contact resistance 5� 10�3Vcm2 1� 10�5Vcm2

external series resistance 0.1Vcm2 0.1Vcm2

external shunt resistance 105Vcm2 105Vcm2

ni,eff 9.65� 109 cm�3 9.65� 109 cm�3
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the efficiency dependence on passivation is stronger. The

dependence is larger for J0e> 100 fA cm�2 where losses of

over 1% absolute are possible. This is a significant loss in

efficiency for a solar cell. This shows that effective

passivation schemes for both the front and rear of the cell

must be implemented. In the case of this PERC cell, the

chemical passivation seems to be the leading mechanism to

passivate the front surface. Additionally, improved rear

passivation can lead to an increase of over 1% absolute

efficiency, if the front surface is optimally passivated.

Conversely, for a well passivated rear surface, lighter-doped

emitters are beneficial, but heavier-doped emitters are

preferred with a poor rear surface. This illustrates the fact

that when the rear surface is limiting the performance, the

cell benefits from the added conduction in a heavier-doped

emitter.

As stated in previous section, higher recombination is

typically observed at a textured surface. The front of a solar

cell will normally be textured, and the passivation may not

be as good as for flat surface. It was noted that, despite the

very effective passivation methods review in the next

section, the recombination at a textured surface can be over

one order of magnitude higher than in a flat surface. This

will substantially increase J0e.

For the IBC cell, the large emitter coverage structure A,

reported by Reichel et al. [65], was used as a model.

Simulations with and without a 200V/& front surface field

were included. The parameters for the modelled IBC cell are

listed in Table 1. Figure 2c illustrates a simulation of the J0e
parameter conducted in EDNA 2. The effective SRV was

calculated using approximation (5) in Ref. [52] for

Dn¼ 1015 cm�3 and is displayed on the right hand y-axis.

Here, the presence of a front surface field (FSF) is known to

reduce the dependence of surface recombination, and hence

J0e, on FEP from dielectric charge. However, in the absence

of a FSF, extremely effective passivation can be achieved

from FEP with J0e< 1 fA cm�2. This surface performs

better than in the presence of a FSF. This effect is attributed

to the Auger recombination in the highly doped region.

When chemical passivation is poorer such that surface

recombination rates (Sn0, Sp0) increase, e.g. by an order of

magnitude, J0e is seen to increase by approximately the

same amount. Field-effect becomes a more relevant

passivation mechanism when the chemistry is poor.

Figure 2d illustrates the efficiency of the simulated

IBC cell when front surface recombination is varied. The

performance of an IBC cell is more strongly dependent on

the passivation of its front surface than the PERC cell. This

is due to the fact that carriers, normally generated in the near

surface region, need to diffuse to the rear emitter before

being collected. As the passivation decreases, a steeper

dependence is observed. The dependence is particularly

strong for J0e> 100 fA cm�2, leading to large efficiency

losses. Improved passivation J0e< 10 fA cm�2 can lead to

an increase of over 1.5% in absolute efficiency (compared to

moderate passivation �100 fA cm�2). Efficiencies exceed-

ing 24% are shown to be possible for this IBC cell when

outstanding passivation is provided, J0e� 1 fA cm�2, to

both the front and rear of the cell. The rear surface is seen to

be of lesser importance in the IBC cell, yet reductions of

up to 2% absolute can occur from poor passivation. Despite

the passivation benefits of a FSF, it does not improve the

carrier conduction. As a matter of fact, for the geometry

simulated here the FSF would reduce efficiency marginally

Figure 2 Simulated one-sun performance of the PERC and IBC cells as a function of front surface recombination. (a) EDNA 2 simulated

emitter saturation current density for a PERC cell front surface as a function of space-charge-region charge concentration Qsi, for two

different Erfc emitters with sheet resistance 100 and 150V/&. (b) Quokka simulated PERC cell efficiency as a function of front and back

J0e for two conditions of back surface recombination. (c) EDNA 2 simulated emitter saturation current density for an IBC cell front

surface as a function of space-charge-region charge concentration Qsi, for cells with and without a front surface field. (d) Quokka

simulated IBC cell efficiency as a function of front and back J0e for cells with and without a front surface field.
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due to the additional Auger recombination in the highly

doped front region.

4 Materials and methods for silicon surface
passivation Since the expansion of the silicon solar cell

industry in the 1990s, dielectric coatings have been the

universal solution to surface passivation and antireflection.

Several different technologies have been developed to

deposit or grow such dielectric coatings on the cells’

surface. An important distinction is now drawn with regard

to the passivation quality obtained from the deposition of

a dielectric coating. It has been shown that dielectric

coatings can change their passivation quality when they are

treated after the film has been deposited. This treatment

may involve a high-temperature step, e.g. firing of metal

contacts in a cell, in either an inert or reactive atmosphere,

or the introduction of a secondary passivating species,

commonly hydrogen, for additional chemical passivation,

or a charged ion for additional field-effect passivation

(FEP). In the case of inert anneals, some of the structural

properties of the dielectric, especially at the interface with

Si, may be modified in a way that both chemical and field-

effect passivation are enhanced. In the case of reactive

anneals, exposure to hydrogen, or purposeful introduction

of species, the surface passivation qualities achieved by the

treatment are modified by an external agent, and are thus

here termed extrinsic. This is as opposed to the intrinsic

structure and configuration of the interface right after

deposition or inert annealing. When reviewing the research

on dielectrics for silicon surface passivation, not only the

chemical or field-effect components of passivation will be

reported, but also the intrinsic and extrinsic origin of such

mechanisms.

The materials and deposition methods for surface

passivation will be reviewed here chronologically, grouped

by the material rather than the deposition technology. The

first and most researched dielectric for silicon surface

passivation is silicon dioxide (SiO2). This is thanks to the

fact that SiO2 films allowed the development of MOSFETs

in the IC industry during the 1970s and 1980s. After this,

the most used and currently standard material for solar cell

passivation is silicon nitride (SiNx). Many combinations of

these two have since emerged, and many new materials and

methods have been successfully demonstrated to provide

outstanding passivation. This review intends to cover those

materials and methods developed in the last 20 years. For

complimentary reviews covering the advancements in the

1980–1990s, we suggest the work of Aberle [17, 66], and

for more recent yet more focussed works see Refs.

[67–70]. The subsections to follow concentrate on the Seff
metric for the different passivation schemes reviewed, and

where data are available a differentiation between

chemical and FEP is drawn. At the end of each subsection

a summary table of the best performing dielectrics for each

deposition or growth technology is provided, and Section 5

summarises all metrics calculated for these passivation

dielectrics.

4.1 Silicon oxide Thermally grown silicon dioxide is

among the most ubiquitous dielectric films in semiconductor

technology. In the integrated circuit industry this film has

been extensively studied and comprehensive summaries can

be found in textbooks like Nicollian and Brews [71], Deal

and Helms [72] or more recently Engstr€om [73]. In the

context of silicon solar cells, on the other hand, the work of

Aberle et al. [16, 17, 66, 74, 75] reviews thoroughly the

early findings on the passivation quality of SiO2. As

described in his reports, one of the most successful SiO2

passivation dielectrics is that achieved using the so-called

alneal process. Kerr and Cuevas [76] reported PC teff
measurements in such films obtaining what remained the

leading passivation scheme during the 2000s. In fact, such

was its success that it was used to characterise the Auger and

radiative components of bulk recombination in 2002 [77].

When using this process they demonstrated lifetimes as high

as 5.25 and 1.65ms in 1.5Vcm n-type and 1Vcm p-type

material, respectively, equating to SRVs of 1.72 and

7 cm s�1, respectively.

To the authors knowledge, the term alneal was coined

by Deal in 1970 to refer to aluminium anneals [78, 79]. In

this process a thermal SiO2 film is deposited with a

�0.1–1mm layer of aluminium, typically using thermal

evaporation in vacuum, and then the dielectric is annealed

at 400–450 8C in a forming gas (<5% H2) atmosphere.

The benefits of such aluminium or post-metallisation

anneal had been known for years [80–88] before Kerr and

Cuevas reported its effectiveness using PCD measure-

ments. The widely accepted explanation of the passiv-

ation mechanism in alnealed samples was first suggested

by Balk [80, 81]: during high temperature annealing

aluminium reacts with water, probably present in a

hydroxyl form, at the oxide surface to form aluminium

oxide. This releases hydrogen which quickly diffuses to

the Si–SiO2 interface and passivates some of the harmful

bandgap states. The aluminium is then stripped using hot

ortho-phosphoric acid rendering the final structure. The

change in the electrical properties of the Si–SiO2 interface

due to alneal hydrogenation has been thoroughly reported

in Ref. [89]. Recently, Collett et al. [90] reported an

enhanced alneal process whereby charges are introduced

into the oxide film at the same time hydrogenation takes

place. They demonstrated the introduction of charged

ionic species which provide field-effect passivation to the

underlying silicon, and reported SRV of 0.5 cm s�1 on

n-type 1Vcm silicon, surpassing that achieved by Kerr

and Cuevas. As such, it is clear that both extrinsic

chemical and FEP mechanisms can be exploited in

alnealed SiO2.

Alnealed SiO2 has been mainly used in laboratory solar

cells, most notably the record-breaking passivated emitter

rear locally diffused (PERL) cell, by UNSW [91]. Due to the

high temperatures and long timescales it has not been widely

adopted in industry. In recent years, however, SiO2 has

gained popularity since it is known to produce the lowest

density of interface defect states at the silicon surface. New
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implementations include bi- and tri-layers using SiO2 as the

first interfacial layer to silicon, as covered later in this text,

or extremely thin oxides where quantum tunnelling effects

[92] and/or high density of pinholes [93] aim to provide

passivated and carrier selective contacts [94]. Such interest

in SiO2 has motivated new studies where PC lifetime is

recorded for different oxidation and extrinsic processing

conditions. For example, extrinsic introduction of H has

been known for a long time in the form of forming gas

anneals (FGA) [95]. Extrinsic modification of the field-

effect properties was also proposed long ago using corona

discharge [96–98], most notably in the work of Glunz et al.

[99]. Most recently Kho et al. [100] demonstrated very

effective passivation of oxidised n-type Si using the same

technique. It is to note that the stability of many of these

extrinsic, both chemical and field-effect, passivation

techniques remains an obstacle for adoption into solar cell

manufacturing [101, 102], with some progress only recently

reported [103]. Despite this, some of the most electrically

inactive surfaces have been obtained using such techniques.

Bonilla et al. have used corona discharge [104–107] or alkali

ionic species [103, 108] to extrinsically charge oxide films

and improve their FEP properties. They also performed

forming gas anneals to extrinsically incorporate H to the

interface and combine it with extrinsic corona FEP [107,

109]. In the best case they reported teff¼ 5.13ms,

Seff¼ 0.24 cm s�1, in n-type Si 1Vcm. When the surface

was textured the Seff increased to 28 cm s�1 [109]. McIntosh

and Johnson also observed such increased recombination.

They observed 2–12 times higher SRV and attributed it to

the increased surface area, dangling bonds and stress-

induced defects [55]. Most recently, Hamer et al. [110] and

Bourret-Sicotte et al. [111] reported a new methodology to

extrinsically introduce H species into a SiO2 film using a

shielded ammonia plasma. By combining extrinsic chemical

and FEP of SiO2 they successfully achieved teff¼ 6.4ms,

Seff¼ 0.17 cm s�1, in n-type Si 1Vcm.

The high temperatures required to grow thermal oxides

make it an expensive method for the solar cell industry.

Additionally, stability issues and lack of passivation for

p-type c-Si have been identified [66, 112]. This resulted in

significant efforts being made to develop low-temperature

deposition technologies. The most successful of these

technologies is plasma-enhanced chemical vapour deposi-

tion (PECVD). Hydrogenated silicon sub-oxide (a-SiOx:H)

films were produced using PECVD which led to teff¼ 4ms,

Seff¼ 1.5 cm s�1, in n-Si 1Vcm [113–116]. These required

an activation anneal after deposition to reach effective

passivation. No in-depth study of the mechanisms has been

provided, yet it appears that hydrogenation after deposition

plays a vital role in the passivation quality. Other studies

focusing on the passivation potential of PECVD SiOx

include Refs. [117–120].

By combining the good intrinsic chemistry in thermal

SiO2, with the hydrogenation from PECVD SiOxMack et al.

[121] demonstrated SRVs <10 cm s�1 in SiO2/SiOx double

layers. In these kind of films, the main mechanism for

passivation was found to be the transport of extrinsic H from

the bulk of the film towards the interface. Once there, it

chemically passivates the interface dangling bonds during

high-temperature treatments [116, 122], like for example

forming gas [123] or alneals [124, 125]. Similar results have

also been achieved using industrial inductively coupled

plasma deposition [126, 127], yet insufficient data are

available to calculate their metrics for this review.

A recently introduced technique to produce thin

dielectric films is atomic layer deposition (ALD). It has

gained a lot of attention mainly in the context of aluminium

and other metal oxides for passivation. These will be

covered in subsequent sections. Here it is noted that SiOx

has been synthesised using the ALD technique yet only

moderate passivation has been achieved [128]. Its electrical

properties have been recently studied as described in Refs.

[129–132].

As the solar cell industry has progressed, it has become

a requirement to produce large volumes of cells cost

effectively. This has motivated the production of large-

throughput dynamic PECVD reactors, much different than

the static ones in laboratory facilities. A very complete

investigation on PECVD inline production of SiOx

dielectrics has been conducted in recent years by Duttagupta

[133]. Along with other reports [134–136], it was

demonstrated that only relatively poor passivation is

achieved when using such PECVD SiOx films (Seff> 100

cm s�1 in moderately doped silicon) even after temperature

treatments and extrinsic H passivation via FGA. To address

this issue a second capping layer is commonly deposited

on top of an interfacial SiOx to produce a bilayer stack,

typically using silicon nitride (SiNx) or aluminium oxide

(AlOx) [134, 137]. These multi-layered films will be

described later in this paper.

Lastly, it is possible to produce thin oxides using low

temperature (<200 8C) chemical methods. These methods

have become increasingly important as passivated and

electron selective contacts have been demonstrated using a

tunnelling (�1–2 _A) oxide on n-type silicon. The use of a

chemically grown tunnelling oxide allowed Fraunhofer ISE

to demonstrate over 25% efficient solar cells [138, 139]. An

extensive review of chemical SiO2 methods was provided

by Grant and McIntosh [140]. They built on early work of

the nitric acid oxidation of silicon (NAOS) technique by

Asuha [141] and Mihailetchi [142], to achieve SRVs as low

as 20–70 cm s�1 by constant and alternating voltage anodic

oxidation, followed by annealing at 400 8C in oxygen and

then forming gas [143–146]. Similar reports by Gad et al.

[147] and Stegemann et al. [148] show that a wide range of

low temperature chemical oxides present high interface

density �1012 eV�1 cm�2. This leads to relatively poor

surface passivation only improved using rapid thermal or

forming gas anneals. Other recent reports also make use of

light-induced anodisation [149, 150]. In the same manner as

PECVD SiOx, Grant et al. [151] found that the passivation

quality and stability of chemically grown oxides could be

improved by depositing a SiNx capping layer. A summary of
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the best performing passivating silicon oxide films is shown

in Table 2.

4.2 Silicon nitride, oxy-nitrides and stacks The

development of low-temperature deposition methods like

PECVD enabled extremely effective passivation and

antireflection dielectrics, most notably silicon nitride (SiNx).

The seminal work on the electrical properties of the SiNx–Si

interface and its application to solar cells was performed by

Schmidt, Kerr, Cuevas, Aberle and Hezel [74, 152–164].

Their advancements made plasma SiNx into the de facto

standard film for commercial production of silicon solar

cells [2, 165, 166]. Three main advantages have made

SiNx very successful. First, its refractive index is such that

the film properties can be tailored to produce excellent

antireflection when the cell is encapsulated. Second,

PECVD deposition of SiNx involves the release of large

quantities of hydrogen which in turn passivates many

surface and bulk defects, both during film deposition and by

movement of the H remaining in the film using a post-

deposition anneal. And third, the passivation properties of

SiNx can be balanced to jointly exploit the chemical

reduction in interface recombination rates, and the field-

effect reduction of carrier surface concentration via built-in

positive charge. This has been especially effective in highly

doped n-type Si which is also the current standard front

surface in the vast majority of commercial solar cells.

In these PECVD SiNx films, the passivation mechanism

was identified to be a combination of a slow capture rate at a

moderately large concentration of interface states, 1011–

1012 eV�1 cm�2 [167–169], and a high concentration of

positive dielectric fixed charged (01012 e/cm2) repelling

holes from the surface [167, 168, 170, 171]. PECVD allows

control of the concentration of reactant precursors so that the

film’s stoichiometry can be adjusted. For SiNx, silicon-rich

films lead to a film structure very similar to amorphous

silicon, where passivation is mainly provided by the

chemical reduction in recombination rates. For a nitro-

gen-rich film, on the other hand, chemical passivation is

reduced and field-effect passivation is enhanced by the

formation of silicon-nitrogen dangling bonds, i.e. a silicon

atom backbonded to three nitrogens (•SiN3) [171–177].

This defect is known as the K centre and presents an

amphoteric nature – i.e. it can change its charge state

between neutral, positive and negative depending on the

Fermi level [178]. K centres in SiNx are typically positively

charged. Progress in the past two decades developed an

optimal combination of these two factors leading to

outstanding passivation using PECVD SiNx films. Kerr

and Cuevas [160] achieved Seff of 7 and 14 cm s�1 for

1.5Vcm n- and 1Vcm p-type silicon, respectively.

Improvements to such work followed soon after by Chen

et al. [179–181] who produced Seff of 1.38 cm s�1 in 1Vcm

n-type Si, and by Richter et al. [41] who reported

0.64 cm s�1 in silicon of the same kind and resistivity.

Most recently, Wan et al. [182, 183] reported one of the

lowest SRVs of PECVD SiNx, 0.67 cm s�1 in 0.85Vcm

p-type Si, and immeasurably low SRV on 0.47Vcm

n-type, with the additional advantage of very low optical

absorption. On a textured surface, Wan and McIntosh [184]

showed that SRV could increase by a factor of �1.8 for

silicon-rich films, or �6 for nitrogen rich films, when the

larger surface area of a pyramidal surface is not accounted

for, as noted in Section 2. For a thorough review of the

electronic properties of these films see Aberle’s book [17].

It is evident that extensive work has resulted in

extremely effective plasma nitride films. To complement

these advances, high throughput industrial tools have been

developed, where dynamic deposition allows inline manu-

facture of solar cells. Some studies investigated these

industrial techniques yet with limited success [185–189].

The work of Duttagupta [133] covers the most substantial

progress in this area. He found Seff under 1.82 and

2.46 cm s�1 in 1Vcm n- and p-type Si using nitride films

deposited in industrial scale inline PECVD reactors. In

similar studies Duttagupta et al. [133, 170, 190] investigated

the passivation mechanisms of these films and found that

the effectiveness of passivation was mainly due to the field-

effect repulsion of carriers from an intrinsic fixed charge

concentration of 3–5� 1012 q/cm2. A smaller effect due to

the chemical component was suggested.

When examining the results obtained for both SiO2 and

SiNx films, in this and the previous subsection, it becomes

evident that the electrical characteristics that each film

Table 2 Summary of best performing silicon oxide passivation

films for selected growth techniques.

substrate method � SRV ref

n-1.5Vcm

285mm

alnealed thermal SiO2
ExCh, St

Kerr and Cuevas

[76]

Seff¼ 1.72 cm s�1

p-1Vcm

400mm

alnealed thermal SiO2
ExCh, St

Kerr and Cuevas

[76]

Seff¼ 7.01 cm s�1

n-1Vcm

200mm

enhanced alnealed SiO2
ExCh, St

Collett [90]

Seff¼ 0.44 cm s�1

n-1Vcm

200mm

thermal SiO2
ExFEP, St Bonilla [107, 109]

Seff¼ 1.45 cm s�1

n-1Vcm

200mm

FGA thermal SiO2
ExCh,

ExFEP, St
Bonilla [107, 109]

Seff¼ 0.24 cm s�1

n-1Vcm

200mm

SHP thermal SiO2
ExCh,

ExFEP, St
Bourret-Sicotte

[110, 111]

Seff¼ 0.17 cm s�1

n-1Vcm

250mm

PECVD a-SiOx:H
ExFEP,

St
Mueller [115]

Seff¼ 1.5 cm s�1

n-5Vcm

700mm

FGA, NAOS SiOx
ExCh, St Grant [143, 144]

Seff¼ 66 cm s�1

ExFEP, extrinsically added charge for field-effect passivation; ExCh,

extrinsic species added or migrated from to the interface for chemical

passivation; St, static deposition method – laboratory facilities.
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provide are somewhat complimentary. While SiO2 films

present the lowest interface state density Dit, which in many

cases transfers into very low interface capture velocities Sn0,

Sp0, their counterpart SiNx films exhibit a large concentra-

tion of charge that provides effective FEP. In fact,

researchers realised early on that, when depositing a

PECVD SiNx film, a very thin interfacial oxy-nitride gets

formed, abbreviated SiOx:Ny, or SiON for short. Aberle

[177] reported that such a layer forms due to the very thin

native SiOx film that grows on the surface between cleaning

steps and the start of the deposition process. This

understanding brought about the implementation of

double-layered stacks consisting of an intentional SiO2 or

SiOx film, complemented by a second SiNx film providing

the same three advantages mentioned earlier, yet with the

possibility of even better passivation quality. This concept

has been exploited by many researchers in the past decades.

By using an initial thermally grown oxide and subsequent

PECVD SiNx Schmidt et al. [159, 161], and later Mack et al.

[121, 191] demonstrated Seff in the range �5–10 cm s�1 in

�1Vcm p-type Si. In n-type silicon, where passivation is

more effective, Larionova et al. [192] demonstrated a Seff of

0.42 cm s�1, and Bonilla et al. [193] obtained 0.17 cm s�1,

for 2.5 and 1Vcm resitivities, respectively. They reported

that the mechanisms involved in such good passivation were

a combination of the intrinsic field-effect due to grown-in

charge in the nitride layer, the extrinsic chemical passivation

of the Si–SiO2 interface (due to hydrogen ingress during

PECVD deposition of the nitride), and the subsequent

addition of extrinsic field-effect via corona discharge [193,

194]. When used on a textured surface, Bonilla et al. [102]

reported a Seff of 34 cm s�1 in an as deposited oxide-nitride

stack, and 14 cm s�1 after extrinsic addition of charge. Some

other works have also used native [195] and rapid thermal

oxides [196–199] as the first layer under a SiNx film, yet

their results are not as effective as those using high

temperature ones.

The higher speed and lower temperature of PECVD

systems have made plasma SiOx a suitable choice as the first

layer in oxide-nitride stacks. Early works by Chen et al.

reported the benefits of the second SiNx capping layer [123].

The nitrides not only provided better passivation but also

improved the stability of oxide films. Work of Hofmann

et al. [69, 200, 201] and Dingemans et al. [137]

demonstrated that despite the initially poor intrinsic

qualities of a PECVD SiOx film, extrinsic improvement

is possible from hydrogenation during nitride deposition

and/or post-deposition activation anneals. Additionally, the

nitride film has an intrinsic concentration of fixed charge

which provides FEP. While Hofmann et al. achieved SRVs

in the �40 cm s�1 range for p-type Si, Dingemans et al.

improved upon this work and showed Seff of 7.6 cm s�1 in

n-type Si 3.5Vcm, and 11.2 cm s�1 in p-Si 2Vcm. Using

second-harmonic generation spectroscopy they demon-

strated that the SiOx/SiNx double layer stack exhibits lesser

charge than a single SiNx film, yet enough to contribute

some FEP. The key component of passivation, however, is

that achieved by the low recombination rates due to

hydrogenation of the interface states [137]. Other authors

have also reported the use of such passivation approaches in

actual solar cells [202, 203], with some issues noted during

post-deposition annealing or firing steps [204]. All oxide-

nitride double layer films reviewed until now have been

deposited using laboratory scale PECVD. As noted earlier,

this is not well suited for large scale production. Practical

manufacturing of solar cells requires dynamic fast deposi-

tion of dielectrics. Duttagupta addressed this using inline

PECVD deposition of oxide-nitride stacks [133]. He

demonstrated that optimal SiOx/SiNx films could be

produced in fast inline reactors reaching Seff of 8.15 cm s�1

on n-type Si 1.5Vcm, and 35 cm s�1 in p-type Si 1.5Vcm

[134, 205, 206].

The last nitride dielectric system reviewed in this

section is that obtained when oxygen is present during

deposition. Plasma processing where both oxygen and

nitrogen precursors are present gives rise to a new

dielectric material commonly termed silicon oxy-nitride

(SiON). Despite their wide range of applications in the IC

industry [207–209], SiON films have only recently been

applied to silicon cell surface passivation. As mentioned

earlier, it had been suggested that the thin native oxide

film is normally turned into a SiON upon plasma

deposition of SiNx, or during oxidising treatments

afterwards. The studies of Lepinski et al. [210], Dupui

et al. [211–213] and Seiffe et al. [214, 215] appear to be

the earliest reports of an intentionally grown SiON film

in the context of silicon solar cells. Seiffe et al. achieved

the most promising results. They studied the electrical

properties of this film and found that, when capped with a

second SiNx film, the SiON-SiNx double layer stack not

only provides excellent passivation, but also resists the

high and rapid temperature processing that solar cells

commonly undergo after dielectric deposition. They

found that Seff below 1.35 and 2.85 cm s�1 were possible

in n- and p-type 1Vcm silicon. Achieving such excellent

passivation required activation steps using a high

temperature firing at �650 8C, and light soaking. In

addition to PC lifetime measurements, Seiffe et al. used a

combination of surface photo-voltage, capacitance volt-

age measurements and electron paramagnetic resonance to

study the mechanisms of passivation. They found a large

concentration of a fixed dielectric positive charge. They

proposed that this charge originates from shallow donor

states in the SiON layer, presumably arising from over-

coordinated oxygen and/or nitrogen atoms in the silicon

network, which were likely formed as their film was

silicon rich. They also find that despite the large

concentration of dielectric charge, only part of it is

mirrored in the silicon space charge region. This indicated

that a large concentration of interface states is present

and charged. The chemical component of passivation was

studied in lesser detail yet it is reasonable to assume a

contribution from hydrogenation during SiNx deposition

and H migration during firing. From their work it appears

1700293 (10 of 30) R. S. Bonilla et al.: Dielectric surface passivation for silicon solar cells

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com

p
h

y
si

ca ssp

st
a

tu
s

so
li

d
i a



intrinsic and extrinsic components of passivation are

present and combined in this SiON–Si interface.

Subsequent studies have explored this dielectric system

in more detail. Laades et al. [216] and Shwab et al. [217]

corroborated previous findings on the thermal stability of

SiON films, and additionally showed that H passivation

played a key role in the passivation properties upon high-

temperature firing. Zhou et al. [218, 219] systematically

studied the plasma deposition parameters, while Brinkmann

et al. [220] investigated the films’ electrical, optical and

structural properties. They found optimal conditions for

passivation with results similar to Seiffe’s. Also, SiON films

were shown resistant to a well-known deterioration effect

termed potential induced degradation (PID) – a decrease in

cell performance due to changes in the passivation dielectric

from high voltage differences to the module frame [219,

221, 222]. Similar preliminary findings in the same system

were previously reported by Zhu et al. [223].Work of Cheng

et al. [224] also found that the chemical passivation

component played a more important role after firing the

SiON/SiNx stack, and similar stability and passivation

effectiveness was shown. Hallam et al. [225] showed that

the passivation provided by SiON was strongly dependent

on it composition, with low N–H bond density providing

optimal results. In addition to PECVD, atmospheric

pressure [226], and expanding thermal plasma methods

have been explored but only poor passivation was achieved

[227]. Modest passivation has also been achieved using

sputtered SiNx [228, 229]. Lastly, it is noted that these oxy-

nitride systems have been successfully used to passivate

the rear (normally p-type) surface of silicon solar cells, e.g.

Refs. [230, 231]. A summary of the best performing

passivating silicon nitride films is shown in Table 3.

4.3 Amorphous silicon and associated
stacks Sanyo, now owned by Panasonic, developed the

heterojunction silicon solar cell in the 1980–1990s [232].

Their successful Heterojunction with Intrinsic Thin layer

(HIT) concept brought attention to the singular properties of

the amorphous-crystalline silicon (a-Si/c-Si) interface [233,

234]. It was demonstrated that this heterojunction could

conduct one type of carrier while limiting the recombination

losses typical of metal-semiconductor contacts [235, 236].

This allowed a cell architecture with outstanding open

circuit voltages, and efficiencies as high as 25% [10]. When

used in a cell, however, multi-layered and doped a-Si films

are required [10, 237, 238]. This allows charge carrier

collection in the cell. Such systems are beyond the scope of

this paper. Here, the properties of undoped or intrinsic a-Si

will be reviewed in the context of surface passivation

(minority carrier) rather than carrier conductivity (majority

carrier).

a-Si is a semiconductor, thus its use as a passivation

material requires a second, and in some cases, a third layer.

These provide both antireflection and insulation properties

to the surface. This subsection examines the electrical

characteristics of such dielectric systems, focusing on

the mechanisms of passivation provided by the a-Si/c-Si

interface.

Early studies on recombination at the a-Si/c-Si interface

were limited [239, 240], or mainly related to the HIT cell

architecture [241, 242]. They reported relatively poor SRVs

Table 3 Summary of best performing silicon nitride passivation

films for selected deposition techniques.

substrate method � SRV ref

n-1.5Vcm

305mm

PECVD SiNx
St Kerr and Cuevas

[160]

Seff¼ 7.06 cm s�1

p-1Vcm

400mm

PECVD SiNx
St Kerr and Cuevas

[160]

Seff¼ 14.8 cm s�1

n-1Vcm

240mm

PECVD SiNx
St Chen [180, 181]

Seff¼ 1.38 cm s�1

n-1Vcm

200mm

PECVD SiNx
St Richter [41]

Seff¼ 0.64 cm s�1

p-0.85Vcm

295mm

PECVD SiNx
St Wan [182]

Seff¼ 0.67 cm s�1

n-1Vcm

280mm

inline PECVD SiNx
Dy Duttagupta [133]

Seff¼ 3.83 cm s�1

p-1Vcm

280mm

inline PECVD SiNx
Dy Duttagupta [133]

Seff¼ 4.11 cm s�1

p-1Vcm

400mm

thermal SiO2-PECVD

SiNx
St

Schmidt [121,

161]

Seff¼ 8.6 cm s�1

n-2.5Vcm

155mm

thermal SiO2-PECVD

SiNx
St

Larionova [192]

Seff¼ 0.42 cm s�1

n-1Vcm

200mm

thermal SiO2-PECVD

SiNx
St

Bonilla [193]

Seff¼ 0.17 cm s�1

n-3.5Vcm

280mm

PECVD SiOx/SiNx
St Dingemans [137]

Seff¼ 7.6 cm s�1

p-2Vcm

280mm

PECVD SiOx/SiNx
St Dingemans [137]

Seff¼ 11.2 cm s�1

n-1.5Vcm

150mm

inline PECVD SiOx/

SiNx
Dy

Duttagupta [133]

Seff¼ 8.15 cm s�1

p-1.5Vcm

160mm

inline PECVD SiOx/

SiNx
Dy

Duttagupta [205]

Seff¼ 35.6 cm s�1

n-1Vcm

250mm

PECVD SiON/SiNx
Dy Seiffe [214]

Seff¼ 1.35 cm s�1

p-1Vcm

205mm

PECVD SiON/SiNx
Dy Seiffe [214]

Seff¼ 2.85 cm s�1

St, static deposition method – laboratory facilities; Dy, dynamic deposition

method – industrial.
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in the 50–100 cm s�1 range [243]. The first extensive work

including PC measurements of a-Si passivation was that of

Dauwe et al. [243–245]. They found that SRVs approaching

10 cm s�1 were possible in n- and p-type, moderately doped

silicon. One of the main advantages inherited from HIT cell

processing is the low-temperature deposition. In Dauwe’s

studies, the films were deposited below 250 8C using

PECVD. From the point of view of solar cell manufacturing

this has two benefits. Firstly, it allows cheaper manufacture

of cells because of the lower thermal budget. Secondly, it

eases the requirement for clean processing since impurities

will not diffuse into the silicon at this low temperature.

Further studies of a-Si followed. Those of Olibet, De

Wolf and Ballif [237, 246–254] significantly progressed the

understanding of the a-Si/c-Si interface electrical properties.

They introduced a model to describe its recombination. In it,

interface dangling bonds were represented as amphoteric

defects. Using this description they successfully modelled

injection-dependent recombination at the a-S/c-Si interface,

which they proposed was governed by the density and the

charge state of such amphoteric centres [250]. Similarly to

the SRH theory, passivation was achieved by a reduction in

the concentration of amphoteric centres, and a reduction in

one type of carrier using field-effect. In studies by the same

group, Descoeudres et al. [255] found that extrinsic

hydrogenation could be used to improve the interface. It

should be noted that a-Si films are often deposited from

precursors already containing H. Such films are commonly

termed hydrogenated amorphous silicon and abbreviated as

a-Si:H. Olibet et al. [249] reported SRVs as low as 7.6 and

14.4 cm s�1 in n- and p-type silicon, 2.5Vcm. This was

improved by Sch€uttauf et al. [256] who reported SRV

nearing 1 cm s�1 in similar material, and by Strahm et al.

[257] who reported 1.2 cm s�1 in 4Vcm n-type Si. In the

former, data were not available to calculate the metrics for

this review.

In these interfaces, an atomically abrupt interface was

shown to be a prerequisite for good passivation. They were

able to tune the FEP properties of this interface by applying

a subsequent doped amorphous or microcrystalline Si film,

and found a more symmetric capture velocity for electrons

and holes at the a-Si/c-Si interface, as compared to SiO2 [16]

and SiNx [154]. Regarding the energy band structure of the

a-Si/c-Si junction, asymmetric band offsets were found such

that holes tend to face a larger barrier than electrons [258,

259]. In the more common {111} texture Si surface, they

found that a-Si films still performed well. Stegemann et al.

[260] showed that the pyramid size influenced the

passivation quality of a-Si films, yet Mu~noz et al. [261]

and Angermann et al. [262] showed that optimal texturing

leads to a negligible loss in surface passivation, and

Descoeudres et al. [263] reported the best performing a-Si

passivation in textured silicon with Seff¼ 7.6 and 14.4 cm

s�1 in n- and p-type, 4Vcm. One limiting factor in the

application of a-Si to solar cells is optical parasitic

absorption. Wan et al. [264] addressed this by producing

sub-nm a-Si layers capped with SiNx.

The lowest observed recombination at the a-Si/c-Si

interface has been that reported by Herasimenka et al. [265]

and Bonilla et al. [266]. Herasimenka demonstrated SRVs of

0.086 cm s�1 in 1.7Vcm n-type Si, while Bonilla achieved

0.06 cm s�1 in 1Vcm n-type Si. They demonstrated such

inactive surfaces by combining the excellent a-Si/c-Si

chemical interface, with enhanced FEP from corona

discharge. The a-Si layer and its hydrogenation during

plasma deposition of SiOx/SiNx provided the chemical

component. Such correlation of passivation and H content

has been studied in detail by De Wolf [247, 252, 253] and

Nakada [267], while the effect of film morphology on the H

dynamics was addressed by Gerke et al. [268]. Bonilla et al.

[266] attributed the chemical component of passivation to a

reduced hole capture rate rather than fewer interface states.

The presence of oxide and nitride capping layer(s) has been

shown beneficial not only to improve passivation, but also

thermal stability [269–273]. This is mainly attributed to

preventing hydrogen out-effusion from the a-Si. Some

changes in the field-effect passivation properties have also

been reported to occur during post-deposition heat treat-

ments [274]. Lastly, the need for wafer pre-cleaning or pre-

conditioning was noted in [275], and some success has also

been achieved using other CVD deposition techniques

[276–280]. Only the work of Koyama et al. [281] resulted in

very effective passivation using hot-wire CVD a-Si/SiNx

films, with SRV in the �2 cm s�1 range.

In summary, a-Si films provide four main advantages to

other passivation schemes: first a-Si has an energy band

structure which, when abrupt interfaces are achieved,

produces a sharp energy step at both the conduction and

valence band edges with those of c-Si. This prevents carriers

from reaching harmful states in the a-Si bulk. Second a-Si

deposition involves large quantities of hydrogen which

contribute to passivate its bulk, interface states, and defects

in the c-Si. Third, while the recombination of minority

carriers is prevented by this film, majority carrier

conduction is possible as seen in the HIT cell concept.

And lastly, the deposition temperature of these films is

substantially lower than that commonly used in cell

manufacturing, allowing reductions in thermal budget and

lesser cleanliness requirements. Successful application of

a-Si films to different cell architectures has continued to

expand as for example noted in Refs. [237, 255, 263,

282–287]. The main disadvantage of a-Si films is, however,

the sensitivity to subsequent high-temperature processes

which are often required in industrial manufacturing

technology. A summary of the best performing passivating

amorphous silicon films is shown in Table 4.

4.4 Aluminium oxide and stacks The develop-

ment of aluminium oxide (AlOx) surface layers is one of

the main breakthroughs in surface passivation in the past

two decades. In the 1980s Hezel and J€ager [158, 288] first

demonstrated a reasonable level of passivation using

AlOx. They achieved SRVs in the �100 cm s�1 region on

p-type Si. However, they only used it in the context of
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inversion-layer metal-insulator-semiconductor (IL-MIS)

solar cells [288]. The work of K€onig and Ebest [289]

then explored the characteristics of this insulator and

its potential for electron devices. They remarked on its

concentration of negative charge [290], as opposed to

positively charged SiOx and SiNx. The major advanceme

took place when, almost simultaneously, Agostinelli et al.

[291, 292] and then, Hoex et al. [293–295] reported AlOx

films synthesised via the atomic layer deposition (ALD)

technique. These films achieved SRVs nearing 10 cm s�1

in both n- and p-type silicon, making them rapidly

popular. In addition to the excellent passivation, the fact

that they are negatively charged made them especially

suited for p-type surfaces since they would not induce

inversion layers that could lead to shunting losses at the

solar cell level [296, 297]. This was especially important

as p-type silicon surfaces are key in the more efficient cell

architectures, for example in n-type Local-BSF cells with

a passivated front boron emitter [298], or p-type PERC

cells with the rear p-surface passivated, which are now

being adopted industrially [284]. In AlOx films tailoring

the charge has also been reported [299]. Small negative

charge concentrations can be produced which makes them

also suitable for n-type surfaces.

The seminal work of Agostinelli and Hoex was rapidly

expanded. Most notably, the studies of Benick and Richter

[41, 298, 300–306], Dingemans et al. [307–314] and

Saint-Cast et al. [296, 315–318], largely advanced the

understanding of the electrical properties of the film, its

passivation effectiveness, and its application to silicon solar

cells. A key aspect of the passivation achieved using AlOx is

the requirement for an activation step. Annealing for 10–

30min at temperatures between 350 and 450 8C, in an inert

or forming gas environment, has been found to activate the

passivation [309, 310]. The effect this has is both related to

chemical and field-effect passivation in the film. Before

these mechanisms are described it is important to note the

four main techniques used to deposit AlOx. Two kinds of

ALD deposition have been developed. One in which the

substrate temperature provides the energy to drive the

reaction, and thus may require higher temperatures and

longer times, and another where a plasma activates and

accelerates the reaction [319, 320]. They are termed thermal

and plasma ALD, respectively. The third technique is the

well-known PECVD, the fourth is atmospheric pressure

chemical vapour deposition (APCVD), and last, sputtering.

In thermal ALD an initially good chemical passivation

is marginally improved upon annealing, while the FEP is

greatly improved [321, 322]. In plasma ALD the initial

chemical passivation is poorer, presumably due to plasma

radiation and ion bombardment during deposition, but it

improves, on annealing, to values similar to those for the

thermal process [300, 303, 307, 323]. The FEP in this case

improves by a small amount. In PECVD AlOx, Saint-Cast

[315] found similar results to the case of plasma ALD. Poor

initial chemical passivation in this film could be improved

using post-deposition anneal (�450 8C) or firing (�850 8C)

steps, whilst FEP due to negative charge was only

moderately improved. In all cases, the FEP relates to a

high concentration (��1012 to �1013 e/cm2) of negative

charge [294, 296, 324]. Similar to the case of SiNx films, a

thin SiOx interfacial layer is normally formed during the

deposition of AlOx films. This was reported by Hoex et al.

[293, 294] and corroborated by Verlaan et al. [325] in the

context of Si surface passivation. The formation of dielectric

charge seems related to point defects at the SiOx/AlOx

interface produced during deposition, and charged via

injection from the c-Si. This was concluded from second-

harmonic generation measurement in varying thickness

samples [312]. The negative charge concentration was

found invariable across different thicknesses in AlOx films

[326, 327]. It is thus concluded that the FEP mechanism in

these films is intrinsic to the structure of the c-Si/SiOx/AlOx

interfaces.

With regards to chemical passivation, deep level

transient spectroscopy (DLTS) [328], electron spin reso-

nance (ESR) [329], and electrically detected magnetic

resonance (EDMR) [309, 330] measurements, revealed that

the interface presents the same Pb centres andE’-like defects

as a c-Si/SiO2 interface. This correlates well with the

presence of the interfacial SiOx that forms during

deposition. On the other hand, the large concentration of

atomic H in the as-deposited state of these films has been

found the main contributor to the improvement in chemical

Table 4 Summary of best performing amorphous silicon

passivation films and associated stacks, for selected deposition

techniques.

substrate method � SRV ref

n-2.5Vcm

275mm

VHF-PECVD a-SiSt Olibet [249]

Seff¼ 7.6 cm s�1

p-2.5Vcm

275mm

VHF-PECVD a-SiSt Olibet [249]

Seff¼ 14.4 cm s�1

n-4Vcm

230mm, T

VHF-PECVD a-SiSt Descoeudres

[263]

Seff¼ 0.8 cm s�1

p-4Vcm

230mm, T

VHF-PECVD a-SiSt Descoeudres

[263]

Seff¼ 3.1 cm s�1

n-4Vcm

280mm

PECVD a-SiSt Strahm [257]

Seff¼ 1.2 cm s�1

n-1.7Vcm

300mm

PECVD a-Si/SiOx/SiNx
St,

ExFEP, ExCh
Herasimenka

[265]

Seff¼ 0.086 cm s�1

n-1Vcm

200mm

PECVD a-Si/SiOx/SiNx
St,

ExFEP, ExCh
Bonilla [266]

Seff¼ 0.06 cm s�1

T indicates a textured substrate. ExFEP, extrinsically added charge for

field-effect passivation; ExCh, extrinsic species added or migrated from to

the interface for chemical passivation; St, static deposition method –

laboratory facilities.
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passivation upon temperature treatment. The concentration

of defects at the c-Si/SiOx interface is largely decreased

upon such annealing. This indicates that the chemical

component of passivation in this film originates from the

extrinsic hydrogen species migrating from the bulk of the

film towards the interface. Passivation stability has been

found dependent on the structure of the film [311], yet

remarkably stable structures have been reported [301, 306,

309]. A more detailed description of these mechanisms, the

deposition technology, and the application of AlOx-based

passivation to solar cells can be found in Dingemans and

Kessels’ 2012 review paper [309].

The best performing AlOx passivation film has been

demonstrated by Richter et al. [41] using plasma ALD. They

showed that Seff as low as 0.26 and 0.95 cm s�1,

respectively, was possible on n- and p-type Si, 1Vcm. It

is noted that this level of passivation is exceptional, yet very

effective passivation with SRVs in�1 cm s�1 has now been

routinely demonstrated using both thermal and plasma

ALD, for example in the work of Dingemans and Liao [307,

310, 331]. An advantage of ALD AlOx deposition is the fact

it is normally done at temperatures between 150 and 250 8C

[309]. As mentioned for a-Si films, this is beneficial for

industrial production. Its main disadvantage, on the other

hand, is the deposition speed. For the industrial production

of solar cells high throughput techniques are required.

To address this issue batch process chambers have been

proposed [309], but most notably, a new deposition ALD

concept was developed and dubbed spatial-ALD [332–334].

In this method the two half-reactions that normally take

place in an ALD system are separated spatially rather than

temporarily. This method proved similarly effective and is

now a proven industrial technology [309, 335].

A more commonly used method for high-volume

manufacturing is PECVD. Passivation quality comparable

to that of ALD can be achieved in PECVD AlOx films.

Miyajima et al. [336] reported moderate passivation using

this technique, but it was Dingemans et al. [314] who

demonstrated efficient passivation with Seff of 0.45 cm s�1

in 3.5Vcm n-type Si. In both cases they used a static

reactor designed for laboratory research with a deposition

rate of �5–10 nmmin�1. Saint-Cast et al. [296] first

showed a Seff of 7.47 cm s�1 in 1Vcm p-type Si using a

fast inline reactor. Duttagupta [133, 299] followed and

achieved Seff of 1.4 cm s�1 in 3Vcm n-type Si, and

15 cm s�1 in 3.5Vcm p-type Si, using inline PECVD

deposition of AlOx. This demonstrates that sufficient

passivation can be achieved in high throughput techniques

using AlOx films. In their studies, Saint-Cast [315] and

Duttagupta [133] also showed that a second (capping)

layer deposited on top of AlOx brings a number of

benefits. The relative expensive AlOx layer could be made

thinner, better antireflection could be achieved when

applied to the cells front surface, additional hydrogena-

tion could be obtained, and better stability to cell firing

steps and chemical metal pastes could be achieved.

However, despite the additional hydrogenation, the

passivation quality improved marginally with a second

PECVD SiOx or SiNx capping layer.

Different to the case of ALD AlOx, in PECVD films

both the chemical and field-effect components of passiv-

ation develop during post-deposition anneal or firing. Saint-

Cast et al. [318] and Duttagupta [133] used surface

photo-voltage experiments to characterise the interface

state density and film charge concentration. They observed a

reduction in the interface state density, and an increase in the

dielectric built-in charge upon heat treatment after deposi-

tion. A practical example of such a heat treatment could be

that given during the deposition of a second capping layer,

or an intentional anneal or firing step. Other studies

corroborating such findings include Refs. [313, 337–339].

This indicates the field-effect passivation in these films is

produced by an intrinsic change in the defect structure at the

AlOx/SiOx/c-Si interfaces, while the chemical passivation

is provided by the extrinsic migration of hydrogen from the

bulk of the film towards the interface. These studies also

corroborated the presence of a thin interfacial SiOx at the

PECVD AlOx/c-Si region. In fact, other works have

intentionally grown a SiOx layer using thermally grown

[311, 340], and low temperature wet [341], ALD [342] or

CVD [135] techniques, which are then capped with an AlOx

layer to produce high levels of passivation, and improve the

stability of SiOx films. The best results were obtained by

Dingemans on thermal SiO2 [340] and ALD SiO2 [342],

capped with ALD AlOx. He reported SRVs �3.6 cm s�1 on

2–3Vcm n-type silicon. The mechanisms of passivation

were similar to those on single AlOx layer, with the

advantage that the negative charge built at the SiOx/AlOx

interface exceeds the positive charge at the SiOx/Si

interface, making this structure suitable to passivate n-type

and p-type silicon surface simultaneously [343].

The need for fast industrial methods has driven research

into new deposition methods for AlOx. Most recently,

Black [344] produced a comprehensive study of AlOx films

using atmospheric pressure chemical vapour deposition

(APCVD). He demonstrated that extremely high-quality

passivation can be achieved by a high-throughput and

industrially compatible method. This is of importance as

atmospheric methods are easily implemented in inline

manufacturing, and are thus more cost-effective. Black

achieved SRVs as low as 2.32 cm s�1 on 1.2Vcm n-type Si,

and 4.37 cm s�1 on 1.35Vcm p-type Si. In the APCVD case,

the passivation was activated using post-deposition firing

and illumination steps. The degree of chemical and field-

effect passivation changed in the same manner as for

PECVD films with both chemistry and charge concentration

improving on activation. Black et al. [345, 346] also

reported similarly efficient passivation using rapid thermal

annealing, or SiNx capping layers. A summary of the best

performing passivating aluminium oxide films is shown in

Table 5.

4.5 Titanium oxide Titanium oxide (TiOx) was the

antireflection coating of choice when production of silicon
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solar cells increased in the 1980–1990s [347–349]. This was

due to its versatility and low cost. TiOx showed optimal

optical properties to act as an antireflection coating between

a silicon surface and an Ethylene Vinyl Acetate (EVA)

encapsulant film used when packing cells into modules

[350]. The ideal refractive index for the top antireflection

layer in encapsulated cell is �2.1 at l¼ 630 nm [351].

Deposition of TiOx was performed using either chemical

[352] or physical vapour techniques [350], and its use

extended beyond that of the solar industry, most promi-

nently in glass manufacturing as a protection coating

deposited using ultra-high throughput techniques [353,

354]. Despite its ideal optical properties, TiOx was replaced

by hydrogenated silicon nitride (SiNx) since the evolution of

silicon solar cells required appropriate passivation of the

cells front surface, and this could not be accomplished using

TiOx [355]. As mentioned in previous sections, PECVD

SiNx is today’s preferred method to provide passivation

and antireflection to the cell front surface. However, it has a

number of weaknesses. Firstly, it requires a vacuum for the

film deposition process, secondly, it typically presents a

concentration of positive charge thus being less efficient

at passivating p-type surfaces, thirdly, it has a practical

maximum refractive index of �2.1 due to high optical

absorption losses in Si-rich films [161, 162], thus being a

less ideal ARC between silicon and EVA, and lastly, the

precision and sensitivity of inline PECVD deposition leads

to a trade-off between the optical and passivation properties

achieved in a single film.

In recent years, interest in TiOx has re-emerged since its

electrical properties are now starting to show promise.

Several dielectric deposition methods have been used in the

past to deposit TiOx, however, only recently Thomson and

McIntosh [356] demonstrated reasonable surface passiv-

ation using low-temperature APCVD. In their work, they

report moderate levels of passivation when TiOx coated Si is

subjected to anneal and light soaking steps. They achieved

SRVs in the �30 cm s�1 range for 5Vcm n-type silicon.

Liao et al. [357, 358] later showed excellent passivation of

both n- and p-type silicon using TiOx films, yet they

synthesised the films using ALD. Seff values of 3.22 and

8.9 cm s�1 were achieved on 2.5Vcm n-type and 2Vcm

p-type silicon. Cui et al. [359] not only reported excellent

passivation of ALD TiOx with SRV below 6.72 cm s�1 in

1Vcm n-type silicon, but also showed its application to

boron diffused emitters in PERC cells, achieving efficien-

cies over 20%. All these studies also indicated that TiOx is

negatively charged. This explained its better suitability to

passivate p-type silicon.

In previous sections, it was shown that the passivation

quality of many dielectric coatings can be modified by

Table 5 Summary of best performing aluminium oxide passiv-

ation films and associated stacks, for selected deposition

techniques.

substrate method � SRV ref

n-1.9Vcm

275mm

plasma ALD AlOxSt, ExCh Hoex [293,

295]

Seff¼ 1.4 cm s�1

n-1Vcm

200mm

plasma ALD AlOxSt, ExCh Richter [41]

Seff¼ 0.26 cm s�1

p-1Vcm

200mm

plasma ALD AlOxSt, ExCh Richter [41]

Seff¼ 0.95 cm s�1

n-2.5Vcm

280mm

thermal ALD AlOxSt, ExCh Liao [331]

Seff¼ 1.23 cm s�1

n-3.5Vcm

280mm

PECVD AlOx
St, ExCh Dingemans

[314]

Seff¼ 0.45 cm s�1

p-1Vcm

250mm

inline PECVD AlOx
Dy,

ExCh
Saint-Cast

[296]

Seff¼ 7.47 cm s�1

n-3Vcm

120mm

inline PECVD AlOx
Dy,

ExCh
Duttagupta

[133]

Seff¼ 1.4 cm s�1

p-3.5Vcm

160mm

inline PECVD AlOx
Dy,

ExCh
Duttagupta

[133]

Seff¼ 15 cm s�1

n-1.2Vcm

300mm

inline APCVD AlOx
Dy,

ExCh
Black [344]

Seff¼ 2.32 cm s�1

p-1.35Vcm

435mm

inline APCVD AlOx
Dy,

ExCh
Black [344]

Seff¼ 4.37 cm s�1

n-2Vcm

200mm

thermal SiOx/AlOx
St, ExCh Dingemans

[340]

Seff¼ 3.62 cm s�1

ExCh, extrinsic species added or migrated from to the interface for

chemical passivation; St, static deposition method – laboratory facilities.

Table 6 Summary of best performing titanium oxide passivation

films and associated stacks, for selected deposition techniques.

substrate method � SRV ref

n-5Vcm

430mm

APCVD TiOx
Dy,ExCh Thomson and

McIntosh [356]

Seff¼ 29.6 cm s�1

n-2.5Vcm

280mm

ALD TiOx
St, ExCh Liao [357]

Seff¼ 3.22 cm s�1

p-2Vcm

280mm

ALD TiOx
St, ExCh Liao [357]

Seff¼ 8.91 cm s�1

n-1Vcm

180mm

ALD TiOx
St, ExCh Cui [359]

Seff¼ 7.62 cm s�1

n-1Vcm

100mm

thermal SiO2 �
APCVD TiOx

Dy,

ExFEP

Bonilla [360]

Seff¼ 3.88 cm s�1

ExFEP, extrinsically added charge for field-effect passivation; ExCh,

extrinsic species added or migrated from to the interface for chemical

passivation; St, static deposition method � laboratory; Dy, dynamic

deposition method – industrial.
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deposition of a second film, or by processing the film after

deposition. Bonilla et al. [360] reported effective passiv-

ation in a double layer coating consisting of thermal SiO2

and APCVD TiOx. They showed Seff of 3.88 cm s�1 in

1Vcm n-type silicon when the film was extrinsically

charged using corona. In particular they showed that the

films optical properties can be tailored in APCVD

deposition, as previously shown by Davis et al. [351],

while passivation properties are modified post-deposition by

additional processing. A summary of the best performing

passivating titanium oxide films is shown in Table 6.

4.5 Silicon carbide A less widely investigated but

moderately effective passivation film is amorphous silicon

carbide (SiCx). This film is rarely used at the solar cell

device level, yet it is included here for completeness. The

work of Martin et al. [361–365] largely looks at the

electrical characteristics of the PECVD SiCx–Si interface

and its application to silicon solar cells. Similar to

previously reviewed dielectrics, SiCx films benefit from

post-deposition activation anneals. This effect is likely due

to the migration of H from the bulk of the film to the

interface with Si. Intrinsic and hydrogenated SiCx has been

shown to provide SRVs of � 30 cm s�1 on 3.3Vcm, p-type

Si [363]. When doped with phosphorus, however, the SRV

can be improved to 2–4 cm s�1 on 1Vcm, p-type Si [366].

In both cases, the highest quality passivation has been

observed in silicon-rich films. The passivation mechanism

is thus quite similar to a-Si:H [362]. Compared to a-Si, the

advantage of SiCx films is their tuneable bandgap in the

range of 1.5–3 eV. This results in a reduced parasitic

absorption and it is thus preferable to a-Si [367–370].

Stacks of a-Si and SiCx on solar cells have also been

investigated as a means to reduce the degradation of a-Si

passivation at elevated temperature [370, 371]. Although

typically deposited using a CVD technique [362, 363, 372],

surface passivation using SiCx has also been explored on

physical vapour deposition (PVD) techniques, such as

sputtering [373, 374].

Combined antireflection and passivation has been also

reported on PECVD silicon carbo-nitrides (SiCxNy) [362,

364, 365, 375, 376]. SRVs in the range of �3–6 cm s�1 on

1Vcm silicon, n-type and p-type have been achieved using

SiCxNy films [362]. However, films that provided effective

passivation did not have suitable optical parameters.

Instead, double layer stacks have been proposed to

achieve both passivation and antireflection [362, 364].

For example, SiCx has been used as the capping layer of

AlOx [377]. The passivation in this case is attributed to

both FEP, caused by the negative charge of the AlOx, and

hydrogenation during the SiCx:H deposition. Silicon

carbide layers have also been used in conjunction with

SiNx as a passivation and anti-reflection coating [378]

where the majority of passivation was provided by the

inherent charge of the SiNx. Solar cells featuring SiCx

rear surface passivation were reported to 20.2% efficiency

[69, 379]. Although moderately effective, the SiCx

passivation does not yet compete with the schemes

previously reviewed.

4.7 New metal oxides In the past few years novel

metal oxide structures have been researched with the aim of

understanding better the mechanisms of passivation and

carrier conduction. Most prominently, crystalline silicon

surface passivation has been reported for hafnium oxide

(HfOx), gallium oxide (GaOx) and tantalum oxide (TaOx).

HfOx films synthesised via ALD have recently gained

attention since, besides passivating, they also provide good

antireflection and firing stability to the silicon surface [380,

381]. Early works showed moderate passivation of both n-

and p-type silicon [380, 382–385], yet only recently Cheng

et al. [386] reported a Seff of 7 cm s�1 in n-type 2.8Vcm Si

deposited with HfOx and anneal-activated. Only a day later

Cui et al. [387] reported a yet better performing HfOx film,

with a Seff of 1.9 and 7.3 cm s�1 in n- and p-type 1Vcm

silicon. In their best performing sample, both Cheng and

Cui, measured a low interface state density of <1011 eV�1

cm�2, probably related to H migration during the anneal,

and a moderate positive charge concentration in the

dielectric (1–5� 1011 e/cm2). This would indicate that the

mechanism of passivation is mainly chemical in origin.

No report of capture rates has been produced yet but it is

likely that those states at the HfOx/Si interface are not

very recombination active, such that the good passivation

is explained. The negative charge developed seems to

originate by intrinsic structural changes in the film, near the

HfOx/Si interface, which also has been reported to have an

interfacial SiOx present [380].

The work of Allen and Cuevas [388–391] shows the first

surface passivation application of ALD GaOx for solar cells.

Table 7 Summary of new metal oxide passivation films.

substrate method � SRV ref

n-2.8Vcm

280mm

ALD HfOx
St, ExCh Cheng

[386]

Seff¼ 7 cm s�1

n-1Vcm

205mm

ALD HfOx
St, ExCh Cui [387]

Seff¼ 1.92 cm s�1

p-1Vcm

198mm

ALD HfOx
St, ExCh Cui [387]

Seff¼ 7.29 cm s�1

p-1.6Vcm

260mm

ALD GaOx
St, ExCh Allen [390]

Seff¼ 2.84 cm s�1

n-1Vcm

390mm

ALD TaOx – PECVD SiNx
St,

ExCh
Wan [392]

Seff¼ 3.32 cm s�1

p-0.8Vcm

275mm

ALD TaOx – PECVD SiNx
St,

ExCh
Wan [392]

Seff¼ 4.85 cm s�1

ExCh, extrinsic species added or migrated from to the interface for

chemical passivation; St, static deposition method – laboratory facilities.
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They found that, similar to AlOx and HfOxALD films, GaOx

is negatively charged. Upon a post-deposition activation

anneal they found a very low interface state density

(<1011 eV�1 cm�2) and a large concentration of negative

charge (1012 e/cm2). With such films they demonstrated a

Seff of 2.84 cm s�1 in p-type 1.6Vcm silicon. It appears both

chemical and field-effect mechanisms are active. No studies

have been reported on the capture rates at these interface

states, and no conclusions can be drawn from the data

reported so far. Lastly, improved stability to firing and

additional hydrogenation was found when a second SiNx

capping layer was deposited [390].

Wan et al. [392, 393] first explored the use of ALDTaOx

films to passivate a silicon surface. They showed that by

capping the TaOx film with a PECVD SiNx, a negatively

charged passivation stack could be produced. Charge

densities in excess of �1012 e/cm2 were demonstrated.

No analysis of the interface state density has been provided

to date but there appears to be an interfacial layer with

properties different to the commonly observed SiOx film

[392]. Seff of 3.32 and 4.85 cm s�1was inferred for n- and p-

type 1Vcm silicon featuring the ALD TaOx-PECVD SiNx

stack.

Lastly, a very recent report by Repo et al. [394] has

shown that ALD aluminium nitride films have the potential

to passivate the silicon surface. No data was available to

calculate the metrics for this review yet a SRV in the order

of 80 cm s�1 was reported with a large concentration of

interface states and positive dielectric charge. A summary of

the best performing passivating metal oxide films is shown

in Table 7.

5 Summary and discussion This review has pre-

sented the advancements in dielectric surface passivation for

silicon solar cells over the past two decades. Comparing the

passivation performance in different dielectrics has been

largely hindered by the many different metrics and analysis

methods provided in the literature. This has been addressed

here by processing all photoconductance measurements of

teff(Dn) reported in the literature using the same methodol-

ogy. In the previous section, the surface recombination

velocity has been calculated using such methodology, and it

was used as the main indicator of passivation effectiveness.

However, it is convenient to measure the performance of the

different materials and deposition methods using the four

metrics described in Section 2: teff, Seff, J0s, iVoc. Figure 3

Figure 3 Surface passivation metrics for dielectric coatings developed over the past two decades, for n-type (closed symbols) and p-type

(open symbols) silicon surfaces. Details on the substrate and deposition technique are provided in Tables 2–7. All values of Seff, teff and

iVoc are given at Dn¼ 1015 cm�3, and calculated directly from reported PC teff(Dn) measurements. All substrates are {100} orientation.
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Table 8 Summary of techniques used to grow or deposit passivation dielectrics.

deposition material merits demerits references

thermal growth SiO2 effective passivation of both n

and p silicon

requires temperatures >800 8C [16, 177, 405]

very low interface state density

1010 eV�1 cm�2
slow growth

batch processing minimal field-effect passivation

suitable refractive index for

rear surface

positive dielectric charge �1011 e/cm2

unsuitable refractive index for front ARC

anodic oxidation SiOx low temperature <100 8C poor chemical passivation [143–146]

fast (�100 nmmin�1) negligible field-effect

controllable thin oxide

thicknesses

only thin layers possible

improved interface upon

deposition of 2nd layer

not suitable for front ARC

allows tailoring 2nd layer

intrinsic charge

electrochemical process difficult to implement

industrially

direct, static

PECVD

SiNx low temperature <500 8C lack of passivation of p silicon [17, 152–164]

moderate deposition rate

(�10 nmmin�1)

very effective passivation of n

silicon

moderate interface state density

1011 eV�1 cm�2

high concentration of (þ)

charge 1012 e cm�2

hydrogenation during and after

deposition

suitable refractive index for

front surface

SiOx temperature and speed poor chemical and FEP when used alone. Moderate

to high interface state density 1012 eV�1 cm�2

without hydrogenation

[113–116]

improved interface upon

deposition of 2nd layer or

hydrogenation anneal

allows tailoring of intrinsic

dielectric charge

suitable refractive index for

rear surface

a-Si temperature and speed moderate to high interface state density

>5� 1011 eV�1 cm�2
[249, 257, 263]

effective passivation of both n

and p silicon

extremely low recombination

rates due to hydrogenated

defects

AlOx temperature and speed lack of passivation of n silicon [314, 336]

effective passivation of p

silicon

moderate interface state density

1011 eV�1 cm�2

high density of negative charge

>1012 e/cm2

hydrogenation during and after

deposition

does not require activation

(Continued)
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Table 8 (Continued)

deposition material merits demerits references

anneal

suitable refractive index for

rear surface

remote PECVD SiNx better passivation than direct

systems

slow deposition [153, 170]

very low interface state density

1010 eV�1 cm�2
when used in an inline system results are variable

and typically not optimal

high concentration of (þ)

charge �1012 e cm�2

inline PECVD SiOx low temperature <500 8C poor chemical and FEP when used alone [133–136]

fast (>100 nmmin�1) moderate to high interface state density

1012 eV�1 cm�2 and lack of FEP

industrial facilities

SiNx temperature, speed, industrial lower effectiveness than static methods [133, 170, 190]

effective passivation of n

silicon

moderate interface state density

1011 eV�1 cm�2

high concentration of (þ)

charge 1012 e cm�2

hydrogenation during and after

deposition

AlOx temperature, speed, industrial lower effectiveness than static methods [133, 296, 299]

effective passivation of both p

silicon

moderate interface state density

1011 eV�1 cm�2

high density of negative charge

>1012 e/cm2

hydrogenation during and after

deposition

does not require activation

anneal

thermal ALD AlOx extremely high passivation of n

and p silicon

requires a post-deposition anneal [309]

low interface state density

<1011 eV�1 cm�2
slow deposition rates <10 nmmin�1

high concentration of (�)

charge >1012 e/cm2
better suited for p than n silicon

low temperature <300 8C

TiOx effective passivation of both p

and n silicon

slow deposition rates <10 nmmin�1 [357–359]

low temperature <250 8C requires thermal and light soaking activation

negatively charged

HfOx effective passivation of both p

and n silicon

slow deposition rates <10 nmmin�1 [386, 387]

low temperature <400 8C better suited for p than n silicon

moderate negative charge

concentration in the

dielectric 1–2� 1011 e/cm2

requires thermal activation

possible hydrogenation

GaOx low temperature <300 8C slow deposition rates <10 nmmin�1 [390]

effective chemical and FEP of p

silicon

not reported on n silicon

very low interface state density

<1011 eV�1 cm�2

large negative charge

(Continued)
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illustrates the surface passivation metrics for the highest

performing passivation dielectrics. Only the most effective

material for each deposition or growth technique has been

included. Tables 2–7 provide the information on the

deposition techniques and substrates.

A few materials and techniques can be highlighted in

reference to Tables 2 to 7 and Fig. 3. Very high levels of c-Si

surface passivation by SiO2 and SiNx were demonstrated

early on thanks to the work of Kerr, Cuevas and Schmidt.

PECVD then rapidly became the technique of choice and

extremely well-passivated surfaces were possible with

oxides and nitrides. PECVD additionally extended the

possible material systems, mainly allowing deposition of

multiple layer stacks, and the very effective a-Si and AlOx

films. The emergence of ALD provided a new tool to

explore dielectric thin films. It became rapidly popular and

proved advantageous in the developments of AlOx by

Agostinelli, Hoex and Dingemans. Extrinsic passivation has

been shown to improve most films significantly, however,

its practical application to commercial manufacture relies

on its stability with respect to other cell processing steps,

e.g. firing, and to the cell operation conditions, e.g. UV

radiation. The extrinsic addition of hydrogen species has

been shown to be one of the most successful methods to

improve passivation effectiveness. It can be achieved using

an external H source, during deposition of a film with H

containing precursors, or on an activation anneal after a

hydrogenated film is deposited. The stability of hydrogena-

tion has been achieved using two or three capping layers on

the initial dielectric-silicon interface. The stability of field-

effect passivation, on the other hand, has been explored

in less detail. Intrinsic dielectric charge is mainly due to

structural changes that take place during deposition or

activation steps. These would appear stable to firing and

Table 8 (Continued)

deposition material merits demerits references

>1012 e cm2

can be improved upon SiNx

capping layer

TaOx effective passivation of p

silicon upon SiNx

slow deposition rates <10 nmmin�1 [392, 393]

large negative charge �1012 e/

cm2
requires a PECVD SiNx second layer

plasma ALD AlOx extremely high passivation of n

and p silicon

requires a post-deposition anneal [309]

low interface state density

<1011 eV�1 cm�2
slow deposition rates <10 nmmin�1

high concentration of (�)

charge >1012 e cm�2
not industrial applicable

low temperature <300 8C better suited for p than n silicon

lower temperature than thermal

ALD

better quality than thermal

ALD

spatial ALD AlOx equivalent to thermal ALD lower passivcation quality than achieved with spatial

ALD

[309]

demonstrated industrial

capability

APCVD AlOx low temperatures <500 8C lower quality than ALD [344, 345]

fast (>100 nmmin�1) better suited for p than n silicon

industrial facilities

TiOx low temperatures <500 8C poor passivation quality [356, 360]

fast (>100 nmmin�1) requires underlying film

industrial facilities

ideal refractive index for front

surface

sputtering AlOx low temperature <50 8C requires extrinsic hydrogenation [406, 407]

negatively charged lower quality

industrially scalable but slow

deposition

a-Si low temperature <400 8C requires extrinsic hydrogenation [408]

industrial facilities lower quality than PECVD

industrially scalable but slow

deposition
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radiation in SiNx [201, 273] and AlOx films [309]. The

stability of extrinsic charge, such as corona and/or ionic

charge, has only recently been studied. Corona charges have

long been known to provide poor stability, which can be

moderately improved with a hydrophobic chemical treat-

ment of the interface [109, 395]. Better results have been

achieved when large alkali ions are introduced into the

dielectric coating as demonstrated with potassium in SiO2

[108], thus bringing extrinsic FEP methods closer to

practical implementation. Lastly, surface passivation re-

search in recent years has concentrated on two aspects. First

bringing the extraordinary performance of laboratory-scale

material systems to industrial scale deposition techniques.

And secondly, on the exploration of new material systems,

mainly metal oxides using the ALD technique, to address

some of the shortfalls of the established SiNx and emergent

AlOx films.

In this review, the focus was placed on the materials

used to produce effective surface passivation of silicon.

Each material can be deposited using different deposition

techniques. Although these techniques have been covered in

the text, a summary of how they compare was not provided.

Such comparison is now provided in Table 8. Here, a list of

all the main deposition or growth techniques is provided,

and each material–technique combination is assessed on

the merits and demerits previously reviewed. It is clear

that while silicon oxide provides outstanding chemical

passivation, the charge concentration provided by other

materials and deposition techniques makes them preferable.

Additionally, a continuous progression towards methods

and materials which can be implemented industrially is

evidenced. As such, thin and low-temperature oxides, and

inline PECVD oxides and nitrides, are preferred due to their

high throughput, despite their currently lower performance.

Lastly, the emergence of ALD has allowed a wider range

of materials to be explored, and outstanding passivation

provided.

The cell architecture where these dielectrics are of

interest must also be taken into account. The PERC-type

architecture, including PERL and PERT, and the back

contact architecture, including IBC cells, are predicted to

dominate the market in the coming decades. Excellent

passivation will be required for rear p-type surfaces in

PERC cells, front n-type surfaces in IBC cells, and

simultaneous rear p+ and n+ surfaces in IBC cells.

Additionally, for front surface films, adequate optical

properties will be necessary. That is, neglible parasitic

absorption, and a refractive index to match the EVA

encapsulant (�2.3). In the simulations in Section 3, the

focus was placed on n-type surfaces, which typically benefit

from positive charge. However, it is clear that both p and n

surfaces are present at cell level, and thus films where charge

can be tailored to either polarity, or to negligible values, are

more versatile and desirable to enhance cell performance.

All the factors described here must be taken into account

when selecting a suitable passivation methodology for

front and rear cell surfaces.

6 Outlook Silicon surface passivation has been

widely researched in the past decades. Vast improvements

have taken place and SRV values approaching zero have

been shown possible. Such exceptional performance has

been possible in very carefully optimised dielectric coatings

at laboratory scale. A large number of methods have been

proposed and researched. Deposition of dielectric coatings

with optimal intrinsic passivation has been combined with

extrinsic ways of improving their performance. Adaptation

of these methods depends on compatibility with efficient

and industrially adopted cell architectures, thus scalability

to mass production and stability to cell manufacturing

processes and under cell operating conditions.

Thanks to laboratory research, many such improve-

ments in passivation have been successfully transferred into

industrial techniques, and applied to solar cell manufactur-

ing. Every relevant surface can now be passivated with

surface recombination currents in the low single digits, and

very effective passivation has already been implemented

industrially. The gap between large-scale and laboratory-

scale results is continuously closing, and very good

passivation dielectrics are already possible for the current

level of efficiency in solar cells. As other loss mechanisms

of the cells are reduced, the surface will require further

passivation.

Current research on interface phenomena has shifted

to new directions. The exceptional performance from the

passivation dielectrics reviewed here shows that very little

room for improvement is possible. New perspectives

include methods that not only minimise recombination of

the minority carrier, but also improve the conduction of the

majority carrier. This novel and recent concept is described

as selective and passivated contacts. They make use of

dielectric coatings that can preferentially conduct one type

of carrier while providing the best possible passivation to

the opposite type. In this area, the understanding of surface

passivation (minimal minority carrier concentration) is a

pre-requisite to the successful application of dielectrics to

carrier selective and passivated contacts. The most notable

advancements in this new area is reported in the work of

Bullock, Wan, Allen and Cuevas [2, 396–400], Feldmann,

Reichel, Hermle and Glunz [138, 139, 401], Brendel [402]

and Stradins [403, 404].
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