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Passivating Contacts for Crystalline Silicon Solar

Cells: From Concepts and Materials to Prospects
Jimmy Melskens , Bas W. H. van de Loo , Bart Macco, Lachlan E. Black, Sjoerd Smit,

and W. M. M. (Erwin) Kessels

Abstract—To further increase the conversion efficiency of crys-
talline silicon (c-Si) solar cells, it is vital to reduce the recombination
losses associated with the contacts. Therefore, a contact structure
that simultaneously passivates the c-Si surface while selectively ex-
tracting only one type of charge carrier (i.e., either electrons or
holes) is desired. Realizing such passivating contacts in c-Si solar
cells has become an important research objective, and an overview
and classification of work to date on this topic is presented here. Us-
ing this overview, we discuss the design guidelines for passivating
contacts and outline their prospects.

Index Terms—Charge carrier lifetime, contacts, crystalline sili-
con (c-Si), passivation, photovoltaic (PV) cells.

I. INTRODUCTION

I
N the ever-growing photovoltaic (PV) market, the so-called

balance-of-system costs, such as mounting and framing ma-

terials, inverters, cabling, and labor, make up an increasingly

large share of the overall price of PV systems [1]. Therefore,

it is important to further increase the conversion efficiency of

industrially viable solar cell concepts because this reduces the

levelized cost of electricity. To accomplish further efficiency

gains while approaching both the theoretical limit [2] and the

practical limit [3]–[5]1 for single-junction crystalline silicon

(c-Si) solar cells, recombination losses at the contacts need to

be tackled, since these losses have become a limiting factor for

both laboratory-scale and industrial solar cells. A traditional ap-

proach to this problem is the use of local contacts, as employed,

for instance, in the well-known passivated emitter and rear

cell (PERC) and related architectures, such as passivated emit-

ter locally diffused (PERL) and passivated emitter rear totally
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1Note that the theoretical limit calculation assumes no recombination losses

at the surface or due to defects in the Si wafer and perfect Lambertian light
trapping, while, in practice, such electrical and optical losses do occur, hence
giving rise to the practical efficiency limit. A detailed assessment of the losses
associated with the practical limit with respect to the current c-Si record solar
cell with an efficiency of 26.6% is given elsewhere [3], [5].

diffused (PERT) cells [6]. In these contact structures, the area

of direct contact between the silicon and the metal is decreased,

while the non-contacted area is covered by a passivating dielec-

tric layer or layer stack. However, when forming local contacts,

the processing complexity is increased, and lateral transport

becomes a more critical factor in the solar cell design. More

specifically, there is a tradeoff between the open-circuit voltage

(Voc) and the fill factor (FF) due to increased Ohmic losses,

which are induced by lateral electrical transport [7].

An alternative approach to reduce contact recombination

losses is the use of the so-called passivating contacts. These

consist of material structures placed between c-Si and the metal

electrode, which effectively suppress charge carrier recombi-

nation through defect states at the c-Si surface while simulta-

neously functioning as contacts to extract either electrons or

holes from the c-Si absorber. Due to the lower recombination

losses associated with such passivating contacts, they can be

used in full-area configurations. Therefore, the use of a sepa-

rate passivation layer and local metal contacts can be avoided.

In this way, passivating contacts hold the potential for simpli-

fied solar cell manufacturing while providing very high con-

version efficiencies. Indeed, the potential of passivating contact

approaches has been demonstrated by conversion efficiencies

of more than 25% for solar cells utilizing hydrogenated amor-

phous silicon (a-Si:H) heterojunction (SHJ) contacts (histori-

cally referred to as heterojunction with intrinsic thin layer) or

contacts consisting of an ultrathin silicon oxide (SiOx ) layer

together with doped polycrystalline silicon (poly-Si) [3], [5],

[7]–[11].

A significant amount of work has already been done in the

field of passivating contacts, as is, for instance, demonstrated by

the high solar cell conversion efficiencies enabled by the SHJ

and oxide/poly-Si contact approaches mentioned above. How-

ever, in recent years, there has been a significant research effort

focused on new passivating contact structures and materials as

well. These materials are of interest, as they can provide ad-

vantages in terms of, e.g., temperature stability or transparency

over the SHJ or oxide/poly-Si concepts. Various overviews of

various passivating contact materials and concepts have recently

been presented with a particular focus on certain promising pas-

sivating contact materials [12]–[18]. In this contribution, we not

only review the working principles and performance of exist-

ing passivating contact approaches, but elaborate on promising

emerging materials in terms of optical and electrical properties

and industrial applicability as well. Finally, an overview of some

remaining challenges for passivating contacts is provided and

their future prospects are outlined.

2156-3381 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
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II. PASSIVATING CONTACT DEFINITION AND CONCEPTS

Before describing specific passivating contact materials and

structures (see Section III), in this section, the definition of a pas-

sivating contact, the relevant figures of merit, and the different

conceptual approaches to realizing such contacts are consid-

ered. This section is intended only to provide a summary of

this topic so as to form the context for subsequent discussion.

Therefore, we do not discuss the physical theory in detail. For

an elegant and more detailed description of the physics of pas-

sivating contacts, the reader is referred to the work of Würfel

et al. [19].

An ideal passivating contact consists of a structure formed at

the surface of a semiconductor, which combines the functions

of a passivation layer and a contact. That is, it simultaneously

minimizes charge carrier recombination losses associated with

the surface and within the contact structure itself, while permit-

ting the efficient extraction of charge from the semiconductor

by an external circuit. In order to combine these functions, this

charge extraction must be selective with respect to carrier type,

i.e., the conductivity for one carrier type (electrons or holes)

must be much higher than it is for the other. Otherwise, ex-

cess majority and minority carriers will be extracted with too

similar probability and will recombine at the electrode [20].

The ideal passivating contact may, therefore, be thought of as a

semipermeable membrane, which transmits one type of carrier

and blocks the other [19]. Note that we specifically choose to

use the term passivating contacts (as opposed to passivated con-

tacts) to emphasize that surface passivation is a primary function

of these contacts. Finally, in addition to the electrical properties,

the optical losses should be minimized both on the front and rear

sides of the solar cell for any contact structure [21].

The quality of a contact in a c-Si solar cell may be charac-

terized by the recombination current density prefactor J0 (with

units of current per unit area) and the contact resistivity ρcontact

(with units of resistance times area). It is desirable to mini-

mize both of these parameters. Practical contacts are, of course,

characterized by non-zero values of J0 and ρcontact, and com-

monly, one of the two may be more limiting for the device

performance. In c-Si solar cell technology in general, it may,

therefore, be advantageous to trade off the relative influence of

J0 (representing recombination losses) and ρcontact (representing

resistive losses) on cell efficiency, which is possible by varying

the contact area fraction. This approach is exemplified by the

use of local contacts in cell structures such as PERC [6], where

it is possible to compensate a relatively high J0 at the c-Si/metal

contact by reducing the contact area (and applying a passi-

vating dielectric in between the contacts) due to the relatively

low ρcontact. Another type of tradeoff between J0 and ρcontact

may be realized by uniformly reducing the conductivity of the

contact for both carrier types, for example, by the insertion of

an interfacial dielectric tunnel barrier that improves the inter-

face passivation, thereby reducing J0 while increasing ρcontact.

This is the tradeoff embodied in the use of metal–insulator–

semiconductor (MIS) contact structures [22]. Note that such

an interfacial layer may also contribute to selectivity if it in-

duces band bending in the silicon or presents an asymmetri-

cal tunnel barrier to electrons and holes, as discussed in the

following.

J0 and ρcontact are somewhat interrelated through their mu-

tual dependence on the conductivity of the contact for electrons

(σn ) and for holes (σp). J0 depends not only on the quality of

the interface passivation, but on the conductivity for minority

carriers in the contact as well, i.e., those carriers that are not

supposed to be collected by the contact, since minority carriers

transported to the metal electrode will recombine there. There-

fore, it is particularly relevant to evaluate J0 after metallization

[23]. On the other hand, ρcontact scales inversely with the sum of

the conductivities for both carriers. Therefore, to minimize both

J0 and ρcontact simultaneously, it is necessary to maximize the

conductivity of majority carriers in the contact and minimize

the conductivity of minority carriers in the contact at the same

time. The ratio of these conductivities defines the charge carrier

selectivity of the contact. This illustrates why achieving a high

selectivity is a necessary (though not sufficient) condition for

realizing a good passivating contact.

There are several conceptual approaches to achieving the de-

sired carrier selectivity. The most common approach to make a

contact carrier-selective is to introduce heavy doping in the c-Si,

as is commonly done in homojunction solar cells, for example,

in solar cells with a so-called aluminum back-surface-field (Al-

BSF). An example of an electron-selective contact made this

way is depicted in Fig. 1(a). The additional doping strongly

reduces the minority carrier conductivity by: 1) reducing the

equilibrium concentration of minority carriers due to the dif-

ference in chemical potential with respect to the c-Si bulk; and

2) reducing the minority carrier mobility [24]. This allows a rel-

atively low J0 to be achieved even when the defect concentration

at the c-Si/metal interface is very high. At the same time, the ma-

jority carrier conductivity is increased due to the large majority

carrier concentration, leading to a low contact resistivity.

A second approach to achieve carrier selectivity is to modulate

the surface carrier concentrations and, hence, their conductivi-

ties by the application of an external potential source, such as

a low- or high-work-function (WF) metal (oxide) or a material

with a large fixed charge density (Qf), as shown in Fig. 1(b).

Practical examples of contacts that rely on this selectivity mech-

anism will be discussed in the next section.

A third way to realize a selective contact is by the formation

of a heterojunction between the silicon substrate and a wide-

bandgap material with the desired conductivity type (n or p),

making sure that the conduction (for n) or valence (for p) band

offset between the two materials is sufficiently small while en-

suring a suitable Fermi level alignment, so as not to form a

potential barrier for majority carrier transport. In this situation,

the concentration of minority carriers in the contact material

is strongly suppressed due to its wider bandgap and large ma-

jority carrier concentration, which induces carrier selectivity.

An idealized case of such a heterojunction contact is shown

in Fig. 1(c). This structure has the advantage over the homo-

junction approach of increased selectivity potential due to the

wider bandgap of the conductive layer with respect to c-Si. A

well-known example of such a contact structure is the classi-

cal c-Si/a-Si:H heterojunction [25]. Hereby, it should be noted

that the doping that is present in p-type or n-type doped a-Si:H,

as commonly used in classical SHJ solar cells, induces carrier

selectivity as a consequence of WF-induced band bending, in
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Fig. 1. Schematic idealized band diagrams for examples of selective contact
concepts on n-type c-Si under open-circuit conditions. The contact can be made
electron-selective (a) by introducing an n+ doping in the c-Si wafer, (b) by
modifying the surface carrier concentrations and, hence, their conductivities
by an external potential source, or (c) by forming a heterojunction with a
wide-bandgap material, which possesses a conduction band alignment and a
suitable Fermi level alignment with c-Si. Examples of tunnel contacts formed
by inserting an ultrathin, wide-bandgap dielectric (d) between n-Si and a heavily
doped n-type semiconductor or (e) between n-Si and a degenerately doped n-
type semiconductor, exploiting the fixed charge in the tunnel oxide to form a
structure analogous to an Esaki tunnel diode. The metal electrode is not shown
but is consistently positioned on the far right in band diagrams (a)–(e). The
conductivity labels refer to the contact as a whole and not to one particular
region of the contact.

analogy to the case shown in Fig. 1(b). Therefore, the selectivity

provided by doped a-Si:H can be considered a combination of

the cases illustrated in Fig. 1(b) and (c).

Finally, a selective contact structure may be formed by intro-

ducing a tunnel barrier (such as an ultrathin dielectric layer) with

an asymmetrical tunneling probability for electrons and holes

(due to, e.g., variation of potential barrier heights or tunneling

effective mass). For example, thin SiO2 layers have been shown

to present a larger tunneling barrier for holes than for electrons

[26].

In practice, passivating contact structures may employ more

than one of these selectivity mechanisms and may be constructed

of multiple material layers performing different functions. For

instance, apart from their potential contribution to selectivity

through possible fixed charge or asymmetric barrier proper-

ties, ultrathin dielectric layers may be employed at the interface

between c-Si and an already carrier-selective conductive layer

to passivate interface defect states, as illustrated in Fig. 1(d).

This is the case, for example, in oxide/poly-Si contact struc-

tures. Such interface states would, otherwise, act as a source of

charge carrier recombination and contribute to Fermi level pin-

ning, which may be detrimental to selectivity. Structures based

on different band alignments than what is shown in Fig. 1(a)–(c)

are also possible. For example, n-Si in contact with a degener-

ately doped n-type semiconductor with suitable band alignment

or interface charge may form a hole-selective contact structure

analogous to an Esaki tunnel diode [27], with current transport

between the c-Si valence band and the conduction band of the

contacting material, as illustrated in Fig. 1(e). Selectivity in this

case comes from the increased hole concentration at the c-Si

surface induced by the WF difference between the materials or

the fixed charge at the interface (i.e., the second mechanism

discussed above, visualized in Fig. 1(b).

Additional combinations and variations may also be possible,

but will not be discussed in further detail here. Note that in Fig. 1

we mostly show examples of electron-selective contacts on n-

Si, while analogous hole-selective contacts may be realized in a

similar manner, and both types of contact may, in principle, be

applied to either n-Si or p-Si surfaces.

III. PASSIVATING CONTACT MATERIALS AND STRUCTURES

As should be clear from the discussion of Fig. 1, it is im-

perative that passivating contacts are engineered while carefully

considering the band alignments of possible contact configura-

tions and combinations of materials. Apart from the passivation

that is provided by a given material, it is necessary to assess

whether a material (or a stack of materials) is able to provide

selectivity for one type of charge carrier. In that context, it is

insightful to consider the band offsets and WFs of various ma-

terials with c-Si. An overview of the band offsets with respect

to c-Si for a selection of different candidate materials that have

been evaluated as (part of) a passivating contact is shown in

Fig. 2. Note that some of the offset values shown have been

obtained from theoretical predictions (HfO2 [28], [29], Ta2O5

[28]–[30], MoO3 [29]–[31], and WO3 [30], [31]) and some

from experimental observations (SiO2 [32], Al2O3 [28], [33],

a-Si:H [34], TiO2 [35], [36], NiO [37], PEDOT:PSS [38], [39],

In2O3 [40], and ZnO [40]), considering a heterojunction with

silicon whenever such data are available [32]–[35], [38], [39].

For a-Si:H, the variation in conduction and valence band offsets

has been carefully determined for a wide variety of plasma-

enhanced chemical vapor deposition (PECVD) conditions that

yield a-Si:H with significantly different material properties [34].

It should be noted that band offsets are usually calculated by

taking the vacuum potential as the reference energy level—a

method known as Anderson’s rule [41]—while the band offset

between two materials is also influenced by the properties of

their interface [42], [43]; therefore, the vacuum-referenced val-

ues only give a rough indication of the alignment. Band offsets

(and WFs) will also depend somewhat on the exact composi-

tion and structure of each material, which will depend on the

preparation method.
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Fig. 2. Conduction and valence band offsets of various materials with respect
to c-Si. For materials that have an electron affinity greater than that of c-Si
(TCOs, MoO3 , V2 O5 , and WO3 ), the energetic difference between the conduc-
tion band of those materials and the c-Si valence band is shown. All numerical
values shown are expressed in electronvolts. Note that all values should be
taken as indicative only, since the exact values will depend on aspects such as
the deposition method, stoichiometry, and the doping level of the material.

While accepting the uncertainties associated with band offset

values as outlined above, it is clear from Fig. 2 which materi-

als potentially exhibit a small conduction band offset (Ta2O5 ,

TiO2 , ZnO) or a small valence band offset (NiO, PEDOT:PSS)

with respect to c-Si and can, therefore, potentially serve as an

electron-selective or a hole-selective contact, respectively. This

does, however, not mean that carrier selectivity depends solely

on band alignment, since the WF of the material can also induce

selectivity, as was discussed in Section II. The WF values for the

transition metal oxides can range from 3.5 to 7 eV and can be

influenced by the structure and composition of the material, in

particular the stoichiometry, and the presence of dopants [30].

Because the WF values can vary widely for different materials,

they are not shown in Fig. 2, although they play a critical part

in achieving carrier selectivity for certain materials that do not

exhibit a conduction or valence band alignment with c-Si, such

as MoOx , VOx , WOx , and (doped) a-Si:H.

A few examples of non-conductive passivating layers are

shown in Fig. 2. Due to the large valence and conduction band

offsets, it is clear that none of the passivating dielectric layers

that are shown in green in Fig. 2 can render a carrier-selective

contact by themselves despite their passivating qualities. How-

ever, these dielectrics can be interesting candidate materials in

tunneling contacts. Finally, some examples of materials tradi-

tionally employed as transparent conductive oxides (TCOs) are

shown in Fig. 2, since these are expected to play a role as lat-

eral conductors in many passivating contact structures, in which

role their band alignment and WF alignment with the passi-

vating contact structure are relevant. These materials may also

be capable of forming hole-selective or electron-selective con-

tacts in their own right when the band alignment is suitable, as

appears to be the case for ZnO as an electron-selective contact.

A wide variety of materials and structures have been investi-

gated for passivating contact applications and the list of these is

increasing rapidly. In order to provide an overview of these de-

velopments, we make the following division of passivating con-

tact materials based on their chemical nature: Si-based materials,

transition metal oxides, organics, and alkali/alkaline metals, ox-

ides, and salts. These materials will be discussed separately in

the following subsections.

A. Si-Based Materials

The classical SHJ contact structure has resulted in the most

efficient c-Si solar cells reported so far of 26.6% [3], [5]. This

is enabled by the excellent properties of this structure, which

comprises a thin intrinsic a-Si:H layer that is deposited on the

c-Si surface by PECVD, followed by a layer of either p-type or

n-type doped a-Si:H. First, the intrinsic a-Si:H layer provides

chemical passivation of the c-Si surface [44]. Second, the doped

a-Si:H layers provide carrier selectivity by inducing band bend-

ing in the c-Si [see Fig. 1(b)]. Additionally, the heavy doping

yields an asymmetry in the conduction of electrons and holes,

which is an effect that is further aided by the fact that a-Si:H

has a wider bandgap than c-Si [as in Fig. 1(c)] [19], [45]. As

the lateral conduction through a-Si:H is quite poor, TCOs are

typically used on top of the a-Si:H(i)/a-Si(p/n) layers, while the

TCO layer on the front side of the solar cell moreover functions

as an antireflection coating (ARC).

Although SHJ solar cells can enable high conversion effi-

ciencies, there are also some downsides associated with the

use of a-Si:H. For instance, significant optical absorption losses

are associated with the a-Si:H layers [46], as will be further

discussed in Section IV. Furthermore, the a-Si:H layers are not

very thermally stable. Although the passivation quality provided

by a-Si:H can improve when annealing for a few minutes at

300 °C [47], large concentrations of defects are typically formed

when annealing a-Si:H on longer timescales already at lower

temperatures such as 200 °C [25], [48]. Especially in the case

of p-type a-Si:H, the passivation quality can be easily dam-

aged during annealing due to H effusion that is caused by Si–H

bond breakage [49]. Therefore, subsequent solar cell manufac-

turing steps have to be carried out at low temperatures, which,

for instance, rules out the use of high-temperature firing steps

(>700 °C) typically employed in other solar cell concepts.

Another Si-based contact is the SiOx /poly-Si structure. This

type of contact is a long-known technology in the semiconduc-

tor industry that has recently emerged as a highly promising

passivating contact for c-Si solar cells. The first attempts us-

ing semi-insulating poly-Si technology originate from its im-

plementation in bipolar junction transistors in the 1970s [50],

when it was established that poly-Si can provide improved con-

tact quality when combined with SiOx due to Fermi level de-

pinning and reduced recombination losses. It was around the

same time when a growing interest appeared in the classical

MIS contact, in which an ultrathin dielectric layer was inserted

between a metal and the silicon wafer to mitigate recombina-

tion losses, while still allowing transport through the dielectric

and attempting to retain charge carrier selectivity [22]. How-

ever, initially, it turned out to be challenging to achieve good

surface passivation with ultrathin SiOx . Recently, an ultrathin

(<1.5 nm) SiOx layer has been successfully combined with

doped poly-Si to form a passivating contact structure that has
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enabled solar cell conversion efficiencies exceeding 25%, while

using full-area contacts instead of local contacts [7], [11], [51]–

[53]. Note that while very low J0 values have been reported for

both n-type and p-type poly-Si in combination with an ultrathin

SiOx layer (J0 = 2– 8 fA/ cm2), a better performance has so

far been achieved for the phosphorus-doped poly-Si when com-

pared to boron-doped poly-Si [54]. Note that solar cells with this

type of oxide/poly-Si contacts are sometimes described by the

acronyms TOPCon (tunnel oxide passivated contact) [7], [11],

[51], [52] or POLO (poly-Si on oxide) [53].

The working mechanism of this passivating contact struc-

ture is based on two aspects. First, the ultrathin oxide, which

is typically grown by chemical or thermal oxidation, provides

chemical passivation at the c-Si/oxide interface, resulting in a

low Dit, and acts as a barrier toward dopant diffusion from

poly-Si to c-Si, while still enabling charge transfer from c-Si to

poly-Si. Second, the doping present in the poly-Si increases the

conductivity of one type of charge carrier, while the conductiv-

ity of the other charge carrier type is reduced. Note that poly-Si

can be grown directly or formed after crystallization of a-Si:H

using either PECVD or low-pressure chemical vapor deposition

(LPCVD). The doping can be introduced either in situ (during

deposition) or ex situ by means of ion implantation or diffusion.

Furthermore, it is crucial that defects at the c-Si/SiOx interface

are passivated. This can be achieved by hydrogenating the poly-

Si layer by means of hydrogen plasma treatments [55] or by

capping the poly-Si layer with Al2O3 [56] or SiNx [57]. The

band diagram that visually illustrates the working mechanism of

an electron-selective passivating contact based on n-type poly-Si

is shown in Fig. 1(d).

SiOx /poly-Si contacts have the significant advantage that they

are more thermally stable than the a-Si:H-based contacts that

are used in classical SHJ solar cells. However, compared to

the classical SHJ solar cell, the oxide/poly-Si approach requires

high-temperature processing (∼900 °C) to achieve the necessary

material properties for the passivating contact, in particular to

achieve the desired doping level in the poly-Si layer.

Although the potential of the oxide/poly-Si approach has been

demonstrated, key physical aspects of the ultrathin oxide layer

are still under discussion, such as the ideal oxide thickness,

the oxide stoichiometry, and the charge transport mechanism

through the oxide. Especially on the latter aspect no consen-

sus has been reached yet. Traditionally, direct or trap-assisted

tunneling is considered to be the responsible carrier transport

mechanism through an ultrathin oxide [58], [59], which is sup-

ported by numerical simulations [60]. However, it has recently

been argued that conduction via pinholes in the oxide could be

responsible for the carrier transport in the oxide [61], [62] or

that it should be seen as a combination of tunneling and pinhole-

assisted transport [63]. Since the oxide thickness varies in dif-

ferent implementations of SiOx /poly-Si contacts, e.g., 1.4 nm

[11], 2.1 nm [53], or even 3.6 nm [64], it should be noted that

tunneling becomes less likely in the case of thicker oxides, since

tunneling is assumed to take place when the oxide is thin enough,

i.e., < 2 nm [63]. Furthermore, possible improvements in the

oxide growth as well as the poly-Si growth and doping methods

are being explored to further enhance the performance of solar

cells with oxide/poly-Si contacts [51], [52], [65]–[69].

A significant drawback of the oxide/poly-Si approach is the

fact that poly-Si has a similar bandgap to c-Si. Therefore, when

using doped poly-Si on the front side of the solar cell, this is

expected to result in relatively large absorption losses, as will be

discussed in the next section. Additionally, poly-Si is typically

heavily doped in order to create a good contact in terms of

carrier selectivity, but heavy doping also results in free-carrier

absorption (FCA) [70], similar to what is observed for highly

doped c-Si [71]. This FCA still plays a role when poly-Si is

applied at the rear side of the solar cell.

Given the significant absorption losses associated with a-Si:H

and poly-Si, the use of more transparent carrier-selective materi-

als is an attractive approach to further increase the solar cell effi-

ciency. A potential Si-based candidate that circumvents the typ-

ically high absorption losses associated with a-Si:H and poly-Si

is hydrogenated nanocrystalline silicon (nc-Si:H)—sometimes

referred to as hydrogenated microcrystalline silicon—which is

typically prepared by PECVD [72], [73] or hot wire chemical

vapor deposition (HWCVD) [74]. Although the same carrier

selectivity mechanisms apply to a-Si:H, poly-Si, and nc-Si:H,

the latter has some distinct advantages in addition to the higher

transparency. More specifically, nc-Si:H enables a higher doping

efficiency, a lower contact resistivity, and a suppressed Schottky

barrier at the interface with an adjacent TCO compared with

a-Si:H, thus improving the contact quality [72], [73]. nc-Si:H

has been thoroughly investigated in the field of thin-film silicon

solar cells with a particular focus on achieving a high electrical

quality of the bulk at a high deposition rate to grow layers with a

thickness in the order of micrometers [75], [76]. However, when

using this material in SHJ solar cells, a typical thickness of only

∼10 nm is desired. This implies that it is more critical to suppress

the formation of an a-Si:H incubation layer, achieve sufficiently

high crystallinity, and avoid damage to underlying passivating

layers and the c-Si substrate [77]. When these issues are properly

addressed, it is possible to achieve solar cell efficiencies around

21%, largely owing to high Jsc and FF values due to high

transparency and a low ρcontact value, respectively [72], [73].

The transparency advantage of nc-Si:H can be further exploited

when alloying the material with oxygen, thus forming hydro-

genated nanocrystalline silicon oxide (nc-SiOx :H). When using

p-type nc-SiOx :H instead of p-type a-Si:H as the hole-selective

layer in a SHJ solar cell, a large Jsc improvement of 1.7 mA/cm2

up to 40.4 mA/cm2 has been demonstrated [77]. Alternatively,

a stack of an ultrathin SiOx layer and hydrogenated nanocrys-

talline silicon carbide (nc-SiCx :H) can provide excellent surface

passivation after postdeposition annealing at high temperatures

without using an a-Si:H interlayer [74]. This contact stack can

be used to form a hole-selective passivating contact, as is illus-

trated by excellent values of both J0 (9 fA/cm2 on n-type Si;

11 fA/cm2 on p-type Si) and ρcontact (86 mΩ·cm2 on n-type Si;

19 mΩ·cm2 on p-type Si) [78]. Its material and contact proper-

ties are comparable with the previously discussed SiOx /poly-Si

structure, and it is compatible with high-temperature metal-

lization schemes. Unfortunately, limited transparency is also a

common factor for these two contact structures, practically re-

stricting the use of SiOx /SiCx contacts to the rear side of the

solar cell. Yet, when using this contact in a solar cell with an

a-Si:H-based electron-selective contact on the front side of the
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cell, conversion efficiencies of 20.4% [79] and 21.9% [80] have

been achieved. These recent results underline the potential of

this approach.

B. Transition Metal Oxides

Recently, transition metal oxides have been gaining increased

attention in passivating contact materials research, which is

driven by their excellent transparency (typically Eg > 3 eV),

the possibility of low-temperature deposition (unlike poly-Si),

and a potentially better thermal stability than a-Si:H. Addi-

tionally, the wide bandgap can be helpful in realizing suffi-

cient carrier selectivity even when using layers of only a few

nanometers thick. Although some of these metal oxides are al-

ready known as carrier-selective contacts in the field of organic

and perovskite photovoltaics, such as titanium oxide (TiOx )

[81]–[83] and molybdenum oxide (MoOx ) [84], [85], they are

relatively new as contact materials in c-Si solar cells.2

Perhaps the most promising results for transition metal oxides

as passivating contacts in c-Si solar cells have been achieved for

titanium oxide (TiOx ) as electron-selective material. TiOx is

well known as an ARC for c-Si solar cells and was the dominant

material used for this purpose from the early 1970s through the

late 1990s, when it was replaced by SiNx due to the superior

c-Si surface passivation provided by the latter. Good surface

passivation of both p- and n-type c-Si (τeff > 1 ms) has only

recently been reported for TiOx prepared by atomic layer depo-

sition (ALD), after annealing and light soaking treatments [86].

These findings, together with the demonstration of electron-

selective contact properties for Al/TiOx (3 nm)/c-Si structures

[35], triggered increased interest in TiOx as a candidate electron-

selective contact material [86]–[89]. As a part of this research

effort, very low J0 values of 6–8 fA/cm2 have since been re-

ported for TiOx layers on p- and n-type float-zone c-Si without

any postdeposition treatment, such as annealing or light soak-

ing [87]. Furthermore, a low contact resistivity of 20 mΩ·cm2

has been reported for an Al/TiOx (2.5 nm)/c-Si structure [90],

while the value of ρcontact increased strongly for increasing TiOx

thickness.

TiOx is particularly interesting as an electron-selective con-

tact because the conduction band offset can be as small as 0.1 eV,

while the valence band offset is approximately 2.1 eV, which

yields an alignment of the c-Si and TiOx conduction bands, as

shown in Figs. 1(c) and 2 [35], [36]. It should be noted that this

electron selectivity is apparently achieved despite the negative

charge inferred by most investigators for surface-passivating

TiOx [86], [87], [91]. It has been argued that negative charges

can appear at the TiOx surface as a consequence of redox re-

actions and also that light soaking results in negative charging

[86], [91], which may be detrimental when aiming to fabricate a

TiOx -based electron-selective contact. On the other hand, it has

2The metal oxide layers in perovskite solar cells are typically thicker (e.g.,
11 nm of ALD TiOx [82] or 60 nm of e-beam evaporated TiOx [83]) when
compared with the electron-selective metal oxide layers in c-Si solar cells. In
the former case, the carrier transport through the oxide is argued to be defect-
assisted and does not rely on tunneling effects that may come into play for
the ultrathin layers that are used in electron-selective contacts for c-Si solar
cells. Furthermore, in the latter case, surface passivation is critical and strongly
depends on the TiOx layer thickness [89], [90].

recently been reported that thermal ALD TiOx and plasma ALD

TiOx result in opposite types of band bending in c-Si, possibly

due to the different deposition chemistry that influences the for-

mation of the TiOx /c-Si interface. This suggests that the electron

selectivity of TiOx can be strongly affected by the process that

is used to grow the film [92]. The best solar cell results in which

this material is used as an electron-selective contact have been

achieved with thermal ALD TiOx as a full-area rear contact

layer capped by Al [89]–[91]. It is likely that the electron se-

lectivity is induced by chemical interactions between TiOx and

Al after annealing. More specifically, it has been reported that

a post-deposition annealing treatment resulted in the extraction

of oxygen atoms from TiOx toward Al, which could explain

the observed ρcontact decrease by one order of magnitude [90].

Therefore, chemical interactions between TiOx and an adjacent

metal layer, as well as a low WF value of the metal that is in

contact with the TiOx layer, can be beneficial for the electron

selectivity, while the presence of charge in the TiOx appears to

play a relatively smaller role in this respect.

The excellent surface passivation of ALD TiOx has enabled

a solar cell conversion efficiency of 20.5% when using TiOx

as a passivating ARC [87] and even 21.6–22.1% when using

3–3.5-nm TiOx as a full-area electron-selective rear contact in

an n-type-based c-Si solar cell with an Al2O3 /SiNx -passivated

diffused p+ emitter on the front side [89], [90], [93]. When

aiming to benefit more from the transparency of TiOx and, thus,

potentially achieve a higher solar cell conversion efficiency, it

appears attractive to use TiOx as a front electron-selective con-

tact layer. However, this would likely require the use of an

additional front TCO with a suitable WF on top of the TiOx

layer, which has, so far, not been demonstrated in a solar cell.

Thermal stability is another concern. It appears that the forma-

tion of the crystalline phase of TiOx should be avoided during

both the growth of the film and any post-deposition annealing

treatments to preserve the passivation quality, irrespective of the

used ALD Ti precursor [87], [88]. Such crystallization can occur

already above 300 °C [88], which may be an issue for device in-

tegration. Nevertheless, given the promising passivation quality

and solar cell conversion efficiency results so far, an ultrathin

TiOx layer could prove to be useful in the development of high-

efficiency c-Si solar cells, especially if it could be manufactured

by a high-throughput method such as spatial ALD, PECVD, or

atmospheric pressure chemical vapor deposition.

An example of a transition metal oxide that has been success-

fully employed to create a transparent passivating hole contact is

(slightly) substoichiometric molybdenum oxide (MoOx ; x � 3)

[94]–[100]. MoOx is known for its use as hole transport material

in both organic PVs and perovskite solar cells [84], [85]. For

c-Si, MoOx can mainly provide selectivity toward holes through

its high WF (>5.5 eV) in combination with its wide bandgap,

which induces an accumulation of holes at the silicon surface.

Based on these properties, MoOx can be considered as part of a

family of materials together with WOx [97], [98], [101], [102],

and vanadium oxide (VOx ) [97], [98], [103]. These metal oxides

have been used on the front side of a classical SHJ solar cell

to replace the p-type a-Si:H layer [94], [97], [99], [101], [102],

[104] or to improve the contact between the p-type a-Si:H layer

and the TCO [102], [103], [105]. This way, a combination is cre-
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ated of the carrier-selective contact concepts shown in Fig. 1(b)

and (c), i.e., a passivating layer such as a-Si:H together with a

wide-bandgap semiconductor that has a very high WF.

For example, Battaglia et al. have used thermally evaporated

MoOx in a standard SHJ solar cell device to replace the p-type a-

Si:H layer resulting in a substantial enhancement in photocurrent

of 1.9 mA/cm2 due to the higher transparency of MoOx com-

pared with p-type a-Si:H [106]. More recently, Geissbühler et al.

demonstrated a SHJ solar cell with an evaporated MoOx hole

collector with an impressive conversion efficiency of 22.5%,

mainly due to a reduced voltage loss with respect to the ear-

lier results of Battaglia et al. [96]. In both cases, an intrinsic

a-Si:H layer was present between the MoOx layer and the c-

Si wafer to ensure good chemical passivation and a high Voc.

Additionally, to further reduce the absorption losses, a SHJ so-

lar cell yielding a conversion efficiency of 19.4% with hole-

and electron-selective contacts based on MoOx and lithium flu-

oride (LiF), respectively, has been reported, such that the use

of doped a-Si:H is avoided altogether [106]. The contact per-

formance of thermally evaporated MoOx without an intrinsic

a-Si:H interlayer was explored in detail by Bullock et al. for

both p-type and n-type c-Si substrates, yielding rather low val-

ues for ρcontact (0.2–30 mΩ·cm2), but still fairly high values for J0

(200–300 fA/cm2) [99]. Furthermore, evaporated local rear

MoOx contacts embedded in an Al2O3 /SiNx passivation stack

have been used in a p-type solar cell, which has shown an effi-

ciency of 20.4% [107].

All of the results just mentioned were achieved using ther-

mally evaporated MoOx . Low-temperature ALD of MoOx has

also been demonstrated and is particularly promising for ap-

plications in SHJ solar cells due to its scalability and low-

temperature processing compatibility with a-Si:H passivation

layers [95], [108]. However, so far, evaporated MoOx has been

shown to yield a larger amount of band bending than ALD MoOx

and thus an enhanced hole selectivity [109], [110]. It should also

be noted that, irrespective of the MoOx deposition method, an

interlayer such as a-Si:H is still needed between MoOx and c-Si

for good surface passivation. Furthermore, the WF value can be

significantly lowered by the presence of oxygen vacancies, as

has been demonstrated for tungsten oxide (WOx ) [101], [104],

[111], which also owes its hole selectivity to a high WF value,

similar to MoOx . However, the demonstrated high conversion

efficiencies clearly underline the promising potential of MoOx

in high-efficiency SHJ solar cells and hybrid combinations of so-

lar cell structures, in which advantages in terms of transparency

and simple manufacturing are combined, can be devised as well

[12], [17].

In addition to metal oxides with relatively low bulk conduc-

tivity, such as TiOx , MoOx , VOx , and WOx , also materials that

are traditionally considered as TCOs can be used to achieve

carrier selectivity. Already in the 1960s, a heterojunction of

conductive tin oxide (SnO2) with c-Si was explored to form

a rudimentary solar cell [112]. Although the idea of using a

TCO as a carrier-selective layer in a c-Si solar cell is thus not

new, zinc oxide (ZnO), SnO2 , and tin-doped indium oxide (ITO)

have only recently been explicitly explored as electron-selective

contact materials in the context of high-efficiency c-Si solar

cells by researchers such as Stradins and Young and co-workers

[29], [113]. These TCOs were prepared by sputter deposition

on thermally grown SiO2 interlayers. The best passivating con-

tact properties were found for ITO, which was sputtered on a

relatively thick (4.5-nm) SiO2 layer, followed by a forming gas

annealing treatment [29]. This resulted in a low ρcontact value

(11.5 mΩ·cm2), but yielded a relatively high J0 (92.5 fA/cm2),

which was attributed to a relatively poor level of surface passiva-

tion [113]. However, this type of contact has not yet been tested

in a solar cell. Wang et al. fabricated a SHJ solar cell, which

uses boron-doped ZnO as full-area rear electron-selective layer.

The doped ZnO outperformed n-type a-Si:H in the tested solar

cell configuration, especially due to gains in Jsc (2 mA/cm2) and

FF (5%). This is largely due to an improved long-wavelength

response caused by a lower refractive index and a higher con-

ductivity resulting in a reduced series resistance, respectively

[114]. Interestingly, it has recently been reported by Van de Loo

that conductive and extrinsically doped ZnO films prepared by

ALD can, in fact, provide outstanding surface passivation to

both n- and p-type c-Si with J0 < 7 fA/ cm2 when, in analogy

to passivating contacts based on poly-Si, it is deposited on a

thin SiO2 layer and hydrogenated by Al2O3 [115]. Even though

no ρcontact values have been reported yet, the fact that ZnO can

provide surface passivation makes it of interest as passivating

electron-selective contact material, thereby avoiding the use of

an a-Si:H interlayer. Note that a passivating contact based on

a TCO could provide sufficient conduction to serve as a lateral

transport layer in a solar cell while simultaneously functioning

as an ARC. This could enable a reduced solar cell processing

complexity.

Another conceptually interesting approach is to make a

carrier-selective tunneling contact for either electrons or holes

by using a high fixed charge density in the tunnel oxide. For

instance, a hole-selective tunneling contact has been devised by

placing an ultrathin (< 2 nm) layer of Al2O3 (which is known

for its surface passivating properties, large bandgap, and large

negative fixed charge density (−Qf ) [116], [117]) between n-Si

and an aluminum doped zinc oxide (ZnO:Al) film, following the

approach of Fig. 1(e). The high negative Qf of Al2O3 induces

some selectivity toward holes near the Si/Al2O3 interface, while

ideally the ZnO conduction band lines up with the c-Si valence

band to enable tunnel recombination [27]. Although this early

attempt to use metal oxides as part of a passivating contact leads

to a decent passivation (Seff,max = 20 cm/s) when used together

with a very thin (∼3 nm) a-Si:H interlayer, the lowest reported

contact resistivity for this layer stack is still rather high at 1.5–

5 Ω·cm2. This makes its application as a passivating contact

challenging [25]. Yet, tunnel contacts that rely to a large extent

on a sufficiently high fixed charge density for their carrier se-

lectivity have only been marginally investigated so far and may

deserve further attention.

Finally, when further exploring transition metal oxides in

the context of passivating contacts, a lot can be learned from

other fields, such as microelectronics and organic electronics,

where the electrical properties of transition metal oxides have

already been explored. It is likely that this class of materials

will attract more attention in research when more examples of

promising oxides can be identified and optimized. An example

of such a material is hafnium oxide (HfOx ), for which the c-
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Si passivation quality has recently been reported [118], [119].

Furthermore, tantalum oxide (TaOx ) has recently appeared as

a candidate electron-selective passivating material [120], while

hole-selective contact properties have been demonstrated for

nitrogen-doped copper oxide (CuOx :N) [121]. However, so far,

these metal oxides have not been integrated into a passivating

contact structure, implying that their potential is not clear yet.

C. Organics

Besides the numerous inorganic materials that have so far

been discussed, organic materials can also be used to form

a carrier-selective contact structure with c-Si. Many of these

materials were originally developed for use in organic PV

devices. An early attempt from the 1990s involving iodine-

doped poly-(CH3)3Si-cyclooctatetraene in combination with n-

Si yielded a crude solar cell with a conversion efficiency ap-

proaching 5% [122]. More recently, polythiophenes have been

specifically investigated as candidate hole-selective materials

for c-Si solar cells. Promising results have been obtained with

poly(3-hexylthiophene) [123] and even more so with poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)

[38], [39], [124]–[127]. PEDOT:PSS has been used as a con-

tact layer on the front side [38], [39], [126] and the rear side

[124], [125], [127] of a c-Si solar cell, both in a homojunction

configuration with a diffused emitter [124], [125], [127] and a

heterojunction structure involving a-Si:H [126], [127] or TiOx

[39] layers. Note that the PEDOT:PSS layer was in all cases

applied as a full-area contact layer on a non-textured surface.

The hole selectivity of the PEDOT:PSS contact is induced by

the slightly negative valence band offset and larger positive con-

duction band offset with respect to c-Si (see Fig. 2), combined

with the fact that the WF of PEDOT:PSS is rather high (∼5 eV)

[38], [126]. Note that the selectivity mechanism is analogous to

the electron-selective contact structure shown in Fig. 1(c). Using

PEDOT:PSS on the rear side of the solar cell has so far proven

to be more successful in terms of the device performance, yield-

ing an impressive conversion efficiency of 20.6% [125], [127].

The optimal contact performance that has been reported for PE-

DOT:PSS (with ultrathin SiOx as interlayer) can be expressed

as J0 = 46 fA/ cm2 together with ρconctact = 0.1 Ω · cm2 [125].

Although the demonstrated contact performance and solar

cell efficiency clearly illustrate that PEDOT:PSS is an interest-

ing passivating contact material, process integration may be an

issue due to the relatively poor thermal stability of this material

and organics in general. It also remains a challenge to fabri-

cate such a layer on a textured surface due to the spin-coating

method that is commonly used to deposit the material. Further-

more, the absorption and reflection losses associated with this

material make it difficult to effectively use it on the front side of a

solar cell without compromising the short-circuit current density

(Jsc) and, thus, the conversion efficiency of the solar cell [126].

Finally, it is not yet clear whether organic electron-selective con-

tact materials can be successfully incorporated into c-Si solar

cells as well. The naphthalene-bis(dicarboximide)-based poly-

mer P(NDI2OD-T2) has been suggested as a candidate electron-

selective material [126]. Its conduction band offset with c-Si is

less than 0.1 eV, while it has a relatively high mobility (0.45–

0.85 cm2
�V-1

�s-1) and a bandgap of∼1.45 eV that should induce

a valence band offset of ∼0.3 eV [127], [128], but this material

has not yet been tested in a c-Si solar cell.

D. Alkali/Alkaline Metals, Oxides, and Salts

A relative newcomer in the field of passivating contact mate-

rials for c-Si solar cells is formed by the alkali/alkaline metals,

salts, and oxides comprising a group 1 or 2 metal cation, which

can be bonded in the form of carbonates [129], acetates [130]

or fluorides [130]–[132]. In the field of organic electronics, and

electroluminescent devices in particular, this class of materials

has already been well known since their introduction as electri-

cal contacts about two decades ago [131], but it has not yet been

thoroughly explored in the context of c-Si solar cells. So far, the

focus in c-Si passivating contact materials research in this area

has been on evaluating the contact resistivity of various materi-

als that can be deposited via thermal evaporation and testing the

performance of the contact in both homo- and heterojunction

solar cells. Examples include magnesium oxide (MgOx ) [133],

magnesium fluoride (MgFx ) [134], LiF (as a local rear contact in

a homojunction solar cell [135] or as a full-area rear contact com-

bined with i-type a-Si:H in a SHJ solar cell [104]), potassium

fluoride (KFx ) [15], cesium fluoride (CsFx ) [15], magnesium

(Mg) [136], and calcium (Ca) (as a local rear contact in a ho-

mojunction solar cell [137] or in combination with a passivating

TiOx interlayer [138]). A more extensive list of contact resistiv-

ity values of similar materials can be found elsewhere [15].

All contact materials in this specific category reported so far

are candidate electron-selective contacts. In the case of MgOx ,

the working mechanism of the contact is assumed to rely on the

combination of a high bulk conductivity and high electron con-

centration together with the passivation of gap states between Al

and c-Si [133]. The other materials have a considerably lower

WF than Al, which is the property to which the Ohmic behavior

and associated electron-selective contact properties are ascribed

[16], [106], [134]–[137]. Respectable solar cell efficiencies of

19–20% have so far been accomplished when employing these

materials in homojunction [133]–[137] or heterojunction [106]

solar cells involving full-area [106], [133], [134], [136] or lo-

cal [135], [137] contacts. Although the reported performances

of the different solar cell structures are promising and offer

new routes toward high-efficiency solar cells, they do not yet

match the quality of state-of-the-art homojunction or hetero-

junction solar cells. Since moderately low to very low con-

tact resistivity values with c-Si have already been reported for

the above-mentioned materials (0.2–76 mΩ·cm2 [15], [106],

[133]–[137]), while just a single report of a low J0 value has

appeared, it is likely that J0 is generally more of a limiting fac-

tor in the solar cell performance than ρcontact for these materials.

Hereby, it should be noted that the single reported low J0 value

(10 fA/cm2 [134]) depended on the use of an a-Si:H interlayer.

This would explain why most of the above-mentioned solar cell

structures employ either a-Si:H passivating layers [106], [134],

[136] or local contacts [135], [137], since both these approaches

are standard ways to reduce recombination losses. Nevertheless,

there is still ample room to improve the quality of passivating

contacts based on alkali/alkaline metals, oxides, and salts, for

instance, by enhancing the passivating quality through interface

treatments of the c-Si surface or via the exploration of other

deposition techniques than thermal evaporation.
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Fig. 3. Contour plot of the maximum c-Si solar cell efficiency as a function
of J0 and ρcontact as obtained from Quokka simulations [139]. A comparison of
the electrical performance of various c-Si solar cell concepts is made in terms
of the weighted area-corrected recombination parameter J0 and the contact
resistivity ρcontact for the rear side of the solar cell [7], [10], [11], [80], [89],
[90], [93], [113], [125], [134], [140]–[144]. When the data are available, the
reported record conversion efficiency value is shown next to the label for each
solar cell architecture. Data points for full-area contacts are denoted in bold.
Additionally, electron-selective contacts are marked with a circle, whereas hole-
selective contacts have star-shaped symbols. The blue-dashed lines represent
isolines of constant J0 · ρcontact. Note that in the case of TiOx , the reported
values of J0 and ρcontact correspond to a cell efficiency of 20.5% [89], but
the ρcontact value for this contact structure has meanwhile been improved to
20 mΩ·cm2 [90], while the champion cell efficiency has now reached 22.1%
[93].

IV. COMPARISON OF PASSIVATING CONTACTS

A. Electrical Properties of Passivating Contacts

As discussed in Section II, the effectiveness of a passivat-

ing contact can be described by its J0 and ρcontact values, which

together describe how carrier-selective it is. This means that dif-

ferent passivating contact structures can be directly compared

by using these two parameters. The influence of J0 and ρcontact

on the maximum attainable cell efficiency has been visualized in

Fig. 3. The iso-efficiency lines have been obtained from a device

simulation using Quokka [139]. In the simulation, radiative and

Auger recombination [145] are accounted for, and we assumed

a uniform generation profile, an external series and shunt re-

sistivity of 0 and 106 Ω·cm2, respectively, and an n-type wafer

with a bulk resistivity of 106 Ω·cm to approximate an intrinsic

c-Si wafer.3 Furthermore, an ideal front side is assumed, i.e.,

J0 = 0 fA/ cm2 and ρcontact = 0 Ω · cm2, such that the effects

3When a more usual wafer resistivity of 3 Ω·cm is assumed instead of the
quasi-intrinsic bulk that we assumed here, a shift in the iso-efficiency lines
towards the top right corner of Fig. 3 is observed. Consequently, the theoretical
maximum conversion efficiencies of, e.g., the classical SHJ solar cell by Kaneka
and the TOPCon solar cell of Fraunhofer ISE are lowered by 0.06% and 0.08%
absolute, respectively. This implies that a more usual base doping level instead
of the quasi-intrinsic wafer that is assumed to calculate the iso-efficiency lines
shown in Fig. 3 accounts only for a limited part of the difference between the
theoretical and practical efficiency limit.

of a full-area rear passivating contact can be visualized. Follow-

ing Richter et al. [2], we assumed a 110-µm-thick wafer and a

generation current density of 43.31 mA/cm2. For such an ide-

alized absorber, the calculated efficiency is thus solely limited

by J0 and ρcontact of the rear contact together with the unavoid-

able loss mechanisms in c-Si. Note that Auger recombination

is not included in a roughly comparable analytical approach

that has recently been used to calculate iso-efficiency lines in

a J0–ρcontact plot [113] and that our approach is comparable to

other recent work [106], [107], [146], [147].

The J0–ρcontact plot reveals that both parameters have a pro-

found influence on the maximum attainable conversion effi-

ciency of c-Si solar cells, although their influence is markedly

different. The efficiency is rather insensitive to ρcontact values

when they are below ∼100 mΩ·cm2, whereas a strong reduc-

tion in cell efficiency is observed for higher values. This can

be understood from the fact that at the maximum power point,

a current close to the Jsc will flow through the contacts. Since

this is a current density on the order of ∼40 mA/cm2, the volt-

age loss over the contact due to the contact resistance gets into

the 10 mV range for ρcontact values exceeding ∼250 mΩ·cm2,

and this loss becomes non-negligible compared with the Voc. In

addition, at very low ρcontact values, it can be seen that the iso-

efficiency lines are approximately vertical and equally spaced

in terms of J0. This can be understood from the well-known

inverse logarithmic dependence of Voc on J0. For very low J0

values, the spacing between the vertical iso-efficiency lines in-

creases, which is mostly due to the fact that Voc becomes limited

by unavoidable bulk recombination in the silicon rather than by

surface recombination. For example, in a 25.1% efficient c-Si

solar cell, the contribution from the bulk has been estimated to

be 8 fA/cm2 [7].

As was already discussed in the introduction, the for-

mation of local contacts can be used to trade off J0 and

ρcontact and to enhance the solar cell conversion efficiency,

albeit at the cost of additional processing complexity. Us-

ing this approach, the J0 and ρcontact values become the

weighted averages over the contacted and non-contacted ar-

eas, i.e., J0 = Af · J0,metallized + (1 – Af) · J0,passivated and

ρcontact = ρcontact,metallized /Af, where Af is the metallized area

fraction of the solar cell. Therefore, assuming that an idealized

perfectly passivating layer (i.e., J0,passivated = 0 fA/ cm2) is

used on the non-contacted areas, one can directly interchange

J0 and ρcontact by varying the contact fraction Af, i.e., J0 · ρcontact

= constant. This is visualized by the dashed blue diagonal lines

in Fig. 3, which are isolines of constant J0 · ρcontact. In other

words, when a full-area contact features certain J0 and ρcontact

values, one can, in principle, move toward the upper left part of

the plot along the blue diagonal lines by reducing the contact

area fraction Af. Note, however, that such a move along the

blue diagonal lines is possible only in this idealized simulation,

while in reality additional tradeoffs such as lateral transport

losses also need to be considered when moving from full-area

to local contacts.

The main point of Fig. 3 is to compare the efficiency potential

of different contact structures, i.e., when they are not limited by

other aspects of the solar cell design. Note that when certain

known J0 and ρcontact contributions for the front side of the solar

cell are to be included, they can as a first-order approximation
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be added to the J0 and ρcontact values shown in Fig. 3; therefore,

the maximum attainable efficiency can be estimated more pre-

cisely. However, this calculation is not done here. In order to

make a comparison between various cell concepts based on their

electrical properties, it is useful to assess different industrial and

non-industrial solar cell structures based on the J0 and ρcontact

values corresponding to the rear side of the solar cell. This is

useful because these values represent electrical losses that are

present in all c-Si solar cells.

The J0 and ρcontact values of various cell concepts are shown in

Fig. 3 after having made corrections for the differences in contact

area. Therefore, literature values have been converted to an

equivalent full-area contact, i.e., the J0 values in Fig. 3 are area-

weighted averages of the J0,passivated and J0,metallized values.

These corrected total J0 and ρcontact values enable a comparison

of various solar cell structures that have vastly different contact

areas. Note that all the original values for J0, ρcontact, and the

solar cell efficiency have been taken from literature [7], [10],

[11], [80], [89], [90], [93], [113], [125], [134], [140]–[143],

except for the Kaneka SHJ solar cell, the values for which have

not been published, but were separately disclosed to us for the

purpose of this work [144]. For the sake of simplicity, we only

compare solar cell structures, which have contacts on both sides

of the c-Si wafer.

While the conversion efficiencies enabled by the classical SHJ

and oxide/poly-Si structures differ by less than 1% absolute, it is

clear that both of these owe their excellent performance to sim-

ilar very low J0 values. At the same time, while the values for

ρcontact of these structures are one order of magnitude apart—for

this ρcontact range—this apparently has a smaller impact on the

conversion efficiency than J0. It is also clear that the PERL cell

performs excellently in terms of ρcontact, which indicates that

the resistance at the c-Si/metal interface is very small, even for

a very small contact fraction, i.e., 0.16%. However, the same

very small contacts still comprise the recombinative c-Si/metal

interface, which poses a limit on the desired reduction of J0,

indicating that this type of solar cell cannot be improved much

further, since it is not feasible—certainly not industrially—to

reduce the contact fraction even further. Furthermore, when

considering the relatively novel passivating contact materials

shown in Fig. 3, it appears that the solar cells with contacts

based on TiOx and PEDOT:PSS are limited in their conversion

efficiency by both J0 and ρcontact, while the solar cell with a

MoOx contact is predominantly limited by a relatively high J0

value. Finally, regarding the examples of industrial solar cell

types, e.g., the n-PERT, p-PERC, and n-Pasha solar cells, the

striking difference between these is that the n-PERT cell has a

much lower J0 value, while the p-PERC cell and especially the

n-Pasha cell have a far lower ρcontact value. Since the n-PERT

solar cell has a significantly higher conversion efficiency than

the p-PERC and the n-Pasha solar cells, it appears again that

lowering J0 is generally more important than it is to achieve a

low ρcontact when aiming at a further increase in cell efficiency.

When considering the gap between the theoretical upper limit

and the practically obtained values for the solar cell efficiency,

it is interesting to see that the further potential for the PERL

solar cell is, in fact, more limited than it is for the SHJ solar cell

or a solar cell with an oxide/poly-Si contact. When combining

the outcome of the calculated efficiencies with the current state-

of-the-art values, it is clear that below the previously mentioned

ρcontact value of ∼100 mΩ·cm2 (when neglecting the electrical

losses on the front side of the solar cell), no significant improve-

ment in the solar cell efficiency should be expected when further

reducing ρcontact. Therefore, to fabricate a high-efficiency solar

cell, it is apparently more important to further reduce J0 than it

is to lower ρcontact once a sufficiently low ρcontact value has been

reached. These findings not only justify the increased research

effort in the field of passivating contacts in recent times, but can

also be helpful in future developments of passivating contacts

when aiming to further reduce the gap between the demonstrated

record c-Si cell efficiency and the theoretical limit.

B. Optical Properties of Passivating Contacts

Besides their electrical properties, a further key design re-

quirement for materials in a passivating contact structure is to

minimize the parasitic absorption losses. In solar cell designs

that are fully rear-contacted, such as interdigitated back contact

(IBC) structures, absorption losses play a smaller role due to

the fact that the contact materials are placed on the rear side

of the solar cell and the high bandgap of the materials that are

typically used on the front side. However, the vast majority of

industrial c-Si solar cells have contacts on both sides of the

wafer. The reflection and absorption induced by the layers on

the front side of the solar cell are normally minimized by using

very wide bandgap materials to achieve combined antireflec-

tive and passivating properties, such as SiNx stacked on top

of Al2O3 [156]. In the case of solar cells with a heterojunc-

tion front contact, additional layers must be present to provide

charge carrier selectivity and lateral conduction, and it is imper-

ative that absorption in these layers is minimized. Additionally,

the absorption in the a-Si:H layers that are part of the typical

SHJ solar cell design imposes limits on the maximum current

that can be extracted from the solar cell [46], as illustrated in

Fig. 4. Clearly, the absorption in a-Si:H is much larger than the

absorption losses associated with alternative carrier-selective

layers, such as MoOx , and TiOx , which illustrates the potential

of these materials. It should be noted that the typical thickness of

these materials (∼10 nm or less) is similar to that of the a-Si:H

layers that are commonly used in classical SHJ solar cells, which

enables a comparison based on the absorption coefficient (α)

spectra, although the refractive index affects the absorption as

well. For PEDOT:PSS and poly-Si, layer thicknesses of several

tens of nanometers are however more typical, which underlines

that it is difficult to use these materials on the front side of a

solar cell.

To assess the impact of the absorption losses on the solar

cell performance, OPAL2 simulations [155] were conducted on

possible examples of front contact structures involving a selec-

tion of the carrier-selective contact materials shown in Fig. 4(a)

and (b). To quantify the impact of the differences in absorption

coefficient on the Jsc of a solar cell, the maximum attainable

short-circuit current density Jsc,max is shown in Fig. 4(c) as

a function of the carrier-selective layer thickness. A random-

pyramid-textured wafer with a thickness of 110 µm is assumed

and an i-type a-Si:H [46] layer with a thickness of 5 nm is in-
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Fig. 4. Absorption coefficient (α) spectra for various (a) passivating and/or
carrier-selective materials and (b) transparent conducting materials that can be
used for lateral electrical transport in a solar cell. Note the difference in vertical
axis scale for the top and bottom graphs. The AM1.5G solar spectrum is shown
as a reference to illustrate in which parts of the spectrum the absorption losses
induced by the materials present on the front side of the solar cell affect the
generated photocurrent. The absorption data of the PEDOT:PSS layer were
obtained from spectroscopic ellipsometry measurements on samples described
elsewhere [148]. The same applies to the data for MoOx (x � 3) [95], In2 O3 :H
[149], [150], ZnO:Al [151], ZnO:H [152], ITO [151], IZO [153], poly-Si [154],
and a-Si:H [46]. (c) Using OPAL2 simulations [155], the maximum short-circuit
current density (Jsc,max) is evaluated as a function of the layer thickness for a
variety of carrier-selective materials when used in a front contact structure. The
poly-Si optical data needed for the simulation were obtained using a numerical
approximation described elsewhere [71].

Fig. 5. Conversion efficiency of silicon solar cells incorporating various pas-
sivating contact structures. As reference, efficiencies of PERC and n-PERT
homojunctions have been included [20], [141], [157]–[160]. Open symbols
are used for cells comprising hole-selective contacts, whereas filled symbols
are used for cells comprising electron-selective contact materials. Half-filled
symbols are used for the reference homojunctions that include doped Si as
carrier-selective structures.

serted between c-Si and the carrier-selective layer in the cases

of p-type a-Si:H [46], i.e., the classical SHJ front contact, and

MoOx [95], which both currently require this interlayer for sur-

face passivation. In the case of TiOx [87], doped poly-Si (with

a doping level of 1020 cm-3) [155], and PEDOT:PSS [148], such

an a-Si:H interlayer is not included, as these materials already

provide sufficient surface passivation. Note that the PEDOT:PSS

thickness variation is also shown for a textured surface, although

in practice the spin coating method is only compatible with pla-

nar surfaces. Crystalline hydrogenated indium oxide (In2O3 :H)

[149], [150] is used as a highly transparent front TCO and ARC

to complete the front contact structure in the simulation such that

the absorption losses of the carrier-selective layers can be well

compared. Note that the In2O3 :H layer thickness is optimized

to maximize the Jsc,max value for every carrier-selective layer

thickness. Based on Fig. 4(c), it is clear that the p-type a-Si:H

layer thickness in a classical SHJ solar cell is very critical and

cannot be more than only a few nanometers without introduc-

ing significant Jsc losses. The same argument holds for doped

poly-Si and PEDOT:PSS, which shows why these materials are

typically used on the rear side of the solar cell. The high bandgap

of MoOx and TiOx clearly enables a higher Jsc,max. Especially

for the case of TiOx , where no a-Si:H interlayer is needed, Jsc,max

is only approximately 1 mA/cm2 lower than the incident photon

current density (Jinc) provided by the AM1.5G illumination. As

was described earlier mostly in qualitative terms, these results

illustrate the need for more transparent contact materials in a

quantitative fashion.

V. STATUS AND PROSPECTS OF PASSIVATING CONTACTS IN

SOLAR CELLS

An overview of the conversion efficiency of reported c-Si so-

lar cells containing passivating contacts is presented in Fig. 5.

As discussed earlier, the use of passivating contacts has resulted
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in record-high conversion efficiencies for c-Si solar cells. Most

prominently, a-Si:H and SiOx /n-type poly-Si have resulted in

solar cells with conversion efficiencies of 26.6% (180 cm2) [5]

and 25.7% (4 cm2) [11], respectively, demonstrating the great

potential of passivating contacts. Note that in these particu-

lar high-efficiency concepts, the passivating contacts are only

used at the rear side of the cell to minimize parasitic absorp-

tion losses. Specifically, the a-Si:H-based record cell has an

IBC configuration, whereas in the SiOx /n-type poly-Si-based

cell, a homojunction is used at the front side. To also allow

for such high efficiencies with a passivating contact at the

front side, research initiatives are targeting highly transparent

passivating contact materials. Since 2013, an increasing variety

of new materials are being explored for such transparent passi-

vating contacts, resulting in significant progress in efficiencies

for laboratory-scale devices incorporating such contacts. For

instance, the efficiencies of solar cells incorporating contacts

based on MoOx and TiOx are already almost on par with the

conversion efficiencies for state-of-the-art PERC and n-PERT

solar cells. Given the novelty of these transparent passivating

contacts and the ongoing search for new or improved materials,

even higher conversion efficiencies can be expected in the near

future.

Although the proof of principle of these new passivating con-

tact materials is thus clearly demonstrated, not all the manu-

facturing processes that are used in the abovementioned emerg-

ing solar cells are industrially viable. For instance, expensive or

low-throughput methods such as photolithography, evaporation,

and long drive-in steps are being used. Of the passivating con-

tact concepts displayed in Fig. 5, only the cells incorporating

a-Si:H-based contacts are known to be currently produced at

industrial scale. Even though such solar cells can exhibit very

high efficiencies, some distinct drawbacks of this type of cell are

the use of PECVD equipment to deposit a-Si:H, which is not a

part of typical industrial homojunction c-Si solar cell production

lines, and the upper limit on the solar cell processing tempera-

ture of ∼200 °C. The latter makes a-Si:H incompatible with the

high-temperature “firing” step (∼800 °C), which is convention-

ally used to contact homojunction cells. Consequently, silver

paste that is compatible with low-temperature curing (instead

of conventional fire-through metal paste) has to be used to form

the metal contacts on these solar cells, which has been identified

as a relatively large component of the module costs [161]. Due

to these challenges, dedicated heterojunction production lines

are needed and the market share of classical SHJ solar cells is

still rather modest, although this has been projected to improve

in the following years [162]. In contrast with a-Si:H-based pas-

sivating contacts, poly-Si can be compatible with conventional

screen printing and firing processes [57] and could, therefore,

be integrated in existing homojunction production lines in an

evolutionary fashion. While n-type poly-Si is being explored

as a candidate material to replace the phosphorus-doped Si re-

gion at the rear side of n-PERT cells [163], p-type poly-Si is

of interest as passivating rear contact for mainstream p-Si cell

architectures such as PERC or Al-BSF.

Ideally, processing of high-efficiency solar cells should be

robust and cost-effective. In this respect, passivating contacts

could bring some distinct advantages to solar cells and their man-

ufacturing. For example, metal-oxide-based passivating con-

tacts feature low absorption losses, which make them suitable

for front-side application, and allow good full-area contacts with

low recombination and resistive losses to be made to lightly

doped c-Si surfaces. These layers can also be deposited selec-

tively on one side of a wafer at relatively low temperatures, while

being compatible with higher metallization temperatures than

a-Si:H. Thus, a potential simple processing flow for a metal

oxide passivating-contact-based cell concept might consist of

wafer texturing/cleaning, single-sided deposition of electron-

and hole-selective layers (e.g., TiOx and MoOx ) on front and

rear, and contacting/metallization using non-fire-through mate-

rials (possibly including deposition of a TCO layer for lateral

carrier transport). This potentially permits the elimination of

high-temperature diffusion, oxidation, and contact-firing steps

(together with associated masking and etching), as well as steps

involved in local contact formation. Thus, in principle, the equip-

ment and processes required to form such a solar cell could allow

for lean and low-temperature processing.

From the abovementioned envisaged solar cell process flow,

it becomes clear that several solar cell integration aspects de-

serve more attention in future passivating contact research. For

instance, most of the passivating contact results have, thus, far

been obtained on mirror-polished Si (100) surfaces, whereas

textured surfaces with (for monocrystalline Si) (111)-oriented

facets are generally used in solar cells to reduce reflectance

losses.

Also, the contacting of the carrier-selective layer by a TCO

or metal has to be addressed when considering solar cell inte-

gration. New TCOs are being explored in an attempt to reduce

the absorption losses with respect to well-known materials such

as ZnO:Al and ITO, which are typically deposited by sputtering

or ALD. Examples include In2O3 :H, which is more transparent

in the long-wavelength range in comparison with ITO due to a

reduced FCA [149], [151], [164], [165], as well as indium zinc

oxide (IZO) [153], and hydrogen-doped zinc oxide (ZnO:H)

[115], [152]. Note that doped ZnO can also be used as a trans-

parent contact electrode [151], [165], although this comes at

the expense of a higher FCA due to a reduced carrier mobility.

However, when applied at the rear side of the solar cell, these

drawbacks are essentially circumvented. Furthermore, as was

mentioned in Section II, the contacting of a passivating contact

material can affect the measured J0 when the conductivity for

minority carriers toward the metal is still sufficiently high. The

application of a metal or TCO can itself also affect the selec-

tivity of the passivating contact. In particular, for thin lightly

doped passivating contacts, the WF of the metal or the TCO

strongly affects the band bending in the c-Si, in turn affecting

the field-effect passivation and the charge-carrier selectivity, as

well as the contact resistivity [101], [102], [104], [109]. For

instance, on the electron-collecting side of the solar cell, doped

ZnO can be used more effectively than ITO due to the lower WF

of ZnO [166]. Possible damage from TCO or metal deposition

also needs to be considered. For instance, it is well known that

sputter deposition, typically used to prepare TCOs, can reduce

the passivation quality of a-Si:H due to plasma damage. To pre-

vent such damage, soft deposition methods such as ALD have

been explored for the deposition of TCOs on a-Si:H [151], [165],
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while the same approach can be followed for a TCO deposition

on poly-Si [105].

Additionally, the fabrication of passivating contacts should

preferably be compatible with high-volume manufacturing. In

this respect, the use of low-cost materials and precursors, a

wide process window, high-temperature stability, and high-

throughput deposition methods is highly desirable. Finally, other

important aspects that deserve more attention in future research

on passivating contacts are their long-term stability against

potential- and light-induced degradation, which are both pre-

requisites for commercial solar cells.

VI. CONCLUSION AND OUTLOOK

To enhance the conversion efficiency of c-Si solar cells, it is

becoming increasingly important to reduce the charge carrier

recombination at the contacts. To this end, passivating contacts

have become a focus of research. Ideally, a passivating contact

is selectively conductive for either electrons or holes, while si-

multaneously passivating the c-Si surface. Materials that have

been and are being considered for passivating contact applica-

tions include a-Si:H, poly-Si, transition metal oxides, organics,

and alkali/alkaline metals, oxides, and salts. Poly-Si is particu-

larly interesting due to the combination of excellent passivation

and charge carrier selectivity with good thermal stability that it

provides, while metal oxides are attractive for possible use on

the front side of a solar cell because of their high transparency.

The electrical losses that are induced by various passivating

contact materials are compared in terms of two key figures of

merit: J0 and ρcontact. Although the values of both these two

parameters should be very low when aiming for solar cells with

a high conversion efficiency, it appears that no significant effi-

ciency gains should be expected once a sufficiently low ρcontact

value has been reached, while reducing the J0 value as much as

possible does generally yield an improvement in the maximum

attainable efficiency.

Despite the significant developments in the field of passivat-

ing contacts, especially over the last decade, many challenges

remain for a successful integration of new passivating contact

materials in solar cell manufacturing. More specifically, these

emerging materials should be prepared in a cost-effective way,

scalable to high-volume manufacturing, yield solar cells with

a high conversion efficiency, and exhibit long-term stability.

Finally, the contacting of novel passivating contact materials

by metals or TCOs deserves more attention in future research.

Nevertheless, the use of new passivating contact materials can

potentially bring many advantages to solar cell manufacturing,

such as a significantly simplified and a low-temperature fabrica-

tion process flow, ideally without local contacts, while enabling

high solar cell conversion efficiencies.
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C. Ballif, “Low-temperature high-mobility amorphous IZO for silicon
heterojunction solar cells,” IEEE J. Photovolt., vol. 5, no. 5, pp. 1340–
1347, Sep. 2015.

[154] S. Reiter et al., “Parasitic absorption in polycrystalline Si-layers for
carrier-selective front junctions,” Energy Procedia, vol. 92, pp. 199–204,
2016.

[155] K. R. McIntosh and S. C. Baker-Finch, “OPAL 2: Rapid optical simu-
lation of silicon solar cells,” in Proc. 38th IEEE Photovolt. Spec. Conf.,
Austin, TX, USA, 2012, pp. 265–271.

[156] G. Dingemans and W. M. M. Kessels, “Status and prospects of Al2 O3 -
based surface passivation schemes for silicon solar cells,” J. Vac. Sci.

Technol. A, vol. 30, 2012, Art. no. 040802.
[157] Z. Wang et al., “Advanced PERC and PERL production cells with 20.3%

record efficiency for standard commercial p-type silicon wafers,” Prog.

Photovolt., Res. Appl., vol. 20, pp. 260–268, 2012.
[158] L. Tous et al., “Evaluation of advanced p-PERL and n-PERT large area

silicon solar cells with 20.5% energy conversion efficiencies,” Prog.

Photovolt., Res. Appl., vol. 23, pp. 660–670, 2015.
[159] “Imec develops bifacial n-PERT solar cell with a record 22.8 percent

front-side efficiency,” press release, Apr. 18 2017. [Online]. Available:
https://www.imec-int.com/en/articles/imec-develops-bifacial-n-pert-
solar-cell-with-a-record-22-8-percent-front-side-efficiency

[160] “JinkoSolar’s monocrystalline PERC solar cell efficiency of
23.45% verified,” press release, Nov. 8 2017. [Online]. Available:
https://www.jinkosolar.com/press_detail_1395.html

[161] A. Louwen, W. van Sark, R. Schropp, and A. Faaij, “A cost roadmap for
silicon heterojunction solar cells,” Sol. Energy Mater. Sol. Cells, vol. 147,
pp. 295–314, 2016.

[162] International Technology Roadmap for Photovoltaic (ITRPV), 8th ed.,
2017.

[163] M. K. Stodolny et al., “Material properties of LPCVD processed n-type
polysilicon passivating contacts and its application in PERPoly industrial
bifacial solar cells,” Energy Procedia, vol. 124, pp. 635–642, 2017.

[164] T. Koida, H. Fujiwara, and M. Kondo, “High-mobility hydrogen-doped
In2 O3 transparent conductive oxide for -Si:H/c-Si heterojunction solar
cells,” Sol. Energy Mater. Sol. Cells, vol. 93, pp. 851–854, 2009.

[165] B. Demaurex et al., “Atomic-layer-deposited transparent electrodes for
silicon heterojunction solar cells,” IEEE J. Photovolt., vol. 4, no. 6,
pp. 1387–1396, Nov. 2014.

[166] P. Carroy et al., “Analysis of different front and back TCO on hetero-
junction solar cells,” in Proc. 31st Eur. Photovolt. Sol. Energy Conf.,
Hamburg, Germany, 2015, pp. 359–364.

Authors’ photographs and biographies not available at the time of publication.


