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 tcartsbA
The term ’black silicon’ (bSi) refers to a particular silicon texture with surface fea-

tures smaller than the wavelength of light in the ultraviolet to near-infrared range,
which results in a reflectance close to zero. This material is consequently highly con-
sidered for solar cells applications. In those structures, carrier recombination can
be critical due to the large surface area, and eventually affects the solar cell perfor-
mance. This thesis proposes ways to improve control and understanding of recombi-
nation mechanisms in bSi.
This work first introduces atomic layer deposition (ALD) processes for Al2O3 growth
that rely on ozone to improve the standard water-based process. Significantly higher
passivation quality is obtained with ozone-based processes and is shown to depend
on ozone concentration. This can be explained by definite improvements in terms of
electrical interface characteristics, which are studied in detail and discussed in rela-
tion with the chemical composition of the silicon/dielectric interface.
While the quality of the dielectric film is essential for bSi passivation, bSi geometry
also plays a decisive role. A relationship between bSi surface recombination veloc-
ity and surface charge is determined empirically; it indicates that the electric field in
bSi is significantly stronger than in planar substrates. As a result, one type of charge
carriers is efficiently repelled from the bSi surface, and surface recombination veloc-
ities below 7 cm/s are obtained in lowly-doped n-type bSi passivated by Al2O3.
Such performance is typically relevant for interdigitated back-contact (IBC) solar
cells, which rely on a lowly-doped and well-passivated front surface. IBC cells of n
and p polarities are fabricated, and an external quantum efficiency close to 95 % is
obtained in most of the sunlight spectrum due to low reflectance and effective surface
passivation. This results in an excellent bSi solar cell efficiency of 22.1 %. Finally,
recombination mechanisms are studied in highly-doped bSi for applications in front-
contact solar cells. This work shows that the excessive recombination often encoun-
tered in diffused emitters can be avoided by ion implantation, which enables strict
control of dopant dose while preserving the low bSi reflectance, and by Al2O3 passi-
vation. High-efficiency solar cells with front side emitter can thus also be envisaged.
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 ämletsiviiT
Musta pii kostuu piinanorakenteista ja vähentää huomattavasti valon heijastusta

pinnalta. Musta pii onkin tullut viimeisinä vuosikymmeninä suosituksi tutkimus-
kohteeksi aurinkokennosovelluksissa. Mustassa piissä varauksenkuljettajien rekom-
binaatio kuitenkin lisääntyy suuremman pinta-alan takia, mikä heikentää aurinko-
kennon hyötysuhdetta. Tässä väitöskirjassa tutkitaan mustan piin rekombinaatioil-
miöitä ja esitetään menetelmiä niiden vähentämiseksi.
Työssä tutkitaan ensin atomikerroskasvatettuja aluminaohutkalvoja (Al2O3), jois-
sa on käytetty otsonia lähtöaineena. Otsonipohjaisella prosessilla saavutetaan mer-
kittävästi parempi passivointikyky kuin vesipohjaisella prosessilla. Tehokkaamman
passivointikyvyn todettiin johtuvan piipinnan sähköisten ominaisuuksien parane-
misesta, ja sen havaittiin riippuvan otsonipitoisuudesta. Väitöstutkimuksen perus-
teella Si/Al2O3-rajapinnan kemialliset ominaisuudet riippuvat hapetin-tyypistä ja
vaikuttavat ohutkalvon passivoinnin tehokkuuteen.
Lisäksi työssä kehitetään empiirinen kaava pinnan nanorakenteiden dimensioiden
vaikutuksesta passivointitehokkuuteen, joka yhdistää pintarekombinaationopeuden
ja pintavarauksen suuruuden. Al2O3-ohutkalvolla päällystetyn mustan piin pintava-
raus aiheuttaa erittäin voimakkaan sähkökentän, mikä johtaa alle 7 cm/s pintare-
kombinaationopeuksiin heikosti seostetussa n-tyypin piissä.
Tuloksia hyödynnetään takakontaktiaurinkokennoissa, jotka vaativat heikon etu-
pinnan seostuksen ja tehokkaan pintapassivoinnin. Mustasta piistä valmistetuissa
n- ja p-tyypin takakontaktikennoissa saavutetaan lähes 95 % ulkoinen kvanttihyö-
tysuhde suurimmalla osalla auringonvalon spektrialuetta. Tämä vastaa 22.1 % ko-
konaishyötysuhdetta. Lopuksi tutkitaan boorilla seostetun mustan piin rekombinaa-
tioilmiöitä. Diffuusiolla tehty seostus, joka on yleinen mikrovalmistustekniikka, ai-
heuttaa mustaan piihin voimakasta rekombinaatiota. Tässä työssä osoitetaan, että
ioni-istutustekniikka mahdollistaa seostusannoksen tarkan kontrollin ja aiheuttaa
vähemmän rekombinaatiota. Alumina-ohutkalvo edistää merkittävästi myös seos-
tetun pinnan passivointia. Työssä esitelty menetelmä mahdollistaa siten korkean
hyötysuhteen valmistamisen mustasta piistä myös etukontaktiaurinkokennoissa.
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Rise, thou silver Sun, each morning,

Source of light and life hereafter,
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1. Introduction

When scientists at Bell labs reported the first practical solar cells in 1954,

they summarized in just a few lines the causes limiting their performance,

which have now kept researchers around the world busy for over sixty

years. Three main efficiency-limiting factors were identified then: 1) the

large light reflection from the surface, 2) the recombination of photogener-

ated charge carriers in the material, and 3) the difficulty to obtain reliable

metal contacts. At that time, the efficiency culminated at a value of 6 %.

The New York Times covered Bell Labs’ finding with a somewhat naïve

but striking title: "Vast Power of the Sun Is Tapped By Battery Using

Sand Ingredient" [1]. Those solar cells were indeed produced from silicon,

which composes sand and more generally all silicate minerals.

Silicon nowadays still constitutes the main material in the solar cell

market due to its abundance — and standard rooftop solar cells with effi-

ciencies over 20 % are produced routinely [2]. Currently, research efforts

are largely directed towards an improved silicon material known as black

silicon (bSi). The term "black silicon" refers to silicon micro- or nanos-

tructures that provide extremely low reflectance, and can be formed us-

ing various methods from the bulk substrate. While the material itself

is almost as old as the first silicon solar cells [3, 4], its applications in

photovoltaics have remained scarce until the last decade [5, 6] because of

the associated technological challenges. In fact, the technological issues

mentioned in 1954 remain relevant today, and some of them even become

exacerbated in bSi solar cells. Due to their particularly large surface area,

bSi structures critically increase carrier recombination at the surface, and

in some cases also in the bSi volume. Recombination consists in the lost

of photogenerated charge carriers and can considerably reduce electrical
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output. In addition, common surface passivation (reduction of recombi-

nation) methods such as plasma-enhanced chemical vapor deposition are

inefficient because of a lack of conformality on complex topographies. De-

position of metal contacts has also proven challenging for the same reason

[7, 8]. Recently, however, atomic layer deposition (ALD) has emerged as

a novel solution to passivate bSi surfaces, in particular with Al2O3 films

[9, 10]. The potential of this method for bSi passivation has only started

to develop, and novel materials continuously appear [11, 12, 13]. To allow

the development of high-performance bSi solar cells, improvements are

needed both in the understanding of bSi recombination mechanisms and

in surface passivation materials.

This thesis focuses essentially on recombination in bSi structures and

on bSi applications for high-efficiency solar cells. In the first section,

the mechanisms of recombination are summarized in the case of planar

silicon. Then, the advantages of ozone-based ALD Al2O3 processess for

improved surface passivation are discussed in the second section (Pub-

lication I). In the third section, challenges related to the electrical per-

formance of bSi are investigated, and in particular an interpretation is

proposed for the excellent surface passivation quality observed with ALD

Al2O3 on bSi (Publication II). Finally, the last section focuses on solar

cell applications of black silicon with different technologies, namely in-

terdigitated back-contact cells (Publication III and Publication IV) and

front-contact cells . In Publication V, ion implantation is presented as a

possible alternative to replace the commonly-employed dopant diffusion

technique, which is known to harm the overall performance of bSi solar

cells. A detailed consideration of the associated recombination mechanism

is provided.
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2. Surface passivation

2.1 The concept of recombination lifetime

Recombination lifetime constitutes an important parameter in solar cells

because it describes the ability of generated carriers to diffuse to the elec-

trodes, and is closely related to surface passivation quality. This chapter

presents the analytical recombination models used throughout this work

and the characterization techniques related to surface passivation.

Recombination lifetime is a measure of the average time a charge carrier

remains in a semiconductor in an excited state before returning to its fun-

damental state [14]. A recombination event involves at least two charge

carriers, one hole and one electron, and can occur through three differ-

ent mechanisms. The Shockley-Read-Hall (SRH) mechanism describes

recombination of carriers via defect levels in the bandgap. A recombina-

tion event is more probable in the case of traps located near the midgap

[15], while traps near the conduction or valence band edges do not nor-

mally cause recombination as they are more likely to release carriers after

their capture. The Auger mechanism describes recombination in regions

of high carrier densities; it involves recombination of two carriers followed

by absorption of the recombination energy by a third carrier. Finally, ra-

diative recombination consists in direct recombination from band to band

with emission of a photon.
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2.1.1 Analytical recombination models

In the bulk of a semiconductor, any recombination mechanism can be de-

scribed by a recombination rate as [14]:

Ub =
∆n|bulk
τb

(2.1)

where τb is the recombination lifetime (s) and ∆n|bulk is the excess minor-

ity carrier density in the bulk (cm-3).

At the surface of a semiconductor, recombination is best described by a

surface recombination velocity S0 (cm·s-1) [14]:

Us = S0∆n|surface (2.2)

where ∆n|surface is the surface excess minority carrier density (cm-3).

This definition however becomes inadequate when excess carrier con-

centrations are inhomogeneous in the material, as it becomes difficult in

that case to relate surface recombination rate and bulk properties. It oc-

curs for instance in the presence of a fixed surface charge in a passivating

layer. It is in fact more useful to define an effective surface recombination

velocity Seff in relation with an uniform excess carrier concentration. For

this reason, Seff is defined at the edge of the depletion region [15] as de-

picted in figure 2.1, assuming ∆n|edgedepletion = ∆n|bulk.

0 xx'=0

Edge of the depletion regionPhysical surface

Seff and n|edge depletionS0 and n|surface

Figure 2.1. Definition of an effective surface recombination velocity at the edge of the
depletion region in a semiconductor

The expression of Us becomes:

Us = Seff∆n|edgedepletion (2.3)
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This relation will be essential in the next sections.

The following paragraphs present the analytical expressions of the radia-

tive, Auger and trap-assisted recombination rates.

Shockely-Read-Hall recombination

Shockely-Read-Hall (SRH) recombination occurs both at the semiconduc-

tor surface due to interface states and dangling atomic bonds, and in the

bulk, due to defects such as lattice faults, atomic impurities or precipi-

tates. The recombination rate for a single trap energy level is given by

the Shockley-Read-Hall model [14, 16] — also called trap-assisted recom-

bination model — at the surface (USRH,s) and in the bulk (USRH,b):

USRH,s =
np− n2

i
p+p1

Sn
+ n+n1

Sp

(2.4) USRH,b =
np− n2

i

τn(p+ p1) + τp(n+ n1)
(2.5)

with

Sn = σnNitvth

Sp = σpNitvth

(2.6)

τn = 1
σnNtvth

τp = 1
σpNtvth

(2.7)

and p1 = nie
Ei−ET
kBT

n1 = nie
ET−Ei
kBT

The parameters Sn and Sp represent the fundamental surface recombi-

nation velocities (cm/s), and the parameters τn and τp represent capture

time constants (s). The atomic density of interface traps is denoted by Nit

(cm-2) and the atomic density of bulk traps by Nt (cm-3).

In particular cases, Sn or Sp can be equal to the effective surface recom-

bination velocity. At low injection in p-type silicon, assuming a low surface

electric field so that ∆n|surface = ∆p|surface = ∆n|edgedepletion = ∆n (carrier

densities are spatially uniform), a single midgap trap so that n1 = p1 = ni,

and Sn ≈ Sp, equation 2.4 can be simplified as:

USRH,s = Sn∆n

According to the relation in equations 2.2 and 2.3, it appears that in this
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specific case S0 = Seff = Sn. In general however, ∆n|surface 6= ∆p|surface 6=
∆n|edgedepletion, so that no direct relationship can be established between

Seff and the SRH fundamental surface recombination velocities.

It is important to remark that, in reality, traps are arbitrarily distributed

throughout the semiconductor bandgap. In that case, the interface defect

atomic density Nit (cm-2) must be replaced by an energy-dependent inter-

face defect density Dit (cm-2·eV-1). The corresponding recombination rate

USRH,s|dist depends on an integral over all the energy levels [15]:

USRH,s|dist = σpvth(nsps − ni2)

ˆ EC

EV

Dit(ET )

[ns + n1(ET )] +
σp
σn

[ps + p1(ET )]
dET

(2.8)

The condition for maximum surface recombination is obtained by calcu-

lating the derivative of the rate in equation 2.4 with respect to the carrier

density n, with the hypothesis of a constant np product [17] (knowing that,

for n ∈ [0, +∞], the only extremum of USRH,s is a maximum):

dUSRH,s
dn

= 0 ⇐⇒ n

σp
=

p

σn
(2.9)

If the electron and hole capture cross-sections are equal, equation 2.9 in-

dicates that maximum recombination occurs when surface hole and elec-

tron densities are equal, which corresponds to the depletion/inversion

limit in the semiconductor.

Intrinsic recombination

The intrinsic recombination rate represents recombination occurring in

the bulk material through the Auger and radiative mechanisms. Although

each of those mechanisms can be expressed separately with their own re-

combination rate, an effective rate is considered in this work, taking ad-

vantage of recent advances in silicon parametrization. Based on equation

2.1, the intrinsic recombination rate can be written as:

Uin =
∆n|bulk
τin

(2.10)

The most recent parametrization for the intrinsic lifetime τin in silicon
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at 300 K is given by Richter et al. [18]. It corrects the previous Auger

recombination models that appeared to underestimate the intrinsic re-

combination lifetime limit, for instance the parametrization by Kerr and

Cuevas [19] that was previously widely used. The corresponding recombi-

nation rate can be written as:

Uin =
(
np− ni,eff 2

) (
2.5× 10−31geehn0 + 8.5× 10−32geehp0+

3.0× 10−29∆n0.92 +BrelBlow
) (2.11)

with 

geeh(n0) = 1 + 13

(
1− tanh

[(
n0

N0,eeh

)0.66
])

gehh(p0) = 1 + 7.5

(
1− tanh

[(
p0

N0,ehh

)0.63
])

N0,eeh = 3.3× 1017 cm−3

N0,ehh = 7.0× 1017 cm−3

(2.12)

The parameter Blow in equation 2.11 is the radiative recombination co-

efficient at low injection in lowly-doped silicon found in [20] and Brel is the

relative radiative recombination coefficient from Altermatt et al. [21]. The

value of Blow is 4.73 ·1015 cm3·s-1 at 300 K and Brel depends on injection

level. The parameter ni,eff is the effective intrinsic carrier density modi-

fied by a bandgap narrowing factor; its calculation in the case of Schenk’s

bandgap narrowing model is detailed in section 5.4.1.

Note that this parametrization can be simplified by ignoring the bandgap

narrowing dependence and the relative radiative recombination coeffi-

cient, without causing a significant error on the intrinsic lifetime. Richter

et al. demonstrated that those approximations cause a deviation of the

parametrized lifetime of less than 4 % in a large doping and injection

level range [18].

2.1.2 Effective lifetime and relation to generation

The previous section presented the different possible recombination mech-

anisms. In practice, the measured lifetime is an effective value noted τeff
that includes both surface and volume contributions. In this section, the

quasi-steady-state expression of the effective lifetime will be introduced

as a function of the generation rate, in a similar way as in the work by

Nagel et al. [22].
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The semiconductor bulk is supposed uniform. The substrate considered

is depicted in figure 2.2; note that effective surface recombination veloci-

ties are defined at x = 0 and x = W rather than at the physical surfaces,

according to equation 2.3.

Jn(x=0,t)

x

x=0

SF

x=W

SR Jn(x=W,t)

S0,F

S0,R

Figure 2.2. Schematic of a silicon substrate with effective surface recombination veloci-
ties SF and SR. S0,F and S0,R are the surface recombination velocities at the
physical surfaces.

The general expressions of the continuity equations in the presence of

generation and recombination are:

∂n(x,t))
∂t = 1

q
∂Jn,b
∂x (x, t)− Un,b(x, t) +Gn,b(x, t)

∂p(x,t)
∂t = −1

q
∂Jp,b
∂x (x, t)− Up,b(x, t) +Gp,b(x, t)

(2.13)

According to equation 2.1 and under the assumption of an uniform ma-

terial of bulk lifetime τb (∆n(x, t)), the continuity equation for electrons

can be rewritten as:

1

q

∂Jn,b(x, t)

∂x
− ∂n(x, t))

∂t
=

∆n(x, t)

τb (∆n(x, t))
−Gn,b(x, t)

Integrating each term of the equation from x = 0 to x = W yields a re-

lation between the electron current and space-averaged quantities, using

the relations 1
W

´W
0 ∆n(x, t)dx = ∆nav(t) and 1

W

´W
0 ∆G(x, t)dx = ∆Gav(t):

Jn(x = W, t)− Jn(x = 0, t)

q
−W d∆nav(t)

dt
= W

∆nav(t)

τb (∆nav(t))
−WGav(t)

(2.14)

It is assumed that τb is independent of the position. The surface currents

in 2.14 can be expressed as a function of the effective recombination ve-

locities Seff,F and Seff,R at x = 0 and x = W , respectively. This yields the

boundary conditions at both surfaces:
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1

q
Jn(x = 0, t) = Seff,F∆n(x = 0, t)

−1

q
Jn(x = W, t) = Seff,R∆n(x = W, t)

(2.15)

Injecting theses expressions in equation 2.14, one obtains:

−Seff,F∆n(0, t)−Seff,R∆n(W, t)−W d∆nav(x, t)

dt
=

1

τb (∆nav(t))
W∆nav(t)−WGav(t)

(2.16)

In addition, assuming that the excess carrier densities are uniform through-

out the bulk, ∆n(x = 0, t) = ∆n(x = W, t) = ∆nav(t). Thus, equation 2.16

becomes:

−∆nav(t) (Seff,F + Seff,R)−W d∆nav(t)

dt
=

1

τb (∆nav(t))
W∆nav(t)−WGav(t)

(2.17)

In the presence of a surface charge, originating for instance from a di-

electric layer, the carrier density in the depletion region can differ greatly

from that in the bulk of the substrate. Thus, the definition of an effective

surface recombination velocity Seff at the edge of the depletion region

(equation 2.3) is necessary for the factorization of ∆nav in equation 2.17.

For this reason, only an effective surface recombination velocity can be ex-

tracted from lifetime measurements instead of the recombination velocity

S0 at the physical surface.

Equation 2.17 can be rewritten as:

τeff =
∆nav

Gav − d∆nav
dt

(2.18)

with:

1

τeff
=

1

τb
+
Seff,F + Seff,R

W
(2.19)

Equation 2.19 constitutes a widely-used expression of effective lifetime

as a function of bulk lifetime and of surface recombination velocities, and

holds in the case of spatially uniform excess carrier densities.

In the case of symmetrical samples, Seff,F = Seff,R = Seff , so that the

effective surface recombination velocity can be written:

Seff =
W

2

(
1

τeff
− 1

τb

)
(2.20)
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The maximum surface recombination velocity Seff,max corresponds to

the upper limit of Seff and is calculated assuming infinite bulk lifetime:

Seff,max = lim
τb→∞

Seff =
W

2τeff
(2.21)

Note that, in the particular case of quasi-steady-state illumination, the

transient term is null in equation 2.18, which becomes:

τeff =
∆nav
Gav

(2.22)

2.1.3 Recombination lifetime measurements

The expression derived in equation 2.18 allows lifetime measurements or

simulations via the knowledge of excess conductivity and generation. Un-

der illumination, the excess conductivity ∆σ can be related to the excess

carrier densities at a position x in the substrate via:

∆σ(x) = q∆n(x)µn + q∆p(x)µp (2.23)

According to the quasi-neutrality approximation, valid in the case of

weak electric fields, for instance in the semiconductor bulk, ∆nav = ∆pav.

Using the averaged excess conductivity ∆σav, defined as
´W

0 ∆σ(x)dx =

W∆σav, one can thus write a relation between generation, conductivity

and effective lifetime in quasi-steady-state:

τeff =
∆σav

qGav(µn + µp)
(2.24)

This relationship is used for instance in the Sinton WCT-120 apparatus

for experimental characterization [23]. It requires a light source of inten-

sity slowly varying in time, typically 0.1 sun/ms to 1 sun/ms. In addition,

an infrared pass-filter is used experimentally to fulfill the requirement of

spatially homogeneous generation mentioned in section 2.1.2. Equation

2.24 illustrates the fact that the effective lifetime measured with the ex-

cess conductivity method is an average value calculated over the whole

depth of the sample.
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2.1.4 Recombination lifetime simulations

The effective lifetime can be simulated with the freeware PC1D in the

same way as measurements are performed with the WCT-120 tool. In

PC1D, one-dimensional generation rates GPC1D and G|cumul are consid-

ered. The cumulative excess conductivity and the cumulative photogener-

ation over the wafer thickness can be obtained as simulation outputs and

are defined as, respectively:∆σ|cumul =
´Wf

0 ∆σ(x)dx = Wf∆σav

G|cumul =
´Wf

0 GPC1D(x)dx = WfGPC1D,av

(2.25)

with Wf the "distance from front" defined in the PC1D file. The distance

from front determines the integration depth in equation 2.25 and should

be superior or equal to the thickness of the substrate.

As at any position x, GPC1D(x) = A ·G(x), with A the area of the device.

The relationship between Gav and G|cumul can be written as:

G|cumul = A ·Wf ·Gav (2.26)

Thus, equation 2.24 in the case of a device under quasi-steady-state illu-

mination can be rewritten as a function of the PC1D output parameters:

τeff (∆n) =
A∆σ|cumul

q(µn + µp)G|cumul
(2.27)

with:

∆n =
∆σ|cumul

qWf (µn + µp)
(2.28)

2.2 Contactless characterization of semiconductor/dielectric
interfaces

A significant fraction of the total carrier recombination occurs at the sur-

face of semiconductors, thus the study of surface properties is crucial to

understand and to improve passivation quality.
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2.2.1 COCOS principles

Corona oxide characterization of semiconductors (COCOS) is an alterna-

tive to capacitance-voltage (CV) measurements that has the advantage of

being contactless [24]. Similarly to the usual CV-measurement technique,

it allows extraction of a number of essential parameters for the assess-

ment of surface passivation and of dielectric quality. Those parameters

describe the semiconductor/dielectric interface and consist in the fixed di-

electric chargeQf , the dielectric constant, and the interface defect density

(Dit). Note that all charges considered in this section are surface charges

expressed in m-2. In COCOS, potential variation is performed via Corona

charge deposition and the potential is measured by a Kelvin probe (see

description in [14] p. 528). The COCOS system can be considered as a

metal-oxide-semiconductor (MOS) system constituted of a Kelvin probe,

an insulating region including air and a dielectric, and the semiconduc-

tor. The contact potential difference VCPD measured by the Kelvin probe

is defined as the difference between probe and semiconductor Fermi lev-

els, as in a standard MOS system [25, 26, 27]:

qVCPD = −(EF,m − EF,sc) (2.29)

Figure 2.3 represents a p-type MOS capacitor with a negative work

function difference between the metal and the semiconductor, defined as

Wms = Φm − Φsc. The bulk potential of the semiconductor is chosen as po-

tential reference, as described in Appendix A. The surface band bending

in the dark is noted ψs0 and the potential difference across the dielectric

is noted Vd. The air potential Vair is normally small, and is not indiacted

in the band diagram. In Figure 2.3, a positive Corona charge is deposited

on the dielectric so that the capacitor is in inversion.
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q s0

Ec

EF,sc

Ei

Ev

E0

qVd

EF,m

E0

qVCPD

qΦm

qΦsc

p-type Sioxideair

+

+

+

+

+

+

+

+

+

+

+

EF,sc

probe

E

Figure 2.3. Band diagram of a MOS capacitor used for COCOS measurements in the case
Φm < Φsc. The p-type silicon substrate is led to inversion under the effect of
positive Corona charge deposited on the oxide. The system is in the dark.

A corona charge Qc is present on the dielectric surface. A fixed charge

Qf and an interface trapped chargeQit are present at the dielectric/silicon

interface, while mobile dielectric charge and dielectric trapped charge are

neglected. The expression of VCPD is thus written [26, 28, 29]:

VCPD = ψs0 + Vd + VFB + Vair (2.30)

with:

VFB = Wms − q
tair
teq

Qc
Ceq
− qQf +Qit

Ceq
(2.31)

The distance between the probe and the dielectric is noted tair. The

equivalent surface capacitance of the air and dielectric layers is noted Ceq
(F·m-2), and the corresponding equivalent thickness is noted teq:Ceq = CairCd

Cair+Cd

teq = tair + td
εd

Note that the expression of VFB differs in the case of charges distributed

through the dielectric. A general expression of VFB for any charge distri-

bution is provided by Nicollian and Brews [30] p. 425, and specifically in

the case of metal-air-dielectric-semiconductor structures by Schröder [26].
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The COCOS technique is based on extraction of surface band bending

ψs0 via two measurements: one in the dark and one under illumination.

At high intensity, illumination of the MOS system flattens the energy

bands by generating excess carriers. This results in the Fermi level of the

semiconductor splitting into electron Fermi level EFn,sc and hole Fermi

level EFp,sc , as depicted in figure 2.4.

Ec

EFp,sc

Ei

Ev

E0
qVd

EF,m

E0

qVCPD

q m

q sc

p-type Sioxideair

+

+

+

+

+

+

+

+

+

+

+

probe

E

Light

EFn,sc

Figure 2.4. Band diagram of the MOS capacitor of figure 2.3 under illumination.

Equation 2.30 consequently becomes:

VCPD,light = Vd + VFB + Vair = q
Qc
Cd

+ VFB + Vair (2.32)

As a result, the surface band bending appears by subtracting the terms

of equations 2.30 and 2.32:

ψs0 = VCPD,light − VCPD,dark (2.33)

This relation is of paramount importance for COCOS operation. In a

COCOS measurement, subsequent steps of Corona charge are deposited

on the oxide surface. As depicted in figure 2.3, this reflects both in the

surface band bending ψs0 and in the dielectric potential Vd. Under il-

lumination, VCPD becomes an affine function of the Corona charge, as

displayed in equation 2.32. In the dark however, a variation of surface

charge affects both dielectric potential and band bending, as shown in

equation B.14, which results in a nonlinear variation of Vcpd. In this work,

all measurements were performed by sweeping the MOS system from ac-

cumulation to inversion (p-type) or inversion to accumulation (n-type),
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which implies adding positive Corona charge steps. In order to cover the

whole range between inversion and accumulation, the capacitor must be

forced into accumulation (p-type) or strong inversion (n-type) before the

beginning of the measurement. This phase can be called "barrier adjust-

ment" and is achieved by adding negative charge steps until band bending

reaches its value in strong inversion (n-type) or in accumulation (p-type),

corresponding to ψs0 = ψs0,inv or ψs0 = ψs0,acc, respectively, which de-

pends on substrate doping. Note that this condition can be more difficult

to achieve in n-type substrates, as ψs0 may never reach the large ψs0,inv
target value. In that case, the measurement must be repeated in a trial-

and-error approach with a lower (absolute) value. In p-type substrates,

the band bending in accumulation obtained from the COCOS method in

normally almost null (see section 2.2.2), which relaxes the difficulties. Af-

ter barrier adjustement, positive Corona steps are added until ψs0 has

swept the whole bandgap. The resulting ideal VCPD curves are displayed

in figure 2.5 in the case of p- and n-type semiconductors.

VCPD

Qc

dark curve

illuminated curve

VCPD

Qc

dark curve

illuminated curve

�s0,inv

�s0,acc

�s0,inv

�s0,acc

p-type substrate n-type substrate

QFB

VFB

Accumulation Inversion

Depletion

Figure 2.5. Ideal COCOS curves in the case of p-type and n-type substrates. The dia-
mond represents the initial state of the system, i.e. the initial VCPD value
before barrier adjustment. A charge QFB must be applied to reach flatband
from the initial state.

The point at which the two curves intersect corresponds to the flatband

condition according to equation 2.33, as in this case ψs0 = 0. The charge

QFB applied to the dielectric to reach flatband can be expressed as:

QFB = −Qf −Qit +
WmsCeq

q
(2.34)

In the experimental system used in this work, the Kelvin probe work
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function can be determined using a calibration electrode, and as a result

Wms can be compensated, simplifying the expression of QFB:

QFB = −Qf −Qit = −Qtot (2.35)

As a result, dielectric charge and dielectric constant can be directly ex-

tracted from the curves in figure 2.5. The total dielectric charge can be

approximated as Qtot ≈ Qf according to equation 2.35, in the case of suffi-

ciently low interface-trap charge density. This assumption is valid at least

in the case of annealed Al2O3 films [31]. The dielectric constant of the in-

sulator εd can be found from the slope of the illuminated curve according

to equation 2.32 and to the expression of the capacitance. For an insulator

of thickness td, the capacitance per unit area is:

Cd =
ε0εd
td

The extraction of Dit is based on the variation of the interface-trapped

charge Qit as a function of band bending, i.e. as a function of the Corona

charge applied. According to the charge neutrality principle and assum-

ing no dielectric charge other than Qf :

Qc +Qf +Qit +Qsc = 0 (2.36)

A variation of Corona charge can be expressed as ∆Qc = − (∆Qsc + ∆Qit).

In addition, the applied Corona charge is distributed overQit andQsc, and

because of charge conservation |Qc| = |∆Qsc|+ |∆Qit|. Consequently:

|∆Qit| = |∆Qc| − |∆Qsc| (2.37)

In one dimension for both p- and n-type silicon, the depletion region

charge Qsc is related to surface band bending by equation B.14 derived

in Appendix B. Consequently, the variation of Qsc between two Corona

charging steps can be obtained from the band bending variation exper-

imentally measured. The interface defect density Dit is then obtained

from:

Dit (ψs0) =

∣∣∣∣dQitdψs0

∣∣∣∣ ≈ ∣∣∣∣∆Qit∆ψs0

∣∣∣∣ (2.38)

In practice, a high Dit results in a smoother transition from the accu-

mulation to inversion region in figure 2.5, and the dark curve appears
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stretched. This is explained by the fact that the deposited Corona charge

is partially mirrored in the interface charge Qit, while in the ideal case it

contributes only to the semiconductor charge Qsc. In other words, a high

Dit results in a slower variation of band bending when adding Corona

charge.

The expression in equation 2.38 shows that Dit depends on surface band

bending. During a measurement, the change in band bending corresponds

to a variation of the Fermi level at the surface of the semiconductor. Con-

sequently, interface traps occupancy is modified around the Fermi energy,

and thus a direct relationship exists between trap energy level (valence

band as energy reference) and surface band bending [30]:

ET − EV = qϕB +
EG
2

+ qψs0 (2.39)

The midgap trap level can be found directly from the substrate doping.

At midgap, ET − EV = EG
2 , thus:

ψs0,midgap = −ϕB = m
kT

q
ln

(
Ndop

ni

)
(2.40)

with m = +1 in the case of a p-type semiconductor and m = −1 in the

case of an n-type semiconductor.

2.2.2 COCOS limitations and corrections

This section describes the intrinsic limitations of the COCOS method as

well as sources of error caused by the samples.

Insufficient band flattening under illumination Insufficient illumination

should not impair Qtot measurements, but it can affect Dit extraction.

Under illumination, the equilibrium is upset and the band bending be-

comes ψs = ψs0−Vl where Vl is the light-induced potential, as represented

in figure 4.4. In the ideal case (in the context of COCOS measurements),

illumination is sufficient to completely flatten the bands, and thus ψs = 0.

In reality however, the amount of light-generated carriers is often too low

for complete band flattening, and thus a small band bending ψs remains

in the illuminated substrate. This results in a notch around the flatband

point, as depicted in figure 2.6. The effect of insufficient band flattening

is the most visible in accumulation due to the high density of carriers to

compensate, and thus both the dark and the illuminated curves overlap.
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Figure 2.6. Non-ideal COCOS curves in the case of insufficient illumination for p-type
and n-type substrates. The solid lines represent measured curves, while the
dashed line represent the ideal VCPD curve under illumination.

This is also observed in figure 2.7, presenting the semiconductor charge

as a function of band bending at different injection levels, based on the ex-

pression in equation B.16. In this example, a p-type substrate of doping of

4·1015 cm-3 is considered. For a given charge value on the y-axis, ψs is more

strongly reduced by illumination in inversion than in accumulation. In ac-

cumulation (negative band bending), almost no reduction of band bending

is achieved at injection levels below 1016 cm-3. Band flattening is also lim-

ited in the depletion/inversion regions, meaning that significantly higher

injection levels are needed to reduce band bending to a negligible element.

Such injection levels are in practice not reachable, which is why ideal

curves can never be obtained at those doping values. In high-resistivity

samples (range of kΩ·cm) however, lower light intensities are sufficient for

band flattening. For a fixed band bending value, the densities of accumu-

lated charge carriers are much lower in high-resistivity than in medium-

resistivity substrates. Thus, the accumulated or depleted surface charge

can be compensated more easily by illumination, and curves close to ideal

can usually be obtained in high-resistivity samples.
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Figure 2.7. Relationship between the surface potential ψs and the semiconductor charge
at different injection levels. A p-type silicon substrate of doping 4 · 1015 cm-3

is considered.

The issue of insufficient illumination can be addressed by different meth-

ods. The most simple one, implemented by default in the software used

in this work, consists in weighting the extracted band bending values by

a factor 1.2. This is considered to allow reasonably reliable data analysis

[32]. A more advanced correction consists in plotting a theoretical ideal il-

luminated curve. It is obtained from the slope of the dark curve extracted

in the accumulation regime, and from the measured flatband point. This

assumes that the flatband point is reliably determined even in the case

of insufficient illumination. Once this curve has been obtained, the usual

analysis can be performed.

Leakage Depending on the dielectric quality, leakage can be observed in

the higher Corona charge range and normally translates into a satura-

tion of both illuminated and dark VCPD curves. Parameters extraction

should remain unaffected if this occurs at Corona charge values beyond

the depletion regime (figure 2.5), and in consequence, the corresponding

data points should be discarded. In case of early leakage however (figure

2.8), the calculated Dit spectrum will be incomplete and no correction is

possible.
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Figure 2.8. Example of early leakage preventing reliable Dit extraction in a p-type sam-
ple. Raw VCPD curves are shown as a function of applied Corona charge.

Extraction of fixed dielectric charge Capacitance-voltage measurements

only allow extraction of a total charge Qtot, lumping together the effects

of fixed dielectric charge Qf and of interface-trapped charge Qit. While

Qit is usually considered negligible after post-deposition anneals [14, 31],

it can constitute a large portion of Qtot in the as-deposited state. In this

case, the extracted charge reported should be referred to as Qtot. Note

that interface trap occupancy — and thus Qit — depends on surface band

bending and is consequently affected by surface charge or bias.

Measurement of textured samples Characterization of textured samples

with COCOS is not straightforward because the models used are one-

dimensional. Section 4.4 presents possible corrections to allow more ac-

curate parameters extraction.
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3. Atomic layer deposited Al2O3 with
ozone-based processes

3.1 Atomic layer deposition

Atomic layer deposition (ALD) belongs to the category of chemical vapor

deposition techniques, but differs significantly from standard chemical

vapor deposition (CVD) by the sequential nature of its reaction. While

CVD precursors react first in gas phase to be subsequently deposited as

a film on the substrate, the separate injection of ALD precursors allows

the species to first chemically react with the surface of the substrate, after

which further injection of the same species only leads to physisorbed ma-

terial that can be easily removed during purging (see [33] p. 331). Then,

the second reactive species is injected to the reactor, which is followed by

another purge to finish the deposition cycle. This cycle can be repeated

indefinitely in order to obtain the desired film thickness, as depicted in

figure 3.1.
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Figure 3.1. Simplified schematic of one Al2O3 ALD growth cycle with the typical TMA-
and water-based process

This process results in conformal and pinhole-free thin films that have

no equivalent using standard CVD. It allows improved electrical charac-

teristics, control of thickness at nanometer accuracy and coating of sur-

faces with very high aspect ratio [34]. This however comes with the draw-

back of long deposition times compared to standard CVD techniques, and

for this reason ALD remains today mostly used in high added-value indus-

tries such as microelectronics [35], for instance to deposit gate dielectrics

[36]. This technology may nevertheless become essential for the photo-

voltaics industry in the future due to its definite advantages for different

solar cell technologies [37], in particular for surface passivation of crys-

talline silicon solar cells. Additionally, high-throughput processes become

now realistic with the development of spatial ALD [38, 39] and of batch

processing [40].

ALD can be used for deposition of a variety of materials including oxides,

metals, metal oxides, and nitrides [34]. This work focuses specifically on

Al2O3 due to its unique advantages for silicon surface passivation. The

reader is referred to the works by George et al. [34] and Puurunen [41]

for extensive reviews of ALD processes and chemistry, and to the work by

Kääriäinen et al. [42] for a review of ALD industrial applications.
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3.2 Al2O3 as a surface passivation film

As indicated in equation 2.4, the surface recombination rate can be af-

fected by two parameters: the surface minority carrier density, and the

fundamental surface recombination velocities Sn and Sp, related to in-

terface defects via Nit,s in equation 2.6. Al2O3 actually has the ability

to reduce both parameters by providing a very low Dit and a high nega-

tive charge Qf that can repel electrons from the surface [31], providing

so-called field-effect passivation. As a result, this material can passivate

effectively lowly- to moderately-doped p- and n-type silicon as well as p+

surfaces [43]. Passivation quality depends on the density of carriers at

the surface. Surface depletion corresponds to a decrease of majority car-

rier density and to an increase of minority carrier density at the surface,

which consequently intensifies surface recombination when both carrier

types reach similar densities (assuming similar capture-cross sections for

holes and electrons). In inversion, the surface minority carrier density

exceeds the surface or bulk majority carrier density, and recombination

probability decreases as holes and electrons densities differ largely. In

n-type silicon for instance, a negative surface charge will drive the semi-

conductor surface to either depletion or inversion depending on its mag-

nitude. This behaviour is illustrated in figure 3.2, which presents the

negative charge requirements to reach inversion in an n-type substrate

as a function of doping. The calculations in figure 3.2 were performed at

an injection level of 1015 cm-3 that corresponds approximatively to 1 sun

illumination in efficient solar cells, using the relation between depletion-

region charge and band bending by Girisch et al. [44] shown in Appendix

B, equation B.16. The inversion and strong inversion conditions are given

by equation B.17 and equation B.18, respectively.

As the ALD Al2O3 charge usually ranges between -1·1012 and -1·1013

cm-3 [31], this material can provide effective passivation only on lowly-

and medium-doped n-type substrates (in addition to p-type substrates,

which are always accumulated due to the negative polarity). At doping

values beyond 1018 cm-3, the surface will be depleted, which will increase

recombination. Note that the charge requirements for depletion/inversion

under illumination are considerably lower than in the dark case (Publica-

tion II). This is due to a large increase of minority carrier density under
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the effect of light, corresponding in the n-type case to the hole quasi-Fermi

level moving closer to the valence band.
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Figure 3.2. Theoretical threshold surface charge for inversion and depletion as a function
of the n-type silicon doping at an injection level of 1015 cm-3.

The physical origin of Al2O3 negative charge remains under discussion,

but the interfacial SiOx layer growing on silicon during the first ALD cy-

cles is believed to play an important role due to its specific coordination

with the silicon surface [31]. In addition, the charge does not exist in the

as-deposited state and is formed after the annealing step in the case of

water-based Al2O3. Knowing that this charge is located at the Si/Al2O3

interface [45, 46], Terlinden et al. proposed charge tunnelling through

the interfacial SiOx layer during annealing as the formation mechanism

[47]. Künhold et al., on the other hand, proposed a mechanism of charge

formation via defects in the SiOx interlayer during annealing [48].

The other key parameter for surface passivation, Dit, is closely related

to the content of impurities in the film. The following section consequently

studies the possibility to improve this parameter, and thus the passivation

efficiency of Al2O3, by means of alternative ozone-based ALD processes.
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3.3 The role of ozone in Al2O3 surface passivation quality

The typical thermal ALD processes for Al2O3 growth is based on oxidation

of trimethylaluminum by water, but studies have shown that its replace-

ment by ozone could improve dielectric and passivation quality [49, 50].

Xia et al. compared both processes and achieved higher lifetimes in ozone-

based Al2O3 after annealing due to the higher fixed charge and possibly

lower Dit of the film [49]. Higher charge in ozone-based Al2O3 layers was

also reported by Dingemans et al., while the Dit was similar and very low

for both processes [51]. It has also been shown that the general dielec-

tric quality of Al2O3, affected by defect states such as inserted hydroxyl

groups, Al-Al bonds or interstitial atoms, is improved by the ozone-based

process [52]. In addition, carbon and hydrogen are common interstitial

impurities [52, 53, 54] that may affect the Dit of Al2O3 films and could be

influenced by the type of oxidant. In general, reduction of Dit after Al2O3

annealing is associated with hydrogen diffusion towards the Si/Al2O3 in-

terface and to dangling bonds passivation [55, 56, 57, 58], while the pres-

ence of carbon at the interface is believed to increase Dit [59, 60]. Although

ozone reactivity is likely to affect the density of impurities in the film [61],

the ozone concentration is often missing from ozone-based ALD studies.

The effect of ozone concentration on surface passivation was thus stud-

ied in Publication I with concentrations of 48 g·m-3 and 162 g·m-3. The

substrate was p-type planar magnetic Cz-silicon of resistivity 2.5 Ω·cm.

In addition, a process introduced earlier [62], which combines the water-

and ozone-ALD processes, was also studied in detail in terms of interface

electrical characteristics and contamination. This process is believed to

eliminate efficiently impurities in the Al2O3 film [61, 62].

3.3.1 Lifetime and electrical characteristics

First, the maximum surface recombination velocities — extracted accord-

ing to equation 2.21 — are presented in figure 3.3 as a function of pre-

cursor type and of ozone concentration. The samples were annealed at a

temperature of 400 °C for 30 minutes. Annealing of ALD Al2O3 is typically

performed at temperatures from 350 °C to 450 °C between 15 and 30 min

[31, 55, 63, 64]. Note that our studies performed on Al2O3 deposited at 200

°C on n-type substrates did not show any effect of annealing temperature
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variation between 350 °C and 450 °C on passivation quality. In addition,

the passivation stability is studied after a high temperature firing treat-

ment, which is typically used in solar cells for metal contact formation.
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Figure 3.3. Surface recombination velocities in silicon samples passivated by ALD Al2O3

with different oxidizing processes as a function of ozone concentration: 48
g·m-3 (low) and 162 g·m-3 (high). Annealing was performed at 400 °C for 30
min and firing at 800 °C for 3 s, both in N2. Reprinted from Applied Sur-
face Science, 357, Part B, G. von Gastrow, S. Li, M. Putkonen, M. Laitinen,
T. Sajavaara, H. Savin, "Effect of ozone concentration on silicon surface pas-
sivation by atomic layer deposited Al2O3", Pages 2402-2407, Copyright 2015,
with permission from Elsevier.

It can be observed that increasing ozone concentration improves surface

passivation in both ozone-based processes, especially in the fired samples.

In addition, all ozone-based samples provide significantly higher surface

passivation quality than the reference water-based samples, as well as

improved thermal stability after the firing step. Those improvements in

passivation quality can be explained by the interface electrical character-

istics after annealing and subsequent firing displayed in figure 3.4. It

appears first that all ozone-based films display an interface charge equal

or higher than that obtained with the standard water process. In addi-

tion, the Dit obtained from the combined process is several times lower

than in the other processes, which explains the best passivation results.

Altough the Dit values are relatively high using pure ozone, this effect is

counterbalanced by the remarkably high interface charge, up to almost

twice the value of the water process. This is coherent with the results

reported by Dingemans et at [51] and leads to higher passivation quality

than the standard water process. Furthermore, it seems that ozone-based
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ALD allows controlling passivation efficiency by means of precursor con-

centration. An increased ozone concentration can considerably reduce Dit,

and thus improves surface passivation in both pure ozone samples and in

samples combining water and ozone processes (figures 3.3 and 3.4).
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Figure 3.4. Interface electrical characteristics in silicon samples passivated by ALD
Al2O3 with different oxidizing processes as a function of ozone concentration:
48 g·m-3 (low) and 162 g·m-3 (high) after annealing and firing. Reprinted from
Applied Surface Science, 357, Part B, G. von Gastrow, S. Li, M. Putkonen, M.
Laitinen, T. Sajavaara, H. Savin, "Effect of ozone concentration on silicon
surface passivation by atomic layer deposited Al2O3", Pages 2402-2407, Copy-
right 2015, with permission from Elsevier.

As explained in the previous paragraph, the Si/Al2O3 interface electrical

characteristics, which critically affect surface passivation, depend on the

oxidant type. Table 3.1 summarizes the interface characteristics reported

in the literature and in this work for O3- and H2O-based ALD Al2O3 films.
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Oxidant Qf (cm-2) Dit (eV-1·cm-2) Anneal Ref.

H2O -1.3·1011 3·1011 As deposited [51]

H2O -2.4·1012 1·1011 400 °C 10 min [51]

O3 -1·1013 5.3·1012 As deposited [51]

O3 -3.4·1012 1·1011 400 °C 10 min [51]

H2O -(2 ± 1)·1011 (3.5 ± 0.5)·1011 As deposited [49]

H2O -(4 ± 2)·1012 (7 ± 2)·1011 450 °C 20 min [49]

H2O -(5± 1)·1012 (1.1 ± 0.1)·1012 700-800 °C [49]

O3 -(6 ± 1)·1012 (7 ± 2)·1012 As deposited [49]

O3 -(4.0 ± 0.5)·1012 (6 ± 2)·1011 450 °C 20 min [49]

O3 -(3.1 ± 0.1)·1012 (6 ± 1)·1011 700-800 °C [49]

O3 -4·1012 2.5·1012 As deposited [65]

O3 -2.6·1012 4.7·1012 As deposited [66]

O3 -4.2·1012 5·1011 450 °C 60 min (air) [66]

O3 -5.5·1012 1·1011 400 °C 30 min [67]

O3 -2·1012 1·1011 A + 850 °C 3 s [67]

O3 (L) -(7.2 ± 0.9)·1012 (7 ± 2)·1012 As deposited [62]

O3 (L) -(9 ± 1)·1012 (2.5 ± 0.8)·1012 400 °C 30 min [62]

O3 (H) -(7 ± 1)·1012 (9 ± 3)·1012 As deposited [62]

O3 (H) -(7 ± 1)·1012 (1.6 ± 0.5)·1012 400 °C 30 min [62]

O3 (H) -(6 ± 1)·1012 (2.4 ± 0.7)·1012 A + 800 °C 3 s [62]

H2O+O3 (H) -(5.6 ± 0.7)·1012 (6 ± 2)·1012 As deposited [62]

H2O+O3 (H) -(5.0 ± 0.6)·1012 (5 ± 2)·1011 400 °C 30 min [62]

H2O+O3 (H) -(4.1 ± 0.5)·1012 (1.6 ± 0.5)·1012 A + 800 °C 3 s [62]

H2O -(4.4 ± 0.4)·1012 (9 ± 2)·1011 A + 800 °C 3 s PI

O3 (L) -(7.3 ± 0.4)·1012 (1.6 ± 0.4)·1012 A + 800 °C 3 s PI

O3 (H) -(6.0 ± 0.4)·1012 (1.1 ± 3)·1012 A + 800 °C 3 s PI

H2O+O3 (L) -(4.8 ± 0.4)·1012 (4 ± 1)·1011 A + 800 °C 3 s PI

H2O+O3 (H) -(3.8 ± 0.4)·1012 (2 ± 0.5)·1011 A + 800 °C 3 s PI

Table 3.1. Comparison of the Dit and Qf values measured in water- and ozone-based ALD
Al2O3 films of thickness 20-30 nm deposited at 200 °C. The results from this
work are referenced with the symbol "PI". The anneals were performed in N2

ambient (unless otherwise mentioned) and the letter "A" refers to an anneal at
400 °C for 30 min. The mentions "(L)" and "(H)" next to the oxidant type refer
to ozone concentrations of 48 g/m3 and 162 g/m3, respectively.

Note that the Dit values reported from [62] in table 3.1 are systemati-
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cally higher than the others with comparable processes. It is likely due

to a systematic error in the measurements, and the relative evolution of

the Dit after heat treatments should still be reliable. The results were

later improved using a more advanced measurement setup, as presented

in Publication I. The interface charge measurements should however be

equally accurate with both techniques, and they are in fact similar for

identical experimental conditions, as can be seen in table 3.1.

Lifetime and electrical characteristics: summary

In summary, the typical trends in lifetimes and in interface parameters

measured after different heat treatments are compared in figure 3.5 for

water- and ozone-based Al2O3. It is worth noticing that, to the exact op-

posite of the water process, the as-deposited Dit values are extremely high

in ozone-based Al2O3 films and decrease of one order of magnitude after

anneal at 400 °C [49, 51, 62]. In as-deposited water-based samples, the

Dit values are low while a negative charge already exists; thus the corre-

sponding lifetime values reach a few hundreds of microseconds [49]. On

the contrary, the lifetimes only reach a few microseconds in as-deposited

ozone-based samples, which display a Dit close to 1013 ev-1·cm-2. The ab-

solute value of interface charge in ozone-based samples is high already

in the as-deposited state and remains relatively stable after heat treat-

ments. In water-based Al2O3 however, the low as-deposited charge is sub-

stantially increased by annealing.

Despite the missing Dit values in figure 3.5 c), the evolution of Dit de-

pending on post-deposition treatment is expected to be similar to that of

pure ozone-based samples (one order of magnitude lower), based on life-

time results and on observations in our initial study [62].
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Figure 3.5. Typical trends in lifetimes and interface characteristics obtained depending
on heat treatment applied to Al2O3 films grown from different oxidant pre-
cursors. Data from [49], [62] and Publication I.
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As shown in table 3.1, relatively good agreement is found across the lit-

erature regarding the interface electrical parameters of ozone- and water-

based Al2O3 ALD films. Those parameters are closely related to the pres-

ence of defects in the passivating film such as hydrogen and carbon atoms

[31, 60]. However, the effect of ozone on the nature of Al2O3 impurities

remains controversial.

3.3.2 Chemical properties of ozone-based Al2O3 films

A review on carbon and hydrogen impurities in Al2O3

Dingemans et al. reported a hydrogen concentration of 3.6 atom % with

a standard H2O-based process and of 5.0 atom % with an O3 process, and

assumed that a part of the hydrogen could be incorporated in the Al2O3

film as –OH and –CHx groups; the carbon content was not accurately de-

termined because the concentration lied below the detection limit [51].

On the contrary, S.-K.Kim et al. showed a low hydrogen residual con-

centration in ozone-based Al2O3 layers deposited at a temperature of 100

°C in comparison to water-based Al2O3 films (ozone concentration of 400

g/m3) [68]. Their study also evidenced higher -OH and C intensities using

the ozone process than with water-based Al2O3 for a deposition temper-

ature of 100 °C. The higher carbon concentration after ozone ALD was

explained by a possible higher activation energy of the ozone reaction,

the low temperature of 100 °C thus preventing the elimination of car-

bonated groups. In addition, the authors showed that an increase of the

ozone-based process temperature led to significantly lower carbon con-

centration. Similarly, Lee et al. reported a carbon concentration of 4 % in

Al2O3 deposited at room temperature from TMA and O3, and of less than

one atomic percent for Al2O3 deposited at 350 °C, indicating a strong ef-

fect of the deposition temperature on the final carbon concentration in

the film [60]. This observation was also confirmed by Sakai et al., who

reported carbon-related groups in Al2O3 films deposited at room tempera-

ture, while none were found at deposition temperatures over 200 °C [69].

Carbon was however possibly included in elemental form in those films.

Jakschick et al. reported lower carbon concentrations when using ozone

rather than water as an oxidant, while the hydrogen concentration was

similar for both oxygen sources [54]. J. Kim et al. found a concentration
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of carbon of less than 1 % in both H2O and O3-based Al2O3 films deposited

from temperatures ranging from 350 °C to 400 °C, but did not specify the

exact concentrations [70]. Gosset et al. found a relatively low carbon con-

centration of 0.3 atomic percent after annealing at 800 °C for 15 min of

Al2O3 from TMA and water [71]. In addition, they reported carbon con-

centrations higher at the surface than in the bulk of both as-deposited

and annealed samples, which they attributed to possible methyl group in-

clusion due to incomplete reaction at the beginning of the ALD process.

From those results (summarized in table 3.2), it seems that carbon and

hydrogen concentrations are closely related to the ALD reaction parame-

ters such as the temperature.

Effect of ozone concentration on carbon and hydrogen inclusion in Al2O3

Similarly as deposition temperature, ozone concentration may affect the

reactivity of the process, and thus the impurity content of the Al2O3 film.

The relation between ozone concentration and impurity content of Al2O3

layers was studied in Publication I. The bulk carbon and Si/Al2O3 inter-

face hydrogen concentrations were measured by time-of-flight elastic re-

coil detection analysis (ToF-ERDA) and are reported in figure 3.6.
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Figure 3.6. a) Bulk carbon concentrations and b) interface hydrogen concentrations mea-
sured in 100 nm-thick ALD Al2O3 films on silicon substrates as a function of
oxidant. The films were deposited at 200 °C, annealed at 400 °C for 30 min
and fired at 800 °C for 3 s. Reprinted from Applied Surface Science, 357, Part
B, G. von Gastrow, S. Li, M. Putkonen, M. Laitinen, T. Sajavaara, H. Savin,
"Effect of ozone concentration on silicon surface passivation by atomic layer
deposited Al2O3", Pages 2402-2407, Copyright 2015, with permission from El-
sevier.

It appears from figure 3.6 a) that the highest carbon concentration was

found in the pure ozone-based films. Thus, it seems that the water pro-

cess prevents carbon insertion, while the relatively high carbon content

in pure ozone films may be related to the formation of carbonates and for-
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mates, which is specific to this process [53]. A variation of ozone concen-

tration in the range studied here seems however not to have a significant

effect on the impurity content of the films.

In addition, figure 3.6 suggests that the use of ozone could help reduc-

ing the interface hydrogen content compared to the pure water process.

While a high hydrogen interface content is usually associated with effec-

tive surface passivation, the opposite trend is observed here, as ozone-

based films contains the lowest amount of H but provide the best passi-

vation. According to Tsetseris et al., the high H content measured in the

water-based layer may actually create defects under high temperature

treatments such as the one used for firing [72]. This could explain the

relatively high Dit observed in water-based samples despite a higher hy-

drogen content (and lower carbon content) than in the ozone-based films.

Table 3.2 summarizes the different H and C concentrations reported in

the literature and in this work. It is interesting to note that Kubo et al.

found similar trends in H and C contamination in Al2O3 films (grown on

GaN) for the same oxidant sources [61].

H (at. %) C (at. %)

H20 O3 H2O O3 Temp. (°C) Anneal Ref.

3.6 ± 0.2 5 ± 0.2 / / 200 As deposited [51]

+ - - + 100 As deposited [68]

equal equal + - unspecified 1000 °C [54]

/ / < 1 < 1 380 As deposited [70]

/ / 0.3 / 300 800 °C 15 min [71]

/ / / 4 Room T As deposited [60]

/ / / < 1 Room T 400 °C 30 min [60]

/ / / < 1 350 As deposited [60]

2.8* 0.7* 5.5* 9.6* 300 As deposited [61]

1.2 ± 0.1‡ 0.8 ± 0.2‡ 0.2 ± 0.1 1 ± 0.3 200 A + 800 °C 3 s PI

*the unit in [61] is 1021 cm-3

‡unit of 1016 atom·cm-2

Table 3.2. Comparison of the hydrogen and carbon atomic bulk concentrations reported
in ozone- and water-based ALD Al2O3 films. Qualitative comparisons between
H2O- and O3-based processed are indicated with "+" and "-" signs. A "/" sign
indicates no data available. The processing temperature is indicated; the an-
neals were performed in N2 ambient.
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In conclusion, excellent passivation quality was observed in silicon sub-

strates passivated by ALD Al2O3 deposited with high ozone concentra-

tions. Maximum surface recombination velocities — calculated according

to equation 2.21 — as low as 7 cm/s were reported after anneal, against 20

cm/s with the standard water-based process. This improvement of passi-

vation was made possible by the lower Dit provided by the ozone process,

as shown in previous studies. An increase of ozone concentration also

appeared to improve passivation quality, which seemed to correlate with

a Dit decrease. However, no distinct effect of ozone concentration could

be observed on the H and C impurity content in the films. Finally, an

improved ozone process was proposed, which combines the advantages of

both water- and ozone-based ALD Al2O3 in terms of impurity contamina-

tion and provides the highest passivation quality. Its performance was

explained by a low Dit that seems to originate from both low carbon and

hydrogen concentrations in the film.
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4. Electrical properties and passivation
of black silicon

4.1 Black silicon for photovoltaics

In most solar cells fabricated today, light absorption is maximized by ran-

dom pyramid textures obtained by alkaline etching or acidic texturing,

and by antireflective (A/R) thin films. Random pyramids trap light due

to the successive bounces of incident rays, while thin dielectric films of

optimized thickness, such as SiNx [6], cause destructive interferences and

reduce reflectance. The reflectance obtained with those conventional tech-

nologies remains however high and can only be optmized at a specific

wavelength — normally 600 nm as it corresponds to the maximum inten-

sity in the AM1.5G solar spectrum. In comparison, silicon nanotexturing

allows a significant reduction of reflectance in a large spectrum. In the

resulting material, often called black silicon (bSi), the dimensions of the

structures are smaller than the wavelengths in the UV to near-IR spec-

trum, causing a unique interaction of light with the surface. The bSi

structure can indeed be represented as a stack of layers with increas-

ing silicon-to-air ratio from the surface to the silicon bulk. Consequently,

the effective refractive index of the material can be considered steadily

varying from the surface to the bulk [73], resulting in an extremely low

reflectance. Figure 4.1 illustrates the difference in dimensions between

typical random pyramid and bSi structures studied in this work, together

with the reflectance measured in both structures. Black silicon was origi-

nally introduced as the "moth eye structure" by Clapham and Hutley [74].

This material has actually been known for several decades as a RIE etch-

ing by-product [75] and was used already in 1995 as a visual way to adjust
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RIE etching parameters [76].

As a simple explanation of the antireflective properties of bSi, let us

consider the interface between two materials a and b of refractive indices

na and nb. In the case of normal incidence, the relationship between the

amplitudes Ei and Er of the incident and reflected waves, respectively, can

be written [77]:

Er =
na − nb
na + nb

Ei (4.1)

The amplitude of the reflected wave thus depends on the refractive in-

dices on either sides of the interface. In fact, it can be observed from

equation 4.1 that the amplitude of the reflected wave at an interface be-

comes close to zero when na ≈ nb. As explained above, a bSi structure can

be modelled as a stack of layers where nk ≈ nk+1, with nk and nk+1 the in-

dices of successive layers. Thus, almost no reflected wave exists as a result

of refractive index matching. In other words, the interface between two

successive layers is suppressed, causing near-zero reflection [73]. A simi-

lar result could be obtained in theory using a stack of thin films with in-

creasing refractive indices between nair and nSi, but this is in practice not

realistic due to the complexity of realization. Additionally, bSi can display

light trapping properties depending on its morphology [78, 79, 80]. Light

trapping describes the ability to enhance the effective distance travelled

by light in the substrate, also called optical path length, which eventually

increases absorption. This phenomenon was observed to some extent in

the bSi structures considered in this work [81]. It should be noted that

competition between light-trapping performance and low reflection of bSi

was observed by Otto et al., suggesting a necessity of tradeoff between

the two properties [78]. However, it has also been shown that the excel-

lent light-trapping properties of microscale pyramids could be combined

with the low reflectance of bSi. The potential of this approach has been

demonstrated by Ingenito et al. with bSi IBC solar cells of 19.8 % effi-

ciency [82].

The high potential of bSi for light absorption improvement and the large

number of existing fabrication techniques explain the enthusiasm towards

those structures for photovoltaics applications.
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Figure 4.1. SEM images of a) bSi and b) random pyramid structures etched with tetram-
ethylammonium hydroxide as in Publication IV. The reflectance of each
structure without antireflective coating is presented in c). The reflectance
of pyramids with an antireflective coating optimized at a wavelength of 600
nm is shown for comparison.

4.2 Black silicon fabrication

A large variety of techniques exists for silicon nanotexturing. They can

result in needle-like structures or in a porous surface, but can be consid-

ered as bSi as long as they fulfill the characteristics presented in section

4.1 and appear black to the eye. Porous bSi can for instance be obtained

using stain etching [83] or electrochemical etching [84]. The most popu-

lar technique to date may be metal-assisted etching (MAE), owing to its

simplicity and adaptibility for various structure morphologies [6]. Other

widespread alternatives include laser etching [85] and reactive ion etch-

ing (RIE) [76]. The latter was used in this work since it allows fast and

simple etching after optimization, due to its maskless and single-step na-

ture. The standard RIE process however causes damage to the silicon

surface [86], which can be removed but necessitates an extra chemical
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cleaning step [87, 88]. Damage formation can fortunately be limited with

the help of an inductively-coupled plasma (ICP), resulting in a reduction

of surface recombination velocities [89]. The ICP-RIE solution was conse-

quently preferred for bSi etching in a SF6/O2 plasma, which constitutes

the typical environment for bSi fabrication [90].

In brief, the SF6/O2 RIE process can be described as the competing ac-

tion between three species created in the plasma: fluorine F* radicals,

O* radicals and SiFx
+ ions. The O* radicals diffuse to the silicon surface

to produce a SixOyFz layer, while F* radicals etch silicon selectively and

produce SiFx
+ as a result. The SixOyFz layer is unstable at high temper-

atures, hence the requirement on cryogenic conditions. In the same time,

SiFx
+ ions accelerated in one direction by an electric field cause isotropic

etching of the SixOyFz layer, opening windows for the F* radicals. In

the so-called overpassivation regime, SixOyFz is created faster than SiFx
+

ions are able to remove it, leading to positively tapered bSi needles, as

observed in figure 4.1a. The formation of randomly dispersed bSi needles

results from initial surface roughening, possibly due to micromasking of

silicon by dust and oxide particles [91] and to plasma ion sputtering [92].

The morphology of bSi structures can be tailored by varying etching

time or gas flows. Longer etching times cause an increase in bSi aspect

ratio [93]. The profiles of the bSi sidewalls can be modified via the SF6/O2

ratio. Reducing this ratio causes a decrease of Si etch rate, for which flu-

orine radical are responsible, and leads to positively-tapered bSi needles,

i.e. more pyramidal shapes. Conversely, increasing this ratio leads to

negatively-tapered structures [94, 95].

The bSi formation process by cryogenic RIE is presented in detail in the

works by Jansen et al., Sainiemi et al. and Steglich et al. [76, 90, 95, 92].

4.3 Technological and environmental limitations

All bSi fabrication methods mentioned above may limit in some way the

electrical performance of devices. The MAE technique requires the use

of metal nanoparticles such as Au, Ag, Pt, Pd or Cu [96, 97]. Many

of them constitute active recombination centers in silicon [98, 99, 100]

and are thus highly detrimental for device performance. Thorough clean-
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ings are consequently needed after etching [6]. Formation of bSi by laser

causes recombination-active damage that necessitates well-optmized cur-

ing [101]. In addition, RIE etching can also cause damage leading to in-

creased recombination, as evoked in the previous section. Finally, bSi ma-

terials possess by nature a particularly large surface area, which can sig-

nificantly affect the electrical performance of bSi-based devices through

surface recombination. This issue is addressed in Publication II and will

be discussed in more detail in the next sections.

Those processes also present environmental limitations. Despite the

simplicity of MAE, the possible toxicity of metal nanoparticles remains

under investigation at the moment [102, 103], and large-scale develop-

ment would demand strict control of production processes. Laser etching

can require several hours [104], while the ICP-RIE technique normally

requires vacuum in a cryogenic environment [90] and is thus energy-

consuming. In addition, SF6, which is often employed in bSi RIE, con-

stitutes a strong greenhouse gas [105] and strict regulations have been

enforced to avoid spreading in the atmosphere [106]. Improvements are

however under investigation, and for instance, room temperature ICP-

RIE of bSi was recently demonstrated [107]. The findings presented in

this thesis should in any case be independent on the bSi fabrication pro-

cess — on the condition of limited damage formation.

4.4 Electrical measurements in black silicon

This section discusses the reliability of standard electrical measurements

on bSi structures and proposes possible corrections.

Carrier recombination lifetime

The measurement of recombination lifetime using QSSPC is not consid-

ered challenging in bSi because this technique measures an effective value.

Black silicon can simply be considered as a planar substrate with a spe-

cific boundary condition at the surface — determined by the recombina-

tion velocity. The effective surface recombination velocity Seff can be di-

rectly extracted from the lifetime according to equation 2.20. In addition,

this parameter is directly proportional to surface area and to Seff,loc, the
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local surface recombination velocity on the texture. It can be written as

[108]:

Seff =
Atext
Aproj

Seff,loc (4.2)

Atext is the textured surface area and Aproj is the projected planar area

under the structures. Note that Seff,loc is also an effective surface recom-

bination velocity as defined in equation 2.3 — it also includes the field

effect.

From the device point of view, Seff is the parameter determining perfor-

mance.

Fixed surface charge

The COCOS method described in section 2.2 can be used effectively to

measure charge at the interface between bSi and a dielectric film. In a

similar way as in the case of recombination velocities, an effective value

Qf,eff is being measured and can be written as a function of the local

charge Qf :

Qf,eff =
Atext
Aproj

Qf (4.3)

This relation of proportionality was evidenced in [109] and confirmed in

Publication II. Figure 4.2 presents fixed charge measurements results in

bSi and in a planar reference sample.

40



Electrical properties and passivation of black silicon

Effective charge Local charge

0.0

5.0x1012

1.0x1013

1.5x1013

N
eg

at
iv

e 
su

rfa
ce

ch
ar

ge
 d

en
si

ty
 (c

m
-2
)

 planar silicon
 black silicon

Figure 4.2. Fixed surface charge in bSi and in a planar reference sample coated with a
20 nm-thick annealed Al2O3 film. The effective charge Qf,eff was measured
by COCOS and the local charge Qf was found after rescaling by the area
enhancement factor of 7, estimated from SEM images. Reprinted from Solar
Energy Materials & Solar Cells, 142, G. von Gastrow, R. Alcubilla, P. Ortega,
M. Yli-Koski, S. Conesa-Boj, A. Fontcuberta i Morral, H. Savin, "Analysis
of the Atomic Layer Deposited Al2O3 field-effect passivation in black silicon",
Pages 29-33, Copyright 2015, with permission from Elsevier.

The calculation of the local bSi charge from equation 4.3 based on CO-

COS measurements assumes uniform deposition of Corona charge over

the whole surface area, which may be difficult to achieve for high-aspect-

ratio structures. This approximation nevertheless yields similar local

charge values for bSi and for planar references in figure 4.2. In fact, Wil-

son et al. calculated local bSi charge using an empirically-determined

correction factor instead of the theoretical area enhancement ratio Atext
Aproj

[109]. It was defined as the dielectric capacitance ratio Ctext
Cplanar

between

textured and planar samples of identical dielectric thickness. Although

both are supposed to be equal, the empirical factor was found to be slightly

lower than the area enhancement factor in their work. This discrepancy

was explained by possible non-conformal deposition of Corona charge dur-

ing COCOS measurement, so equation 4.3 should be considered as an

ideal relation.

Interface defect density

Interface defect density extraction in black silicon is more complex than

in planar silicon because calculations are based on one-dimensional mod-
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els. Section 2.2 demonstrated that the knowledge of the depletion-region

charge Qsc as a function of surface band bending ψs0 was necessary to cal-

culate the interface-trapped charge Qit. The relationship in equation B.14

can be derived in a relatively simple manner in one dimension, and the

calculations are detailed in appendix B. An analytical relation can how-

ever not be established in two dimensions as Poisson’s equation cannot

be solved analytically. Nevertheless, the band bending measured by CO-

COS in bSi surfaces may be considered as an effective value that takes

bSi morphology into account [109]. This means that the effective band

bending value can be injected into equation B.14 to calculate Qsc. The de-

posited Corona chargeQc then needs to be rescaled in equation 2.36, as its

actual value on the bSi surface is reduced by the enhanced surface area.

Assuming homogeneous deposition of Corona charge on the bSi surface,

the relation between the deposited charge Qc and the local Corona charge

Qc,loc can be written:

Qc = FcorrQc,loc (4.4)

where Fcorr is the surface area correction factor defined as:

Fcorr =
Atext
Aplanar

As explained in section 4.4, it can be more accurate to replace this theo-

retical factor by an empirical factor based on measured dielectric capaci-

tances in textured and planar samples with identical dielectric thickness:

Fcorr,empirical =
Ctext
Cplanar

The local Corona charge must be used in the charge balance equation

(eq. 2.36), which becomes:

Qit = −
(

1

Fcorr
Qc +Qf +Qsc

)
(4.5)

Eventually, Dit can be calculated from equations 2.37 and 2.38:

Dit(ψs0) =
1

∆ψs0

(∣∣∣∣∆Qc 1

Fcorr

∣∣∣∣− |∆Qsc|) (4.6)

Sheet resistance

It has been suggested in several studies that both the 4-point probe and

the conductance techniques can be employed for sheet resistance mea-
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surements in bSi structures [85, 110, 111]. Nevertheless, 4-point probe

measurements imply several hypotheses that are not directly applicable

to textured surfaces. In general, sheet resistance is measured with the

4-point probe technique according to the formula:

Rsh = 4.532
V

I
(4.7)

This formula includes a correction factor accounting for the finite thick-

ness of the conductive region, which is supposed uniform [112]. In ad-

dition, it assumes spatially uniform current density under the probes as

well as current flow through a planar surface [14, 113]. Thoses hypothe-

ses are not valid in the case of bSi textures, and in particular the current

path remains unclear. Despite those approximations, figure 4.3 suggests

excellent agreement between bSi measurements using both 4-point probe

and conductance techniques, as presented in Publication V. Note that it

remains unclear whether bSi and planar sheet resistance results are com-

parable.
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Figure 4.3. Sheet resistance measured by 4-point probe and dark conductance in diffused
bSi emitters and in planar references. The error bars represent the stan-
dard deviation between dark conductance and 4-point probe measurements.
Reproduced from Journal of Applied Physics, G. von Gastrow, P. Ortega, R.
Alcubilla, S. Husein, T. Nietzold, M. Bertoni, and H. Savin, "Recombination
processes in passivated boron-implanted black silicon emitters", 121, 185706,
Copyright 2017, with the permission of AIP Publishing.

It may actually be unnecessary to define a new correction factor adapted

to textured surfaces. Instead, sheet resistance can be measured in bSi

43



Electrical properties and passivation of black silicon

without further corrections and can be used for relative comparison of

different bSi samples.

4.5 Black silicon passivation mechanism

This section examines the field-effect passivation mechanism in bSi struc-

tures. The dependence of effective recombination velocity on surface charge

will be first derived analytically in a planar substrate, after which the case

of bSi will be discussed based on experimental results.

4.5.1 Relationship between surface charge and surface
recombination velocity in a planar substrate

Expression of the surface recombination rate

As mentioned in section 3.2, dielectric fixed charge can account for an

important part of surface passivation. Before analyzing the field-effect

passivation in black silicon, the relationship between fixed surface charge

and surface recombination velocity will be derived in the case of planar

silicon. The demonstration is performed in the case of n-type inverted sil-

icon but the p-type case can be derived in a similar way [114]. A single

midgap trap is assumed so that p1 = n1 = ni in equation 2.4 and the semi-

conductor is assumed to be in low injection, so that Auger recombination

can be neglected and recombination thus essentially occurs via traps. The

schematic in figure 4.4 presents the system studied. The electron quasi-

Fermi level equals the equilibrium Fermi level, as electrons are majority

carriers and low-injection conditions are assumed. The surface of the sub-

strate is found at x = 0 and the edge of the depletion region at x = xn. The

carrier concentrations are denoted as n(x), p(x), ∆n(x) and ∆p(x), where

x is the distance from the surface. In equilibrium, the negative charge

present at the dielectric/silicon interface causes a negative surface band

bending ψs0. Under illumination, the Fermi level splits and a potential Vl
counterbalances the negative band bending ψs0 caused by the charge. The

band bending of the system becomes ψs = ψ0 + Vl.

The purpose of this part is to obtain a relationship between the surface

recombination rate Us and the excess hole density at the edge of the deple-
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tion region, as in equation 2.3, in order to obtain an analytical expression

of the effective surface recombination velocity.
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Figure 4.4. Energy band diagram of an n-type substrate in inversion due to the effect of
negative surface charges. Illumination affects band bending by a potential
Vl.

Expression of the surface recombination rate

Surface recombination is assumed to occur through the Schockley-Read-

Hall mechanism, associated with the recombination rate in equation 2.4.

The electron and hole densities at the surface (cm-3) can be expressed as:n(0) = n0(0) + ∆n(0)

p(0) = p0(0) + ∆p(0)

In an inverted n-type surface, p(0) � n(0), and with the hypothesis of

low injection, the numerator term in equation 2.4 becomes:

n(0)p(0)− ni2 = p0(0)∆n(0)

Because of the inversion condition, p(0) � p1 and p(0) � n(0) in equa-

tion 2.4. Assuming that Sn is not orders of magnitude larger than Sp, the

denominator in equation 2.4 becomes:

p(0) + p1

Sn
+
n(0) + n1

Sp
=
p0(0)

Sn

As a result,

Us ≈ n(0)Sn (4.8)
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Surface electron density

The surface electron density can be expressed as a function of the equilib-

rium band bending and of the bias as:

n(0) = NDe
q(ψs0+Vl)

kBT (4.9)

Excess hole density at the edge of the depletion region

The hole density at the edge of the depletion region can be found from the

law of the junction applied to an inverted MOS capacitor; the derivation

is similar to that of a PN junction [115].

Assuming a moderate bias, the hole current in the depletion region can be

assumed null, and as a result:

Jp = qpµpξ(x)− qDp
dp(x)

dx
≈ 0 (4.10)

The integral of the electric field ξ throughout the depletion region can

thus be written:

ˆ xn

0
ξdx =

kBT

q

ˆ xn

0

1

p

dp

dx
dx (4.11)

Consequently,

− [V (xn)− V (0)] = ln

(
p(xn)

p(0)

)
kBT

q
(4.12)

Observing that V (0) − V (xn) = Vl + ψs0, the hole density in the bulk at

the edge of the depletion region can thus be written:

p(xn) = p(0)e
qψs0
kBT e

qVl
kT (4.13)

Additionally, the hole density at the edge of the depletion region in equi-

librium is given by:

p0(xn) = p0(0)e
qψs0
kBT ≈ ni

2

ND
(4.14)

Assuming p(0) ≈ p0(0) and using equations 4.13 and 4.14, one can thus

write:

p(xn) =
ni

2

ND
e
qVl
kBT (4.15)

Thus, assuming sufficient bias so that Vl � kT
q :
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∆p(xn) =
ni

2

ND
(e

qVl
kBT − 1) ≈ ni

2

ND
e
qVl
kBT (4.16)

A similar expression of the electron density is found in the p-type case

[26].

Relationship between surface charge and band bending

In strongly inverted n-type silicon, the equilibrium surface band bending

Ψs0 is negative and large in absolute value. Thus, equation B.14 becomes:

Qsc = ±1

q

√
2εSiε0kBT

√
ni2

ND
e
− qΨs0
kBT (4.17)

Note that Qsc is expressed in cm-2 and is defined as Qsc = 1
qQsc,C .

Expression of Seff

In summary, the main equations derived here are:

Us = n(0)Sn

n(0) = NDe
q(ψs0+Vl)

kBT

∆p(xn) = ni
2

ND
e
qVl
kBT

Qf
2 = Qsc

2 = 2
q2 εSiε0kBT

ni
2

ND
e
− qΨs0
kBT

Finally:

Us = SnNDe
q

Ψs0+Vl
kBT

= 2εSiε0n
2
iSn

kBT

q2

1

Qf
2 e

qVl
kBT

= 2εSiε0NDSn
kBT

q2

1

Qf
2 ∆p(xn)

Thus, the effective surface recombination velocity appears in the expres-

sion of Us, based on equation 2.3:

Seff,planar = 2εSiε0SnND
kBT

q2

1

Qf
2 (4.18)

It appears that the dependence of surface recombination velocity on sur-

face dielectric charge is quadratic in the case of a planar substrate.
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4.5.2 Black silicon passivation and field-effect

Until a few years ago, black silicon passivation remained a major chal-

lenge, mainly due to the high recombination in the increased surface

area [116, 117]. A tradeoff between nanostructure aspect ratio and re-

flectance was normally employed to limit the effect of surface recombina-

tion [118, 119]. Recently, ALD Al2O3 demonstrated its full potential as

a nanostructure passivation layer, first in nanowire solar cells with ra-

dial junction [120] and later in p-type bSi [9, 10]. Applications of ALD

Al2O3 on highly-doped n-type silicon [12, 121] have also been reported,

resulting however in poor blue spectral response due to surface recom-

bination. This passivation film combines the high conformality of ALD

with the low defect density and most importantly with the high charge of

Al2O3. The film conformality was verified in Publication II by high res-

olution transmission electron microscopy (HRTEM) performed on a bSi

needle cross-section. The Al2O3 layer appears as a lighter region cover-

ing the bSi needle in figure 4.5. The energy-dispersive X-ray spectroscopy

(EDX) image in figure 4.5b reports the chemical composition of the sample

and confirms the conformality of the Al2O3 film.
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Figure 4.5. a) HRTEM image of a bSi needle coated with 20 nm of Al2O3. The scale bar
represents 200 nm. b) EDX image of the same needle indicating Al, Si and O
elements. c) Detailed view of the needle tip with a X-ray diffraction pattern
in the inset. The scale bar represents 20 nm. Reprinted from Solar Energy
Materials & Solar Cells, 142, G. von Gastrow, R. Alcubilla, P. Ortega, M.
Yli-Koski, S. Conesa-Boj, A. Fontcuberta i Morral, H. Savin, "Analysis of the
Atomic Layer Deposited Al2O3 field-effect passivation in black silicon", Pages
29-33, Copyright 2015, with permission from Elsevier.

Etching damage constitutes another cause of recombination in bSi sur-

faces, but can be reduced by ICP-RIE, as mentioned in section 4.2. As

a consequence of the effective surface passivation provided by Al2O3 and

of the limited etching damage, extremely low surface recombination ve-

locities have been measured in bSi structures [9, 10, 89], Publication II.

In order discuss the passivation efficiency of ALD Al2O3 on bSi, figure

4.6 presents ratios of maximum effective surface recombination velocities

Seff,max (calculated according to equation 2.21) in bSi and in planar sam-

ples, based on literature data. The dashed lines represent the surface

area enhancement ratios.
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Figure 4.6. Comparison of Seff,max ratios in bSi and planar references. Passivation was
performed by ALD Al2O3. The dashed lines correspond to the bSi area en-
hancement factors, which represent the ratios expected due to the larger bSi
area. Data from [9, 10, 89, 122] and Publication II. The different values for
a given reference originate from different substrate resistivities or orienta-
tions.

As a general trend, the Seff,max ratios are actually significantly lower

than the surface area ratios. This can be written mathematically as:

Seff,max(bSi) <
Atext
Aproj

Seff,max(planar) (4.19)

According to equation 4.2, this indicates that the local bSi surface re-

combination velocity Seff,loc is systematically lower than the recombina-

tion velocity in the planar reference Seff,max(planar). The reduction of

Seff,max(bSi) well below the right term of equation 4.19 values was ex-

plained in Publication II by the particularly high field-effect in the nanos-

tructures.

In Publication II, symmetrical bSi samples were prepared from n-type

magnetic Czochralski Si of resistivity 3.3 Ω·cm and passivated by ALD

Al2O3. In this study, which focuses on the passivation mechanisms rather

than on the best achievable passivation quality, the standard water-based

Al2O3 process at 200 °C was used. The samples were annealed in N2 at

400 °C for 30 minutes, based on the ideal annealing conditions reported

in the literature (section 3.3.1) and based on our own studies. Then, neg-

ative Corona charge was deposited on both sides of the samples to deter-
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mine the relationship between Seff and Qf in the inversion regime. The

minority carrier lifetime τeff was measured after each Corona step. The

surface recombination velocities Seff were then calculated from equation

2.3 with τbulk = 6 ms, and are displayed in figure 4.7 as a function of the

total charge on the silicon surface.
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Figure 4.7. Variation of Seff as a function of surface charge in bSi and in planar surfaces.
Both were passivated with 20 nm of ALD Al2O3. The total charge corresponds
to the sum of the added Corona charge and of the built-in Al2O3 charge. The
circles indicate intial measurement points before Corona charging. Reprinted
from Solar Energy Materials & Solar Cells, 142, G. von Gastrow, R. Alcubilla,
P. Ortega, M. Yli-Koski, S. Conesa-Boj, A. Fontcuberta i Morral, H. Savin,
"Analysis of the Atomic Layer Deposited Al2O3 field-effect passivation in black
silicon", Pages 29-33, Copyright 2015, with permission from Elsevier.

As displayed in figure 4.7, the fits of the curves in the inversion region

demonstrate a much stronger surface charge dependence of Seff in bSi

than in planar surfaces. Consequently, the relation between Seff and Qf
in bSi is no longer quadratic, but should instead be written as:

Seff,bSi = K
1

Qf
x (4.20)

The parameter K is a constant and x is a real number that depends on bSi

morphology and is expected to be larger than two. In Publication II, x ≈
4.

The strong field-effect resulted in maximum effective surface recombi-

nation velocities of less than 7 cm/s in n-type bSi passivated by ALD

Al2O3, very close to the values of 4 cm/s measured in the planar refer-
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ences.

The effect of negative charge on carrier concentration in n-type silicon

was simulated in two dimensions and in the dark using Silvaco ATLAS

software. The purpose of those simulations is to illustrate qualitatively

the two-dimensional effect of Al2O3 charge on bSi. In order to allow com-

parison with the data of Publication II, a resistivity of 3.3 Ω·cm was chosen

with an Al2O3 charge of -2.5·1012 cm-2. For the sake of simplicity, bSi was

modelled as an uniform array of triangular-shaped needles of height 700

nm and width 200 nm. It should also be noted simulations are performed

based on classicals models only. Those results could be refined taking into

account quantum mechanical effects that may occur due to the reduced

dimensions of the bSi structures. The simulated equilibrium carrier con-

centrations are presented in figure 4.8.
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Figure 4.8. Carrier concentrations simulated in the dark with ATLAS in bSi structures
for an n-type substrate of 3.3 Ω·cm resistivity: a) Electron concentration in a
bSi cross-section b) Variation of electron and hole concentrations from the tip
of a needle to the substrate bulk.

According to the simulation results, it seems that depletion is obtained

inside the whole bSi needles, as suggested by Repo et al. [10]. In fact, the

graph in figure 4.8b indicates that even inversion may be reached in the

entire needles and beyond, as the hole concentration remains larger than

the bulk electron concentration until a depth of approximately 800 nm.

Note that the carrier profiles are closely related to the bSi morphology.

In reality, bSi is composed of structures of random dimensions, thus the

strength of the field-effect varies from one bSi needle to another.

This chapter demonstrated the importance of using charge dielectrics

with large fixed charge for bSi passivation. The strong sensitivity of bSi
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to surface charge decreases significantly surface recombination so that

highly-efficient bSi solar cells can be envisaged. In addition, further de-

velopment of high-surface-charge dielectrics can considerably improve bSi

surface passivation and should be further researched. For instance, recent

innovations include the development of a sulfur-based annealing by D.W.

Kim et al. that seems to increase Al2O3 charge [123].

53



Electrical properties and passivation of black silicon

54



5. Low-recombination black silicon
solar cells

5.1 Advantages and challenges of black silicon solar cells

Black silicon provides advantages for solar cells given its very low re-

flectance, but also offers attractive perspectives from the industrial point

of view. While diamond-wire dicing of silicon is becoming more accessible

due to a reduction of prices, it also causes inhomogeneous surface damage

and thus prevents the use of standard acidic solutions for multicrystalline

wafer texturing. This issue is not as critical in monocrystalline silicon,

which can be textured with alkaline solutions, taking advantage of the

different etching rates depending on the orientation of crystal planes. As

the bSi fabrication techniques mentioned in section 4.2 are applicable to

both mono- and multicrystalline wafers, they could become an efficient

way to solve the texturing issues associated with diamond-wire cutting.

Very recently, a new record efficiency of 21,9 % for bSi multicrystalline so-

lar cells was demonstrated by Fraunhofer ISE, illustrating the potential

of both multicrystalline substrates and bSi [124].

More generally, relatively high performance has been reported in black

silicon solar cells during the last decade, with efficiencies ranging between

17 % and 19 % [8, 108, 121, 125, 126, 127, 128], mostly using front-back-

contact structures. This solar cell technology includes metal contacts and

emitters on the front side, which contributes to efficient carrier collection.

The low bSi reflectance is however not used at its full potential due to

shading by the metal contacts. On the contrary, rear-contact technologies,

to which IBC cells belong, allow maximum collection of the light incident

on the cells. This advantage comes with the necessity of very high effec-
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tive lifetime to ensure that generated carriers can diffuse to the back side,

where they are collected. This can be challenging especially due to the

high surface recombination normally associated with bSi. In both front-

contact and IBC solar cells that incorporate bSi, the large surface area

(see section 4.4) and in some cases bSi etching damage [121] are known to

increase surface SRH recombination, which critically affects solar cell per-

formance. Additionally, front-contact bSi solar cells currently suffer from

two limitations. First, Oh et al. have demonstrated that additional Auger

recombination due to excessive diffusion in the bSi structures was also a

major cause of efficiency limitation in bSi solar cells [108]. Secondly, high

contact resistance caused by the difficulty to obtain conformal contacts

on bSi often results in a poor fill factor [7, 129]. This chapter presents

alternatives to address the issues of surface and Auger recombination,

and applies the results reported in the previous sections to high-efficiency

black silicon solar cells.

The potential improvement of solar cells through bSi texturing can be

assessed by estimating the maximum achievable short-circuit current Jsc.

The calculation is based on the reflectance curves shown in figure 4.1 (ran-

dom pyramids with antireflective coating and bare bSi structures) and on

the following hypotheses [115]:

• No light transmission occurs through the sample

• Every photon of energy greater than the band gap generates one electron-

hole pair

• Light impinges on the entire surface, i.e. no shading occurs

• All charge carriers are collected, i.e. no recombination occurs

• No carriers are generated from photons of energies lower than the band

gap (sharp transition of silicon optical constant beyond the band gap

energy)

The AM1.5 solar spectrum is weighted by the reflectance curve and con-

verted into a spectral flux of photons by normalizing by the energy at each

wavelength, as shown in figure 5.1. The photon flux is then integrated be-

tween wavelengths of 300 nm and 1107 nm (bandgap of 1.12 eV at 25 °C),

which yields the theoretical Jsc.
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Figure 5.1. Flux of photons entering a bSi cell and a perfect non-reflecting and non-
transmitting solar cell. The calculation of maximum short-circuit current
assumes that all those photons excite electron-hole pairs that are separated
and collected in the ideal solar cell.

Based on the AM1.5G solar spectrum, one obtains Jsc(bSi,max) = 43.3

mA·cm-2 and Jsc(rp,max) =42.6 mA·cm-2 in bare bSi and in random pyra-

mids with 90 nm of Al2O3 as antireflective coating, respectively. In a

non-reflecting and perfectly absorbing solar cell, the maximum Jsc would

reach 43.8 mA·cm-2, based on a similar calculation. Although the Jsc im-

provement obtained with bSi compared to random pyramid structures can

appear minor, it should be kept in mind that those numbers are calcu-

lated for normal light incidence. At other angles, reflectance is altered

in pyramid-textured surfaces, while bSi presents a significantly higher

tolerance, as will be shown in the next section.

5.2 Interdigitated back-contacted solar cells

Interdigitated back-contacted (IBC) solar cells have the advantage of in-

tegrating all metal contacts on the backside, thus solving the major issue

of contact deposition on the high-aspect-ratio surface of bSi. At the time

of writing, this technology holds the absolute efficiency record of 26.7 %

for crystalline silicon solar cells, achieved very recently by Yoshikawa et

al. [130]. In addition, IBC solar cells maximize light absorption by leav-

ing the front surface free of contact shadowing. The IBC technology has
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been applied to the fabrication of 10 µm-thin bSi solar cells that reached

an efficiency of 13.7 % [131]. The authors also showed via simulations

that higher EQE could be obtained at low wavelengths with IBC struc-

tures than with the usual front-back-contact structure. In fact, the back-

contact design prevents the formation of deep and highly-doped junctions

in bSi, which normally increase Auger recombination in near-surface re-

gions where most of generation occurs.

Nevertheless, recombination becomes all the more critical in IBC cells

as charge carriers are collected on the back side. Excellent front surface

passivation is thus required to achieve high efficiencies, and we demon-

strated that this could be achieved with ALD Al2O3 in Publication III. In

addition, bSi seemed not to critically limit efficiency and Jsc as the values

obtained were similar to those of the planar reference (Publication III and

Publication IV).

Figure 5.2 depicts the structure of the p- and n-type IBC cells presented

in publications III and IV. The substrates were 280 µm-thick floatzone sil-

icon wafers and the cells had an active area of 9 cm2. Cells were processed

with different emitter widths 2 × Lp+ (n-type) or 2 × Ln+ (p-type) of 460

µm, 710 µm, 960 µm or 1460 µm in order to vary emitter coverage fe from

67 % to 85 %. Note that the gap between the p+ and n+ regions, of width

40 µm, is considered part of the emitter in the coverage calculation. In a

p-type cell for instance, the emitter coverage was calculated as:

fe =
gap+ 2Ln+

2gap+ 2Ln+ + 2Lp+
(5.1)

The bSi surface was passivated by ALD Al2O3, while the back side of

the cells was passivated by thermal SiO2.

Figure 5.2. Schematic of a full unit pattern of the processed a) p-type and b) n-type IBC
cells. The stripes on the back side represent metal contacts.

The external quantum efficiency (EQE) curves in figure 5.3 show that
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bSi significantly improves EQE in the ultraviolet (UV) range compared

to the reference cell with textured pyramids. The solid lines represent

bSi EQE simulations performed with the effective surface recombination

velocities measured in reference samples and reported in table 5.1. The

agreement observed with the experimental curves proves that bSi passi-

vation was preserved during cell processing, which resulted in high EQE

values close to 95 % in bSi n- and p-type solar cells.

Figure 5.3. External quantum efficiencies (EQE) corresponding to the best bSi IBC solar
cells: a) p-type bSi and reference cells of emitter coverage 80 % b) n-type bSi
and reference cells of emitter coverage 75 %. The insets show bSi EQE results
for other emitter coverages. The p-type cell results were obtained from cal-
ibrated measurements at Fraunhofer ISE CalLab. Reprinted from Progress
in Photovoltaics, 23, P. Ortega, E. Calle, G. von Gastrow, P. Repo, D. Carrió,
H. Savin and R. Alcubilla, "High-efficiency black silicon interdigitated back
contacted solar cells on p-type and n-type c-Si substrates", Pages 1448-1457,
Copyright 2015, with permission from John Wiley and Sons, Inc.

Table 5.1 compares the theoretical maximum Jsc achievable calculated

from the reflectance curves and the measured Jsc in bSi and random pyra-

mid cells. Note that the presence of an Al2O3 film on bSi decreases some-

what reflectance in the UV range [10], but only affects the theoretical Jsc
value to the second decimal.

59



Low-recombination black silicon solar cells

Cell Theor. Jsc (mA/cm2) Exp. Jsc (mA/cm2) Seff (cm/s)

bSi (p-type) 43.3 41.0* 16.7

ref (p-type) 42.6 41.4* 3.2

bSi (n-type) 43.3 40.9 4.8

ref (n-type) 42.6 40.3 4.8

Ideal bSi cell 43.8 N/A N/A

*Independent measurements from Fraunhofer ISE Calibration Laboratory

Table 5.1. Theoretical Jsc calculated for an ideal solar cell based on the reflectance curves
of figure 4.1 and Jsc measured under an AM1.5G 1 kW/m2 solar spectrum at
25 °C in bSi and in random pyramid reference solar cells. The last column
summarizes the effective surface recombination velocity measured in symmet-
rical reference samples passivated with Al2O3, extracted at an injection level
of 1015 cm-3.

It can be observed that the experimental Jsc of bSi solar cells and of

reference random pyramid cells have the same order of magnitude. This

means on the one hand that excellent passivation is obtained on bSi, but

on the other hand that recombination and light transmission still limit

Jsc, as even higher values should theoretically be reached in bSi solar

cells. The divergence from the ideal value of Jsc(bSi,max) = 43.3 mA·cm-2

may originate from recombination at the front surface, in the back surface

field regions or in the back side undoped regions, in addition to transmis-

sion losses. The comparison of effective surface recombination velocities

Seff shows that p-type random pyramids are actually more efficiently pas-

sivated than the corresponding bSi samples. This indicates that surface

recombination may limit the Jsc of p-type bSi solar cells, compared to stan-

dard random pyramid cells. In n-type solar cells, similar Seff values are

obtained in bSi and random pyramid samples. Additionally, a prelimi-

nary estimation of the individual contributions of front and back surface

recombination to Jsc losses was performed. The contributions were es-

timated from numerical simulations of n-type IBC cells with Silvaco AT-

LAS, based on the simulation parameters detailed in the appendix of Pub-

lication IV. The results suggest that front surface recombination accounts

for the largest amount of Jsc recombination losses (more than 95 %) com-

pared to an ideal value of 42.3 mA/cm2 with perfect frontside and backside

passivation. This indicates that improvement of surface passivation could

increase Jsc, both in bSi and in random pyramid cells.
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Table 5.2 summarizes the parameters measured in bSi and in reference

solar cells. Owing to the low reflectance and to the high quality of the sur-

face passivation, excellent conversion efficiencies over 22 % are obtained

in bSi p- and n-type solar cells. The main difference in solar cells char-

acteristics when considering substrate polarity is found in open-circuit

voltage (Voc). All other parameters are relatively similar. Note however

that the table reports the best cell results. In average, the n-type bSi and

reference cells display relatively similar Voc values.

Cell fe(%) Jsc (mA/cm2) Voc (mV) FF (%) η (%)

bSi (p-type)* 80 41.0 678 79.5 22.1

ref (p-type)* 80 41.4 679 78.9 22.2

bSi (n-type) 75 40.9 662 81.3 22.0

ref (n-type) 75 40.3 645 80.7 21.0

*Measurements from Fraunhofer ISE Calibration Laboratory

Table 5.2. IBC cells characteristics measured under an AM1.5G 1 kW/m2 solar spectrum
at 25 °C. The best cell results among eight cells are reported in each row.

The lower Voc in n-type cells originates most likely from the poor pas-

sivation performance of SiO2 on p+ emitters due to the positive surface

charge. In fact, figure 5.4 shows that an increase in emitter coverage in n-

type cells — corresponding to an increase of the portion of SiO2-passivated

p+ surface — causes a reduction in Voc. This is also confirmed by the

simulated Voc results, appearing as dashed lines, which decrease with an

increase of emitter coverage in n-type cells. In addition, the fits of ex-

perimental data with numerical simulations suggest higher fundamental

surface recombination velocities in passivated p+ emitters than in pas-

sivated n+ regions. The corresponding values are Spass,p+ = 5 · 104 and

Spass,n+ = 1 · 103 cm·s-1, respectively.

These results suggest that the efficiency of n-type bSi solar cells could

be increased beyond 22 % by improving the passivation of p+ regions,

for instance with the help of Al2O3. Finally, the fill factor could also be

improved by increasing the thickness of the contacts.
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Figure 5.4. Variation of open-circuit voltage as a function of emitter coverage in a) p-
type IBC cells and b) n-type IBC cells. The symbols represent experimental
results on bSi and on random pyramids cells, and the dashed lines represent
simulation results. Reprinted from Progress in Photovoltaics, 23, P. Ortega,
E. Calle, G. von Gastrow, P. Repo, D. Carrió, H. Savin and R. Alcubilla, "High-
efficiency black silicon interdigitated back contacted solar cells on p-type and
n-type c-Si substrates", Pages 1448-1457, Copyright 2015, with permission
from John Wiley and Sons, Inc.

Improved angular light acceptance in bSi solar cells

A major limitation exists in the standard solar cell characterization pro-

cedure, which was used in this work, as it is conditioned to normal light

incidence. In fact, bSi has the ability to reduce reflectance in a very large

range of incident angles, which does not appear in the standard cell re-

sults. It was shown in publication III that this specificity constitutes a

decisive advantage for bSi solar cells. Figure 5.5.a presents relative Jsc
values measured at different angles from the normal to the cell surface.

From 0° to 75° incidence angles, the Jsc decreases steadily in random

pyramid solar cells to reach about 93 % of its original normal incidence

value. On the other hand, Jsc remains close to 100 % of its original value

up to angles of 60° in the bSi cell.
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Figure 5.5. a) Angle-dependence of the relative photocurrent defined as the ratio between
short-circuit current at a given angle and short-circuit current at normal in-
cidence b) Energy increase over a one-year period as a function of latitude,
obtained in a bSi solar cell relative to a random pyramid solar cell. The calcu-
lations are based on the measured angle-dependent Jsc values and consider
fixed cells optimally tilted at each latitude. Reprinted from Nature Nanotech-
nology, 10, H. Savin, P. Repo, G. von Gastrow, P. Ortega, E. Calle, M. Garín
and R. Alcubilla, "Black silicon solar cells with interdigitated back-contacts
achieve 22.1% efficiency", Pages 624-628, Copyright 2015, with permission
from Nature Publishing Group.

The total energy enhancement over the course of one year relative to

a solar cell with random pyramid texture is shown in figure 5.5.b. At

latitudes up to 60°, those bSi solar cells should be able to produce 2 %

more energy over the course of one year than conventional solar cells.

Such an increase of electrical output compared to standard solar cells has

also been demonstrated by Davidsen et al., with a 3 % yearly increase

[132].

We have demonstrated in this section that the high bSi recombination

can be overcome in IBC solar cells. This was made possible by the high

passivation quality provided by ALD Al2O3, but also because high doped

regions are absent from the front nanostructured surface. In the more

common front-contact cell structures however (for instance PERC or Al-

BSF cells), high bSi doping causes additional issues related in a large

part to increased Auger recombination. The following sections discuss

alternatives for emitter formation on bSi.
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5.3 A review on front-contact black silicon solar cells by diffusion

Extensive research has been performed on bsi emitter doping by POCl3
diffusion, which is the standard technique for solar cell emitter forma-

tion. A number of studies emphasize the necessity for a compromise in

the bSi dimensions in order to limit emitter recombination [97, 116, 129,

133, 134, 135], as excessive diffusion through the bSi increased surface

area causes higher Auger recombination than in planar surfaces [6, 136].

This phenomenon has been reported to result in high emitter saturation

current (J0e) and/or in poor blue response of nanostructured solar cells

that integrate emitter on the front side [97, 116, 133, 135, 136]. Thus,

careful optimization of the diffusion process must be performed. Oh et al.

identified the doping ranges at which the Auger mechanism dominates

over surface recombination, showing that diffusion parameters should be

carefully adapted to bSi structures [108]. After further etching performed

to decrease bSi doping in their final solar cell and bSi passivation by ther-

mal oxide, an efficiency of 18.2 % was obtained despite the increase in

reflectance. Kafle et al. have studied the effect of different bSi aspect ra-

tios and diffusion processes on solar cell performance, which resulted in

bSi cell efficiencies up to 18.0 % with either ALD AlOx/PECVD SiNx or

PECVD SiNx passivation [136]. Li et al. measured an efficiency of 19 %

in large-area bSi solar cells passivated by SiNx. By adjusting bSi mor-

phology to reduce recombination, the authors reported an IQE over 80 %

in the UV range with a reflectance of approximately 3 % in the visible

range [137]. Using a similar modification of bSi morphology, Li et al. re-

ported later an efficiency of 18.5 % with SiO2/SiNx passivation using dry

oxidation and PECVD [138].

Another strategy to improve nanostructured cell performance consists

in performing dopant diffusion before bSi etching, resulting in so-called

black-silicon-on-emitter (BSOE) solar cells. Shen et al. demonstrated

higher efficiency in a BSOE cell than in a standard bSi cell where phos-

phorus was diffused after bSi etching [134]. Front surface passivation was

performed with SiNx. The improvement of efficiency from 15.5 % to 16.3

% correlated with the significantly improved blue response of the BSOE

cell, which was explained by the lower emitter recombination and by the

higher uniformity of the PN junction under the nanostructures. Y. Wang
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et al. used the same method and also reported distinct improvement in

the blue-region IQE of the BSOE solar cells. Despite front-surface recom-

bination and relatively high reflectance compared to state-of-the-art bSi,

their BSOE cell reached an efficiency of 16.9 % [139].

Although most bSi solar cells are passivated with standard SiNx or SiO2

films, ALD has demonstrated its potential for bSi emitter passivation.

W.C. Wang et al. reported bSi cells efficiencies between 18.0 % and 18.5

% with ALD Al2O3, TiO2 or Al2O3/TiO2 stacks [12] on n+ diffused bSi

emitters. Due to the high negative charge present in Al2O3, this material

however constitutes a more natural choice for p+ bSi emitters passivation.

Repo et al. demonstrated low J0e values of 50 fA/cm2 on Al2O3-passivated

p-type bSi emitters after optimizing boron diffusion [140]. Efficiencies of

18.7 % were obtained in the corresponding bSi p+ diffused emitter solar

cells, which could be further improved by further optimization of the dif-

fusion process and by improvements in bSi metallization [8].

In summary, two factors currently limit the performance of bSi diffused

solar cells (apart from contact-related issues): the lack of efficient passi-

vation layers for bSi n+ textures, and the need for a compromise between

reflectance and emitter recombination. The next section proposes to ad-

dress the second issue with an alternative doping technique.

5.4 Towards front-contact bSi solar cells by ion implantation

Ion implantation offers several advantages for doped region formation

compared to diffusion. It provides higher uniformity and reproducibility

[141], reduces the number of processing steps in particular by avoiding

formation of dopant glass at the silicon surface [110, 142], and finally,

it facilitates the formation of selective emitters [143, 144]. It may allow

controlling recombination in bSi without tradeoff in dimensions, since the

total impurity dose injected in the nanostructures is fixed regardless of

surface area. In fact, Krügener et al. investigated doping mechanisms in

textured surfaces, and noticed a lower effective doping dose than in pla-

nar surfaces, which they explained by the difference of geometry [145].

However, a limited amount of studies on implanted bSi solar cells have

been published. Ingenito et al. performed bSi doping by ion implantation
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in IBC cells [82] for front-surface-field formation, and reported an effi-

ciency of 19.8 %. Ernst et al. took advantage of the directionality of the

implanted ion beam to dope selectively the surface of porous silicon, and

obtained cell efficiencies of 13.5 % [146]. Still, systematic studies of im-

planted emitter formation on bSi are missing, in particular regarding the

recombination performance with respect to diffused emitters. This issue

will be addressed in the following sections.

5.4.1 Extraction and simulation of emitter saturation current

In highly-doped regions such as emitters, recombination is usually de-

scribed with the help of emitter saturation current (J0e) rather than with

an effective lifetime, which is by definition spatially averaged over the

whole device [147]. This section explains the way emitter saturation cur-

rent is obtained from injection level-dependent lifetime curves.

Background

The emitter saturation current J0e can be determined based on the follow-

ing expression [147, 148]:

J0e =
qW

2

d

d∆n

[
ni,eff

2

(
1

τeff
− 1

τin

)]
(5.2)

The effective lifetime τeff and the excess carrier density ∆n are obtained

experimentally from photoconductance measurements [149] or from sim-

ulations. The intrinsic lifetime τin must be determined analytically (from

equation 2.11 in this work) and the effective intrinsic carrier concen-

tration ni,eff is calculated using a band gap narrowing (BGN) model.

Bandgap narrowing, also called bandgap energy shift, is a phenomenon

occurring at high carrier concentrations such as those encountered in so-

lar cell emitters. The BGN term parametrized by Schenk [150] (p. 3689-

3690) is written as the sum of a so-called "exchange" term and "ionic" term

for both electrons (conduction band shift ∆Eg,e) and holes (valence band

shift ∆Eg,h), which are all negative values:∆Eg,e = ∆Exc,e + ∆Ei,e

∆Eg,h = ∆Exc,h + ∆Ei,h

(5.3)

The same parametrization is used in the WCT-120 Sinton tool [151] and
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in PC1Dmod v6.2 [152]. In the results presented in section 5.4.2, the

total bandgap narrowing typically reaches a few dozen of meV at injection

levels between 1015 and 1016 cm-3.

The effective intrinsic carrier concentration can be expressed as a func-

tion of the equilibrium intrinsic carrier density ni0 and of the total bandgap

energy shift. The intrinsic carrier density was calculated at 298 K, based

on the correction by Altermatt et al. to a value of 9.65·109 cm-3 at 300

K considering the band gap narrowing phenomenon [153] and on the

temperature-dependence model proposed by Sproul et al. [154]. The de-

pendence of ni on BGN can be written as [155]:

ni,eff = ni0 exp

[−q(∆Eg,e + ∆Eg,h)

2kBT

]
(5.4)

Equation 5.4 shows that band gap narrowing causes an increase of intrin-

sic carrier concentration.

Both experimental and simulated emitter saturation current results are

presented in Publication V. Simulations were performed with PC1Dmod

v6.2 [152], based on the expression of the effective lifetime and of excess

carrier density derived in section 2.1.4. PC1D has the advantages of be-

ing a freeware and allows fast computation for devices that do not require

two-dimensional simulations, such as J0e and lifetime devices, as illus-

trated in figure 5.6. A slowly varying illumination was applied to ensure

quasi-steady state, and intensities ranging from 0.001 sun to 500 suns

were chosen in order to obtain a large range of excess carrier densities.

The simulated cumulative conductivity and photogeneration were used in

equation 2.27 to obtain injection-level-dependent lifetime curves. Exper-

imental and simulated lifetime results were then injected into equation

5.2 using the intrinsic lifetime parameterization by Richter et al.

Emitter saturation current simulations and parameters extraction

The one-dimensional simulated device considered in Publication V is shown

in figure 5.6 and was composed of three parts: the silicon bulk, and two

identical emitter regions on the front and back sides. In addition, near-

surface damage is accounted for by different capture-time constants τn
(see equation 2.7), which are free fitting parameters. The doping profiles

used in the planar emitter simulations were obtained by electrochemical

capacitance-voltage measurements. In bSi simulations, the emitters were
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modelled as uniformly doped regions. The doping density was extrapo-

lated from the ECV surface doping measurements in planar emitters by

dividing by the bSi area enhancement, which was evaluated to a value

of 4.5 from SEM images. The front surface reflectance in bSi simula-

tions was set from an experimental bSi reflectance curve. Experimen-

tal lifetime curve fittings and J0e fittings were performed by varying the

capture-time constant τn and the fundamental recombination velocity Sn.

c-Si (n)

� = 3.4 �·cm

�bulk = 7 ms

Emitter regions

Wdamage

Wdamage

Sn=Sp

 Wbulk

Passivation

Passivation

- - - - - - - - - -

- - - - - - - - - -

Qf

Sn=SpQf

Figure 5.6. a) Schematic of the system considered for carrier lifetime and J0e simula-
tions and b) Example of lifetime curve fitting. Reproduced from Journal of
Applied Physics, G. von Gastrow, P. Ortega, R. Alcubilla, S. Husein, T. Ni-
etzold, M. Bertoni, and H. Savin, "Recombination processes in passivated
boron-implanted black silicon emitters", 121, 185706, Copyright 2017, with
the permission of AIP Publishing.

In addition, an effective surface charge Qf,eff taking into account sur-

face area enhancement (equation 4.3) was used in bSi simulations, reach-

ing up to 1·1013 cm-2 in annealed Al2O3. Note however so that even the
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use of an effective charge Qf,eff underestimates the field effect, which

is not proportional to surface area according to equation 4.20. This lim-

itation is illustrated in figure 5.7, which shows the simulated electron

densities as a function of depth in a bSi surface with an Al2O3 charge of -

2.5·1012 cm-2 and in a planar surface with an Al2O3 charge of -1·1013 cm-2.

The cutline is taken from the tip of a bSi needle to the substrate bulk, and

the simulations were performed with Atlas, as in figure 4.8. An n-type

substrate is considered. It appears that carrier density profiles differ in

bSi and in planar surfaces, meaning that carrier shielding is still more

effective in bSi. Thus, if bSi is modelled as a one-dimensional layer, the

field effect remains somewhat underestimated even when considering the

effective area-enhanced surface charge. This can cause underestimation

of the extracted surface recombination velocities [111, 156].
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Figure 5.7. Electron concentrations simulated with ATLAS in planar and bSi n-type Si
substrates of resistivity 3.3 Ω·cm. In bSi simulations, the origin y = 0 corre-
sponds to the tip of a needle, as in figure 4.8 a). The local surface charge is
-1·1013 cm-2 in the planar case and -2.5·1012 cm-2 in the bSi case.

5.4.2 Passivation of black silicon implanted emitters

Publication V studies the possibility to form high-quality bSi emitters by

boron implantation. The base substrate for bSi and reference planar sam-

ples was n-type magnetic Czochralski silicon of resistivity 3.4 ± 0.2 Ω·
cm. Diffusions were performed in N2 ambient at temperatures of 825,

875, 925 and 975 °C. Implantation was performed at a dose of 3·1015 cm-2

at an energy of 10 keV and a tilt of 7°. It was followed by implantation

anneal in for 20 min N2 and by dry oxidation for 20 minutes at 850 °C,
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950 °C, 1000 °C or 1050 °C. The silicon oxide was either kept as a pas-

sivation layer or removed before passivation by ALD Al2O3, as indicated

in table 5.3 presenting the four different passivation dielectrics employed

in this study. The Al2O3 film was deposited at 200 °C from TMA and a

combination of water and ozone, taking advantage of the excellent passi-

vation results reported in Publication I. Higher J0e values were obtained

from the standard water-based process (not reported here), as expected

from the lower lifetime values reported in Publication I. The Al2O3 an-

neal was performed in N2 at 400 °C for 30 minutes. The PC1Dmod v6.2

freeware was used for carrier lifetime and J0e simulations [152]. Both ex-

perimental and simulated J0e were averaged over the values extracted at

± 30 % of the specified minority carrier excess density (SMCD) taken as

∆n ≈ 10 · ND with ND the bulk doping. The SMCD was however limited

by the maximum achievable excess carrier density, which depends on the

minority carrier lifetime. In addition, a large uncertainty in the extracted

J0e can arise from its dependence on the minority carrier excess density.

The error bars in the graph thus indicate the J0e variation in the range of

SMCD ± 30 % (some of the error bars are included within the symbols).

Passivation name Dielectric layer(s)

SRV1 SiO2 + As deposited Al2O3

SRV2 SiO2

SRV3 SiO2 + Annealed Al2O3

SRV4 Annealed Al2O3

Table 5.3. Passivation layers employed with implanted emitters.

Figure 5.8 compares the J0e values experimentally obtained in diffused

and implanted emitters as a function of the sheet resistance.

Sheet resistance normally ranges between 100 Ω/� and 200 Ω/� in

the passivated regions of standard solar cells [157], as a compromise be-

tween charge carrier separation efficiency and Auger recombination. In

the range 100 Ω/� – 200 Ω/�, an excellent J0e value of 10 fA/cm2 can

be obtained with boron diffusion on planar samples (figure 5.8 a). As

reported in other studies however, the application to bSi surfaces is not

straightforward, as figure 5.8 c) shows systematically higher J0e values in

bsi diffused emitter than in the planar references. Figure 5.8a suggests
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that only J0e between 40 fA/cm2 and 60 fA/cm2 could be achieved in bSi in

the same sheet resistance range, most likely due to the higher Auger re-

combination. While decreasing diffusion temperature reduces J0e, it also

increases sheet resistance, which can result in low collection efficiency.
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Figure 5.8. Emitter saturation currents in Al2O3-passivated emitters after post-
deposition anneal at 425 °C for 30 min in N2: a) Experimental J0e values
as a function of sheet resistance in diffused emitters. b) Experimental J0e

as a function of sheet resistance in implanted emitters. The experimen-
tal points were obtained after a different anneal temperatures increasing
from top to bottom. c) Comparison of J0e values measured in planar and
bSi emitter processed by implantation or diffusion. Reproduced from Jour-
nal of Applied Physics, G. von Gastrow, P. Ortega, R. Alcubilla, S. Husein, T.
Nietzold, M. Bertoni, and H. Savin, "Recombination processes in passivated
boron-implanted black silicon emitters", 121, 185706, Copyright 2017, with
the permission of AIP Publishing.

In bSi implanted emitters however (figure 5.8 b), a low J0e value of 20

fA/cm2 can be obtained in the practical sheet resistance range. This can

be achieved with the help of high annealing temperatures over 1000 °C,
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which reduce J0e without affecting sheet resistance, as the total doping

dose is fixed. Note however that increasing implantation anneal temper-

ature reduces surface doping, which may worsen contact resistance and

should be investigated.

Although emitter saturation current constitutes a powerful tool to ana-

lyze recombination in emitters, it lumps together surface recombination

and emitter bulk (Auger and SRH) recombination. In order to study sepa-

rately those recombination mechanisms, the fundamental surface recom-

bination velocities from the SRH model (equation 2.4) must be extracted.

This can be performed with the help of carrier lifetime and J0e numerical

simulations, as described in sections 2.1.3 and 5.4.1, and by fitting the

experimental results.

Figure 5.9 a) presents the fundamental surface recombination veloci-

ties Sn extracted with PC1D from the bSi implanted emitters annealed at

different temperatures and passivated by Al2O3 (SRV4 film). A Si/Al2O3

interface charge of -2.5·1012 cm-2 was used in planar simulations, and the

effective surface charge was used in bSi simulations.
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Figure 5.9. a) Influence of implantation anneal temperature on fundamental surface re-
combination velocity Sn in planar and bSi implanted emitters passivated
by Al2O3 (SRV4 film). The right side of the graph displays literature re-
sults on planar surfaces with a surface doping of approximately 2·1019 cm-3

[156, 158, 43]. b) Experimental and simulated J0e values on bSi emitters
as a function of Sn after implantation anneal at 1050 °C (and 950 °C in the
inset). Simulation results are depicted by continuous lines and the symbols
represent the experimental J0e values corresponding to the passivation films
SRV1,2,3,4 listed in table 5.3. The horizontal and vertical error bars indi-
cate uncertainty in fitting and in J0e extraction, respectively. Reproduced
from Journal of Applied Physics, G. von Gastrow, P. Ortega, R. Alcubilla, S.
Husein, T. Nietzold, M. Bertoni, and H. Savin, "Recombination processes in
passivated boron-implanted black silicon emitters", 121, 185706, Copyright
2017, with the permission of AIP Publishing.

A clear decrease of Sn is observed when the temperature increases, most

likely due to a reduction of surface doping. The value of approximately

1500 cm/s obtained in bSi implanted emitters annealed at 1000 °C and

beyond is in agreement with the literature surface recombination values

reported in the graph, although somewhat higher. Hoex et al. reported

values of 300 cm/s in planar boron diffused emitters with a surface doping

of 1.5·1019 cm-3 passivated with plasma ALD Al2O3, taking Al2O3 charge

into account in their simulations [43]. Ma et al. found Sn values of 1·104

cm/s in planar boron emitters with sheet resistance between 25 and 175

Ohm/sq after passivation with AlOx/SiNx PECVD stacks [156]. Saint-

Cast et al. extracted Sn of 50 cm/s in planar diffused boron emitters with

a surface doping of 2·1019 cm-3 passivated with PECVD and ALD Al2O3,

and explained the improvement of their values compared to Hoex’s work

by the reduction of Auger recombination [158]. However, it is unclear

whether surface charge was accounted for in their simulations, which

could also explain the Sn reduction [159]. In this work, the Sn values
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reported are raw, meaning they have not been normalized by the bSi area

enhancement factor.

The fundamental surface recombination velocity cannot be determined

accurately in bSi emitters annealed at 1050 °C because identical fits are

generated for a large range of input Sn values. This causes the high un-

certainty reported in figure 5.9 a). In fact, figure 5.9 b) suggests that

emitter recombination is dominated by the Auger mechanism at this tem-

perature, as a variation of Sn in the range 0 cm/s to 104 cm/s does not

affect J0e. Consequently, it seems that surface recombination was sig-

nificantly reduced by the high implantation anneal temperatures, which

decreased surface doping. On the contrary, at lower anneal temperatures

such as 950 °C, both surface and Auger mechanisms contribute to the

emitter recombination. This is depicted by the inset in 5.9 b), showing

that the experimental point SRV4 (Al2O3 passivation) lies outside of the

saturation regime. The anneal at 950 °C consequently causes high surface

recombination (Sn =1.2·106 cm/s) and thus high J0e.

Those results suggest that implantation anneals of 1000 °C are requested

to reduce bSi emitter recombination activity at this implantation dose.

Excellent passivation is obtained with ALD Al2O3, and simulations demon-

strate that further reduction of the silicon/dielectric interface defect den-

sity (related to Sn by equation 2.6) would not improve emitter performance

after anneals beyond 1000 °C. A reduction of doping dose would be nec-

essary to improve J0e below 20 fA/cm2, but may affect charge separation

performance and contact quality.

In conclusion, the possibility to control surface recombination and dop-

ing via ion implantation represents a significant advantage over emitter

diffusion because no modification of bSi structures is required to otain low

J0e.
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6. Summary

A number of challenges related to black silicon result from a characteris-

tic common to all nanomaterials, namely their greatly increased surface

area. This particularity is known to cause inconvenients such as high re-

combination and difficulty to deposit conformal layers on the surface. This

work however showed that black silicon can provide significant advan-

tages without compromise if correctly exploited (extremely low reflectance

and strong field-effect passivation provided by an appropriate dielectric

deposited by ALD). Alternatives for passivation, doping, and integration

of bSi to high-efficiency solar cells were proposed, with an emphasis on

recombination mechanisms. This work also commented on the reliability

of electrical measurements in bSi structures.

Publication I studied the characteristics of high-quality surface passiva-

tion films grown by atomic layer deposition, which is particularly useful

in bSi due to the possibility for high conformality. It was shown that

ozone could ameliorate the standard water-based ALD Al2O3 process by

improving the chemical composition of the film. In accordance with previ-

ous studies, this work suggested that carbon is a detrimental impurity for

passivation performance and can be eliminated with an improved ozone-

based process. In addition, ozone concentration seemed to affect the elec-

trical characteristics of the Si/Al2O3 interface, and thus plays a role in the

passivation quality.

Publication II demonstrated that surface recombination could be sig-

nificantly reduced in bSi despite its large surface area. In fact, one can

take advantage of the geometry of the structures due to their increased

sensitivity to surface charge. An empirical relationship between effec-

tive surface recombination velocity and surface charge was established,
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which showed that the dependence of bSi on surface charge is significantly

higher than that of planar silicon. Subsequently, Publication III and Pub-

lication IV demonstrated that bSi could be applied to interdigitated-back-

contact solar cells and a record efficiency of 22.1 % was achieved in both

p- and n-type substrates. In addition, bSi provides the significant advan-

tage of allowing a wide range of light incidence angles, as the short-circuit

current of the solar cells was shown to remain constant up to angles of 60°

from the normal to the surface.

Challenges nevertheless persist for integration of bSi to front-contact so-

lar cells, which remains the main technology employed today. In Publica-

tion V, ion implantation was proposed as an alternative to the commonly

employed diffusion process that usually deteriorates emitter quality when

applied to bSi surfaces. In implanted emitters, surface recombination was

reduced to a negligible contribution of the total recombination with the

help of high-temperature anneals. In the same time, the sheet resistance

and the low reflectance were preserved. A low J0e of 20 fA/cm2 was ob-

tained, which opens opportunities for front-contact bSi solar cell applica-

tions. Such passivation quality was possible owing to the high negative

charge of ALD Al2O3, which makes this material particularly efficienct

on highly-doped p-type silicon. In the future, emitter passivation possi-

bilities need to be extended to highly-doped n-type surfaces with the help

of novel passivation films. The issue of bSi metallization, which was not

addressed in this work, also constitutes one of the challenges to overcome

for efficient bSi front-contact solar cells.
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A. Appendix: Potentials and sign
conventions

The intrinsic Fermi level is chosen as the potential reference, as shown in

figure A1 that presents a n-type substrate in depletion due to the influ-

ence of a surface charge Qsurface. Note that an arrow pointing upwards

depicts a negative potential, and conversely, as the energy band diagram

represents the energy of electrons.

Ec
EF

Ei

Ev

n-type Si

q s
q B

-
-
-
-
-
-
-

-

-

Qsurface

E

q (x)

q (x)

xx=0

Figure A1. Energy band diagram of a n-type semiconductor in depletion under the effect
of a surface charge Qsurface.

The potential ϕ(x) at a position x from the semiconductor surface is

defined by:

qϕ(x) = EF − Ei(x) (A.1)

The bulk potential is defined inside the silicon bulk, where no band
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bending occurs:

qϕB = EF − Ei(bulk) (A.2)

Note that ϕB > 0 in a n-type semiconductor and ϕB < 0 in a p-type

semiconductor. The band bending at a position x is defined relatively to

the bulk potential as:

ψ(x) = ϕ(x)− ϕB =
Ei(bulk)− Ei(x)

q
(A.3)

The surface band bending can thus be written the following way:

ψs = ψ(x = 0) = ϕ(x = 0)− ϕB =
Ei(bulk)− Ei(x = 0)

q
(A.4)
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B. Appendix: Expression of the
depletion-region charge

The knowledge of the relationship between the depletion region charge in

a semiconductor and the band bending is essential. It predicts the way a

surface charge will affect band bending in the substrate. The derivation

detailed here aims at showing the way calculations are perfomed in one

dimension, and to highlight the challenges associated with two- or three-

dimensional calculations in the case of systems such as black silicon. The

demonstration performed here will be valid in the case of both p-type and

n-type silicon for band bending values ranging from accumulation to in-

version [160].

Dark semiconductor charge

Let us consider figure A1. Poisson’s equation gives:

d2ψ

dx2
(x) = −ρ(x)

εrε0
(B.1)

with

ρ(x) = q
(
N+
D + p− n−N−A

)
Using the band bending approximation, implying that the density of

states at a given energy E is not affected by the band bending, the carrier

densities can be expressed as a function of the band bending as ([30] pp.

48-50): n = n0e
qψ
kBT

p = p0e
− qψ
kBT

(B.2)

Using the neutrality equation p0 − n0 = N−A − N+
D , equation B.1 can be

written:
d2ψ

dx2
= − q

εrε0

(
n0 − p0 + p0e

−qψ
kBT − n0e

qψ
kBT

)
(B.3)
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Appendix: Expression of the depletion-region charge

Multiplying both terms of the equation by ∂ψ
∂x and integrating between

x = 0 and x = x1 where x1 is a position in the bulk gives:
ˆ x1

0

dψ

dx

d2ψ

dx2
dx = −

ˆ x1

0

dψ

dx

q

εrε0

(
n0

[
1− e

qψ
kBT

]
− p0

[
1 + e

−qψ
kBT

])
dx (B.4)

The left term of equation B.4 can be calculated applying the change of

variable t = dψ
dx . As no band bending variation exists in the bulk, dψdx (x1) =

0. Thus:

ˆ x1

0

dψ

dx

d2ψ

dx2
dx =

ˆ 0

dψs
dx

tdt = −1

2

(
dψs0
dx

)2

Using the expression the electric field at a position x in the semiconduc-

tor

E(x) = −dψ
dx

(x) (B.5)

one obtains an expression as a function of the electric field Es at the

surface of the semiconductor:
ˆ x1

0

dψ

dx

d2ψ

dx2
= −1

2
(Es)

2 (B.6)

The change of variable t′ = ψ(x) is then applied to the right term of

equation B.4, renamed as B for more convenience, noting that ψ(x = x1) =

0, as no band bending occurrs in the bulk, and ψ(x = 0) = ψs0:

B = −
ˆ 0

ψs0

q

εrε0

(
n0

[
1− e

qt
kBT

]
− p0

[
1 + e

−qt
kBT

])
dt (B.7)

Thus,

B = −kBT
εrε0

[
n0

(
e
qψs0
kBT − qψs0

kBT
− 1

)
+ p0

(
e
− qψs0
kBT +

qψs0
kBT

− 1

)]
(B.8)

Finally, one obtains the expression of the surface electric field as a func-

tion of surface band bending using equations B.4, B.6 and B.8:

(Es)
2 =

2kBT

εrε0

[
n0

(
e
qψs0
kBT − qψs0

kBT
− 1

)
+ p0

(
e
− qψs0
kBT +

qψs0
kBT

− 1

)]
(B.9)

The relationship between electric field and the chargeQenclosed contained

in a closed surface S, defining a volume V, is obtained from Gauss’ law:

‹
S

−→
E · −→dS =

Qenclosed
ε0εSi

(B.10)
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where
−→
dS is a surface element vector aligned along the normal to the

surface element. The surface used for the calculation of the Gaussian

integral is depicted in figure B1.

S1

S4 S3

S2

S5
S6

E1=Es
 ⃗  ⃗

 ⃗E5

 ⃗E4

 ⃗E6

 ⃗E2

 ⃗E3

Surface

x

y

z

End of the 

depletion region

Figure B1. Schematic of the gaussian surface S=S1+S2+S3+S4+S5+S6 defined for the cal-
culation of the depletion region charge and containing a portion of semicon-
ductor of volume V

Based on figure B1, equation B.10 can be rewritten:

Qenclosed =

6∑
n=1

¨
Sn

−→
En ·
−−→
dSn (B.11)

By definition,
−→
E1 =

−→
Es = Es

−→x . As both the material and the surface

charge are supposed uniform, there is no gradient of potential along the

y- and z-axes, and thus E3 = E4 = E5 = E6 = 0 and Es is constant over

the surface of the substrate. Additionally, no variation of potential occurs

in the bulk of the substrate, thus E2 = 0. As a result:

‹
S

−→
E · −→dS =

¨
S1

−→
Es ·
−−→
dS1 = Es · S1 (B.12)

Based on equations B.10 and B.12, the charge enclosed in the volume V

can thus be written as a surface charge Qsc,C (C·cm-2):

Qsc,C = εSiε0Es (B.13)

Finally, Qsc,C (C·m-2) can be expressed using the expression of the elec-

tric field in equation B.9 as a function of the surface band bending:

Qsc,C = ±
√

2εSiε0kBT

√
n0

(
e
qψs0
kBT − qψs0

kBT
− 1

)
+ p0

(
e
− qψs0
kBT +

qψs0
kBT

− 1

)
(B.14)

Equation B.14 highlights the effect of surface charging on the band

bending in a semiconductor.
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The charge Qsc,C mirrors the surface charge Qsurface:

Qsurface = −Qsc,C (B.15)

Semiconductor charge under illumination

Under illumination, it is assumed that electrons and holes are at equilib-

rium among themselves so that quasi-Fermi levels can be defined; they

are supposed constant through the space-charge region. The quasi-Femi

levels appear in the expression of the depletion-region chargeQsc,C (C·m-2)

[44, 161]:

Qsc,C (illumination) = ±
√

2εsiε0kBTni×√
e

q
kBT

(υp−ψs) − e
qυp
kBT + e

q
kBT

(ψs−υn) − e
−qυn
kBT +

q

kBT
ψs
p0 − n0

ni

(B.16)

with υp and υn the quasi-Fermi potentials of holes and electrons, respec-

tively:

qυp = Ei − EFp = +kBT ln

(
p

ni

)
qυn = Ei − EFn = −kBT ln

(
n

ni

)

Inversion conditions

The depletion and inversion conditions are different in the dark and un-

der illumination, because excess minority carriers are generated in large

numbers near the surface. The general conditions for inversion or strong

inversion in n-type semiconductors are related to the energy of the con-

duction band at the surface ECs, the electron quasi-Fermi level EFn, the

valence band energy at the surface EV s, the hole quasi-Fermi level EFp,

and the energy of the conduction band in the bulk EC .

In n-type semiconductors, the depletion/inversion limit is found for:

Ecs − EFn = EFp − EV s ⇐⇒ ψs + ϕB = −1

2

kBT

q
ln

(
p0

n0

n0 + ∆n

p0 + ∆n

)
(B.17)

Similarly, the inversion/strong inversion limit in n-type semiconductors

is found for:

96



Appendix: Expression of the depletion-region charge

Ec −EFn = EFp −EV s ⇐⇒ ψs + 2ϕB = −1

2

kBT

q
ln

(
p0

n0

n0 + ∆n

p0 + ∆n

)
(B.18)

In the dark, i.e. ∆n = 0, the right term of the equations becomes null

and the usual conditions ψs = −ϕB or ψs = −2ϕB are found.
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