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Alkali ion migrat ion control f rom flat g lass Substrates^)
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Sodium diffusion from flat glass Substrates during annealing ehanges properties of refmed flat glass. In the ease of the development
of the CuInSe2 thin film solar eell, annealing at 550 C is necessary for the formation of suitable crystalline phases. Sodium diffusing
from the soda-lime-silica glass Substrate influences crystal growth and the main electrical parameters of the solar cell. Different
possibilities in sodium ion migration control are presented, considering the influence of glass composition on sodium diffusion and
its chemical potential as well as passivation of sodium-containing glasses by diffusion barriers. Experimental results in connection
with the thin film solar cell show that sodium-free Substrates or glass compositions which immobilise sodium at tetrahedral sites of
boron oxide or alumina can be used without further surface treatment. Soda-l ime-si l ica glass with sputter-deposited AI2O3 and
Bio.,- thin films or CVD coatings (SiN^-: H, SiOJ as diffusion barrier coatings shows promise as a cheap Substrate material. Alterna-
tively, dealkalisaüon of soda-lime-silica glass in HCl atmosphere leads to silica-rich surfaces with excellent barrier properties. The
investigations are carried out using various surface analytical tools like Auger Electron Spectroscopy (AES), X-Ray Diffractommetry
under Grazing Incidence (GI-XRD), high-resolution Scanning Electron Microscopy (SEM), and Fourier Transform Infrared spec-
troscopy (FTIR).

Kontrolle der Diffusion von Alkaliionen aus Flachglassubstraten

Die Diffusion von Alkaliionen aus Flachglas-Substraten während einer Temperung verändert die Eigenschaften veredelter Gläser.
Bei der Herstellung von CuInSe2-Dünnschichtsolarzellen ist eine Temperung bei 550 C erforderlich, um bestimmte kristalline Phasen
zu erzeugen. Natrium, das hierbei aus dem Kalk-Natronsilicatglas ausdiffundiert, beeinflußt das Kristallwachstum und die wichtig-
sten elektrischen Kenngrößen der Solarzelle. In der vorliegenden Arbeit werden verschiedene Möglichkeiten zur Kontrolle der Diffu-
sion der Natriumionen aufgezeigt. Im Vordergrund steht hierbei der Einfluß der Glaszusammensetzung auf die Natriumdiffusion,
d.h. auf das chemische Potential der Natriumionen, sowie die Passivierung natriumhaltiger Gläser durch Diffusionssperrschichten.
Im Zusammenhang mit den experimentellen Untersuchungen an der Dünnschichtsolarzelle zeigt sich, daß natriumfreie Substrate
oder Gläser, die Natrium an Bor- oder Aluminiumoxid-Tetraedern binden, ohne weitere Oberflächenbehandlung des Substrats
verwendet werden können. Kalk-Natronsilicatglas, das mit über Sputterverfahren abgeschiedenen AI2O3- und BiOv-Beschichtungen
bzw. CVD-Schichten (SiN^: H, SiOJ als Diffusionssperren passiviert ist, erscheint als kostengünstiges Substrat vielversprechend.
Alternativ zur Passivierung durch Beschichtungen zeigen mit HCl-Gas entalkalisierte, Si02-reiche Glasoberflächen hervorragende
Barriereeigenschaften. Die Untersuchungen stützen sich auf den Einsatz vielfältiger oberflächensensitiver Meßmethoden, wie Auger-
Elektronen-Spektroskopie (AES), Röntgendiffraktommetrie unter streifendem Einfall (GI-XRD), hochauflösende Raster-Elektro-
nenmikroskopie (SEM) und Fourier-Transformations-Infrarot-Spektroskopie (FTIR).

1. Introduction
Properties of refined flat glass depend on the chemistry
of the Substrate in case of processes that include tem
perature Steps, like caleination in sol-gel technology, de-
posit ion on heated Substrates or tempering in pro-
duct ion of safety glass. Thermally aetivated sodium dif-
fusion from the glass Substrate into functional coatings
determines product quality and leads in many cases to
degradadon .

One of the first hints in literature which considers
the influence of the glass compos idon on the properties
of the deposited films was found in connect ion with sol-
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gel depos i t ion of Ti02 thin films [1]. T h e c o m p o s i t i o n
of the Substrate de termines the deve lopment of different
crystall ine phases. A n a t a s was detected o n alkali-free
a n d low-sodium glass, whereas b rooki te was found only
on s o d a - l i m e - s i l i c a glass. T h e different crys ta l l i sa t ion
behaviour on b o t h a lkal i -containing glasses was as -
sumed to be caused by different types of s o d i u m b o n d -
ing in the silica ne twork .

T h e c o n n e e d o n between electrical conduc t iv i ty of
t r anspa ren t oxidie coat ings and glass c o m p o s i t i o n is a 
m o r e p rominen t example for the influence of the glass
compos i t ion o n characterist ics of a coa t ing [2 to 4]. So
d i u m diffusing from the Substrate raises the res is tance of
Transparen t Conduc t ive Oxide (TCO) coat ings. In this
connec t ion , in [3] are examined Sn02 th in films de-
posi ted on var ious glasses with sod ium c o n t e n t u p to
c(Na20)  13 %. After anneal ing, Sn02 is dissolved a n d
the sod ium concent ra t ion c(Na) de t e rmined by wet
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Table 1. Sodium diffusion in siliea glass [8]

Figure 1. Non-linear relationship between sodium con-
centration <:(Na20) of different glass Substrates Α to G and
sodium content c(Na) of Sn02 thin films after annealing. The
content of AI2O3 and B2O3 in the glasses is indicated as
C(A1203 + B203) [3].

ehemical analysis. As it is i l lustrated in figure 1 the
a m o u n t of sod ium in S n 0 2 inereases non-hnear ly with
the sod ium eon ten t of the Substrate. Α relationship be-
tween sod ium out let of the Substrate a n d eoneentrat ion
of b o r o n oxide a n d a lumina , whieh is diseussed later on,
is recognizable.

Alkal i ion migra t ion is a eomplex phenomenon , in
flueneed by glass eompos i t ion a n d thin film properties.
T h e first pa r t of this paper summar ises fundamentals on
s o d i u m diffusion in glasses a n d th in films. From this,
different possibilities in alkali ion migra t ion eontrol are
derived. Fu r the rmore , the interdiffusion meehanism is
diseussed, eonsider ing the ehemieal po ten t ia l as the driv-
ing foree.

In the seeond par t , exper imenta l results in alkali ion
migra t ion eontro l are presented in eonnee t ion with the
deve lopment of a Cu InSe2 (CIS) thin film solar eell. The
photovol ta ie multi layer is deposi ted on s o d a - l i m e -
siliea glass. Proeessing requires a temperature step
slightly above the strain po in t of the Substrate. Sodium
diffusing into the semieondue tor influenees grain growth
a n d m a i n eleetrieal parameters , above all the eonversion
effieieney. T h e effeet of suppressing alkali ion migration
from the Substrate by using different glass eomposi t ions
o r passivated s o d a - l i m e - s i l i c a glass is investigated.
Passivat ion is carr ied ou t by diffusion barr ier coatings
a n d dealkal isat ion as a chemical surface pre-treament.
Resul ts are discussed consider ing the influence of glass
compos i t ion on sod ium outlet a n d thin film properties.

2. I n t e r a c t i o n s b e t w e e n g l a s s S u b s t r a t e s a n d

f u n c t i o n a l c o a t i n g s

C o n t a m i n a t i o n of functional coatings on flat glass by
ions diffusing from the Substrate, above all sodium, is a 
complex process which is determined by the chemical
composit ion of the Substrate, the microstructure of the

glass Dq in β in ^550 °c in X 5 5 0 0 C in CoH in
type cm^s-i kJ mol-^ cm^ s ^ pm ppm

I 0.374 108.0 5.3-10-8 80 <4
II 1.32 112.6 9.5-10-8 107 -130

III 5.94-10-3 147.4 2.7-10-^2 0.6 1300

coating, impurit ies and dopants and the a tmosphere
dur ing annealing. In principle, there are the following
topics to consider in alkali ion migrat ion control:

 Concent ra t ion and mobility of sodium in the glass,
which determines particle flux towards the interface
between glass and coating. Sodium diffusion in
glasses depends on the composi t ion, so it is necessary
to get close information of the influence of different
oxides on ionic mobihty.

 Bonding of sodium in glasses, which influences the
chemical potential as the driving force in diffusion.

 Clarifying the diffusion mechanism means to have a 
tool to suppress sodium outlet of a Substrate.

 Sodium concentrat ion in a coating after anneahng
depends on thin film material and its structure. De
fects like cracks and grain boundar ies force sodium
diffusion.

This section summarises the composi t ional influence
on sodium ion diffusion and types of sodium bonding in
glasses. Commercial ly available Substrates are discussed
considering their composi t ion and main physical proper-
ties. The diffusion mechanism as well as the influence of
thin film properties are dealt with.

Sodium diffusion data of different materials, taken
from literature, are calculated on the basis of 10 min and
550 C, which represents the parameters in rapid thermal
processing (RTP) of the CIS thin film solar cell.

2 .1 Mobi l i ty of alkali ions in t h e S u b s t r a t e

In the following, connections between mobih ty of alkali
ions and glass composi t ions are summarised from [5 to
7]. Beginning with silica glass as the most simple glass
composi t ion, the influence of different oxides on sodium
diffusion is pointed out in five steps:

a) Sodium diffusion in silica glass
Sodium impuri ty diffusion in silica glass was closely
examined in the 70 s [5, 8 and 9]. Table 1 summarises
diffusion da ta for different types of silica glass, com-
monly indicated as I to III [8]. The diffusion coef-
ficient at 550 C, which is calculated by the Arrhenius
equat ion using the pre-exponential factor  D q and the
activation energy ß , varies in three Orders of magni-
tude. The diffusion length X55o°c 550 °c ^ gives
an idea how far sodium ions can diffuse during an
nealing at 550 C for 10 min.
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Figures 2a to d. Influence of glass composition on sodium diffusion in soda- l ime-si l ica glasses for a) different sodium and lime
concentrations, b) different sizes of alkaline earth ions, c) different aluminium sodium ratios, d) the mixed alkali effect [5].

Sodium diffusion in silica glass strongly depends
on the concent raüon of hydroxyl groups C Q H , which
are incorporated into the network dur ing the melting
process. Α higher concentrat ion of O H groups is
equivalent to a decreasing diffusion coefficient, which
is discussed as  a pseudo mixed alkali effect between
sodium and pro tons [9].

b) Concentra t ion dependence
In binary glasses Na20 -S i02 the sodium diffusion
coefficient increases with  a higher concentrat ion of
Na20 (figure 2a). The concentrat ion dependence is
caused by the formation of non-br idging oxygens
(NBO) , which act as pinpoints for ionic diffusion.

c) Influence of alkaline ear th oxides
In ternary glass Systems containing Si02, Na20 and
alkaline ear th oxides the sodium diffusion coefficient
decreases up to two Orders of magni tude with rising
C a O content (figure 2a). Ions with greater ionic radii,
like Ba^^ and Sr^"^, are more effective in blocking
sodium than smaller ones (figure 2b) .

d) Influence of R203 - type oxides
The activation energy of sodium is strongly depen-
dent on the Al /Na ratio in ternary glasses of the com-
pos idon N a 2 0 - A l 2 0 3 - S i 0 2 (figure 2c). In the re
gion Al /Na  0.4 the activation energy is high

whereas  a dist inct m i n i m u m is found at A l / N a 1,
which is c o m m o n l y discussed as a change in coo rd i -
na t ion of a lumin ium.

e) Mixed alkali effect
T h e exchange of Na20 for o ther alkali oxides de-
creases the diffusion coefficient due to steric h in rance ,
which is k n o w n as the mixed alkali effect (figure 2d) .
Cons ider ing the connec t ions between glass c o m p o -

sition a n d ionic diffusion, we can derive the following
principles for the development of glass c o m p o s i t i o n s
with low sod ium outlet :

 low s o d i u m concent ra t ion ,
 add i t ion of alkal ine ea r th oxides, above all S r O a n d

BaO,
 add i t ion of AI2O3 and B2O3,
 exchange of Na20 for K2O.

Diffusion da t a elucidate the effect of c o m p o s i t i o n a l
changes for glasses wi th low sod ium out le t . T h e dif-
fusion coefficient of sod ium in different glass c o m p o -
sitions be tween pure silica and s o d a - l i m e - s i l i c a glass
is in the ränge of Dsso°c  (10"^ to 10^^) cm^ s ^ which
is equivalent to a diffusion direct ion Xsso^c t o 100 p m
(table 2). In any case, sod ium mobil i ty in glasses is h igh
e n o u g h t o ensure diffusion towards the interface in p r o -
cessing of the CIS thin film solar cell. As a consequence ,
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Table 2. Sodium diffusion in selected glasses (SLS: soda- lime-silica glass) [7]

composition in mol% Dq in cm^ s ^ ρ in kJ mol-^ ^ 5 5 0 c in cm2 s ^ X 5 5 0 0 C in pm

29 Na20, 14 AI2O3, 57 Si02 8-10 -4 62.4 9-10 -8 103
100 Si02 0.4 108.0 5-10 -8 80
13 Na20, 87 Si02 1-10-3 72.0 3-10 -8 62
20 Na20, 10 CaO, 70 SiOs 6 - 1 0 -3 86.3 2-10 -8 48
20 NasO, 10 BaO, 70 Si02 3-10-2 99.7 2-10 -8 41
13 Na.O, 8 CaO, 4 MgO,
0.6 AI2O3, 72.2 Si02 (SLS) 1-10-2 98.4 6-10 -9 26

redueing sod ium outlet of a glass S u b s t r a t e during an-
neal ing means  eoneern ing the glass eomposi t ion
redueing sod ium eoncen t ra t ion in the glass.

2.2 Sodium sites in glasses: chennical potential

Beside low^ering the concen t ra t ion gradient of sodium
between the Substrate a n d the coat ing , t rapping of so
d i u m ions in the glass ne twork is a n o t h e r possibihty of
minimis ing alkali ion migra t ion .

In s o d a - l i m e - s i l i c a glass, s o d i u m breaks the S i04
ne twork and is b o u n d at N B O ' s ( = S i - 0 - N a + ) . NBO's
are active sites in ionic diffusion, as it is known from
sod ium leaching dur ing a q u e o u s cor ros ion of glass sur-
faces or ion exchange react ions in the chemical strength-
ening of glass. T h e reason for the active behaviour of
N B O ' s is the weak chemical b o n d i n g between sodium
a n d oxygen, which is due to the ionic character .

Sod ium is b o u n d in m o r e stable sites in glasses con-
ta in ing high-s t rength cations, hke AI2O3, B2O3, M g O ,
Z n O a n d BeO. These oxides have the tendency to act as
ne twork formers in t e t rahedra l configurat ions. Compen-
sat ion of the negatively charged [AIO4] o r [BO4] tetra-
hed rons is assured by sod ium ions. Te t rahedra l configu-
ra t ion of oxides in the glass ne twork is aecompanied by
a lower free energy, so tha t sod ium ions are t rapped in
Na[A104] or N a [ B 0 4 ] sites.

As a consequence, sod ium out le t of glass Substrates
does no t only depend o n the concen t ra t ion gradient, as
described above, bu t also on the type of sod ium bondage
in the glass s tructure. Immobi l i sa t ion of sod ium ions by
t rapp ing sod ium as a charge c o m p e n s a t o r in tetrahedral-
configured oxides is equivalent wi th a lower chemical
po ten t ia l of sod ium as the dr iving force for diffusion.
T h e concent ra t ion gradient can only be seen as the driv-
ing force in case of s o d a - l i m e - s i l i c a glass with sodium
b o n d e d at NBO's . In case of b o r o n - or a lumina-eontain-
ing glasses, which are usually used in display technology,
close informat ion on glass compos i t i on is required to
es t imate the gradient in chemical po ten t ia l from the
compos i t ion . In [10 a n d 11] e labora ted formulas are
given to calculate a value tha t represents the ehemieal
po ten t ia l and the flux of sod ium ions towards the in
terface glass/coating.

Simplified, the gradient in chemical potent ia l AG is
p ropo r t i ona l to the difference of the to ta l a m o u n t of so
d i u m (Natot) a n d by sod ium t r apped at te t rahedral sites
( N a [ X 0 4 ] ) :

AG  Natot  N a [ X 0 4 ] .

In case of N a [ X 0 4 ] <̂  N a ^ t , e.g. in s o d a - l i m e - s i l i c a
glass, the diffusion is driven by the concentration gradient
of sodium. In glasses with sodium excess over boron and
aluminium ( N a [ X 0 4 ] < Natot) sodium ions diffuse from
the glass to the coatings, but the flux of ions is smaller than
one would esümate from the concentration gradient.
Careful attention has to be paid on glass compositions
which result in the formalism N a [ X 0 4 ] ^ Natot  The excess
of oxides like AI2O3 or B2O3 on N a 2 0 , which exists in al-
kali-free or low-alkali glasses, is connected with  a high af-
finity for sodium uptake. S IMS measurements have de
tected sodium diffusion against the concentraüon gradi-
ent (uphill diffusion), so that silica coatings on Corning
Code 7059 glass were purified from sodium impuriües [10
and 12]. O n the other hand, coatings doped with alkali
ions, like in case of the CIS thin film solar cell, have to be
protected against loss of sodium by uphill diffusion to the
glass Substrate.

The two different types of sodium bonding in the
glass structure  NBO s and charge compensator in
tetrahedral configurations  explain the non-linear so
dium. outlet from. different glass Substrates cited in sec-
tion  1 (figure 1). The stannic oxide thin films with higher
sodium concentrations after annealing (samples  F and
G) are deposited on Substrates with  a higher sodium
content and  a lower concentration of AI2O3 and B2O3
than in the samples Α to F . In glasses  F and G, sodium
is bonded at NBO's and can easily diffuse. Glass Sub-
strates Α to Ε have  a lower sodium content, but  a higher
eontent of AI2O3 and B2O3 in the Substrate. Sodium is
immobilised at tetrahedral sites of R203-type S u b s t r a t e s .

2.3 Interdiffusion mechanism

U p to now the interactions of a glass Substrate with thin
films dur ing anneal ing have been discussed considering
the diffusive flux of sodium ions only. However, ionic
diffusion requires charge balance, i.e. a flux of negatively
charged particles in the same direction or of positively
charged ions in the opposi te direction to sodium ion dif-
fusion.

The only negatively charged species in oxidie glasses
is 0 ^ , but as oxygen is strongly bonded to the network
the diffusion coefficient is too low to assure charge neu-
trality (table 3). The mos t probable par tner for interdif-
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Table 3. DifTusion of ions in oxide glasses (SLS: s o d a - l i m e -
silica glass) [7]

ion glasses Dq in Q in ^ 5 5 0 ° c in •^550 °C
cm^ s-^ kJ m o l - i cm2 s"^ in pm

silica (SiOs) 1-10-3 66.2 6-10 -8 85
Na+ silica (Si02) 0.4 108.0 5-10 -8 80
Ag- SLS 2-10-2 113.1 1-10-9 12

silica (Si02) 2 - 1 0 -9 121.4 4-10-^^ 0.002

fusion are pro tons or in general water, as the diffusion
coefficients are in the same order of magnitude. The
interdiffusion process N a ^ versus was assumed by
several workers [3 and 12], but experimental evidence
was recently given in connect ion with investigations on
Ti02-coated float glass [13]. Α compar ison of sodium
depth profiling by RBS with hydrogen distribution by
N R A revealed that sodium migrat ion is aecompanied by
a d rop of hydrogen in Ti02 and pro ton diffusion into
the glass Substrate.

As  a consequence, contamina t ion of functional coat-
ings by sodium diffusion can be suppressed by limiting
hydrogen concentrat ion in thin films. In practice, hydro-
gen is implemented dur ing deposit ion, storage or clean-
ing S t e p s . Fur thermore , it is known that oxidie thin films
reveal differences in water uptake in dependence on the
used material [14]. Concerning p ro ton concentrat ion of
thin films, alkali ion migrat ion is a technological as well
as  a materials problem.

Beside protons, other positive ions present in the
coatings can partieipate in interdiffusion. However, dif-
fusion kinetics is too weak in most cases. Silver, which is
used in low-emmisivity coating Systems for architectural
purposes, is an ion that propably coneurs with H ^ .

homogene i ty in density, compos i t ion a n d th iekness over
a fixed area. Cons ider ing the interdiffusion m e c h a n i s m ,
the hydrogen con ten t should be as low as possible . Thus ,
mater ia ls wi th a low sod ium diffusion coefficient in the
bulk or a m o r p h o u s State a n d a weak affmity t o wate r
u p t a k e are required. Concern ing technological aspects ,
high-rate depos i t ion is required to p roduee h o m o g e n o u s
th in films wi th  a control led defeet, impur i t iy a n d d o
p a n t concent ra t ion .

Table  4 summar i ses da ta for sod ium diffusion in dif-
ferent mater ia ls which show promise as diffusion ba r
riers. Exper imenta l results o n AI2O3 and Si3N4 ba r r i e r s
have been publ ished in [12 a n d 24]. To o u r knowledge ,
C o O a n d S i A l O N compos i t ions have no t yet been inves-
t igated as diffusion barr ier mater ia ls on glass.

Cons ider ing da ta of sod ium diffusion in silica glass
(table 1), Si02 should no t be a suitable ma te r i a l for ba r -
riers. However, Silicon oxide th in films are sucessfully
investigated as diffusion barr iers [3 a n d 12] a n d c o m m e r -
cially available on s o d a - l i m e - s i l i c a glass [25]. T h e
st ructura l a n d chemical differences be tween silica glass
a n d Si02 thin films are no t investigated u p t o now.

Besides depos i t ion of thin films, the chemica l modif i -
ca t ion of glass surfaces is ano the r possibil i ty t o create
diffusion barr iers . Annea l ing glasses in a react ive gas at-
m o s p h e r e at t empera tures above the strain p o i n t form a 
low-sodium, silica-like surface due to dea lka l i sa t ion [26].
Bo th the lowered concent ra t ion gradient a n d a silica
glass-like s t ructure m e a n  a benefit in min imis ing alkal i
ion migra t ion . A n o t h e r possibili ty is b o r o n diffusion
from precursor substances deposi ted on the surface [27
a n d 28]. Te t rahedra l -coord ina ted b o r o n lowers s o d i u m
flux towards the interface due to t r app ing effects at
[BO4]" sites in the glass surface.

2.4 Sodium diffusion in the coating
(diffusion barriers)

In case of a glass eomposi t ion which tends to sodium
outlet due to a gradient in chemical potential , sodium
concentrat ion in the coating depends on the deposited
material and its properties. In many cases it is necessary
to deposit diffusion barriers to protect the funcüonal
coatings.

Fundamenta i s on diffusion barr ier coatings can be
gained from research activities in the field of semi-
conduetors [15]. In glass technology, different materials
[16 to 18] and depos idon techniques for diffusion barrier
coatings have been reported, but up to now their func-
t ioning, above all the influence of deposit ion technique,
impurit ies and dopants , is not weh unders tood .

The effectivity of a thin film diffusion barrier is
strongly connected with its structure, as defects like
grain boundaries , cracks or pinholes act as fast diffusion
paths. As a consequence, only a m o r p h o u s materials can
be used which have to be deposited with low defeet con
centrat ion. Fur thermore ,  a diffusion barr ier requires

3. Case study: CulnSeg thin film solar cell
T h e advan tage of th in film solar cells over conven-
t ionally p roduced sil icon-based p roduc t s is ma in ly the
aspect of lower costs. Th in film technology m e a n s ef-
ficient p roduc t ion a n d lowering the d e m a n d of semicon-
d u c t o r materials . Fu r the rmore , expensive h igh-pur i ty
Silicon is replaced by copper and ind ium.

Floa ted s o d a - l i m e - s i l i c a glass is used as a c h e a p
Substrate mater ia l wi th sufficient mechan ica l stability,
high smoothness a n d corros ion resistance. Semicon-
d u c t o r developers take advantage of the exist ing prac t i -
cal a n d technological experience in hand l ing , c leaning,
coa t ing and temper ing of flat glass gained in indus t r ia l
large-area refining of flat glass.

In the following, the setup and process ing of a th in
film solar cell on the basis of CuInSe2, c o m m o n l y ab-
breviated as CIS , is short ly described [29].

3.1 Processing

After cu t t ing a n d cleaning of floated s o d a - l i m e - s i l i c a
glass, the Substrates are transferred in to  a v a c u u m coat -
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Table 4. Sodium diffusion in different materials

material Dq in β in ^550 c in •̂ 550 C reference
c m ^ s - ' kJ mol-» cm2 S-» in nm

CoO (single crystal) 8.1-10-2 206.0 6.9-10-15 29 [19]
Mo (single crystal) 3.0-10-9 89.0 6.7-10-15 28 [20]
a-SiON:H (17% O) 4.3-10-5 155.9 5.5-10-15 26 [21]
AI2O3 (single crystal) 2.0-10-2 209.4 1.1-10-15 11 [22]
SiAlON glass 2.4-10-4 178.7 1.1-10-15 11 [23]
a-SiON:H (0% O) 1.4-10-4 176.2 8.9-10-16 10 [21]

Vacuum Coating Annealing
550X / 10min

® ® ® 

VkH »** 

(2 ..3) Mm
700 nm

Figure 3. Processing of a CIS thin film solar cell (RTP) [29].

ing Chamber (figure 3). M o l y b d e n u m , copper and in
d i u m are deposi ted sequential ly by dc-magnet ron sput-
ter ing. Selenium is added in a second step by thermal
evapora t ion . T h e float glass coa ted with the precursor is
heat - t rea ted to form CuInSe2, which is the photovoltaie
active compos i t ion . Phase deve lopment requires rapid
t h e r m a l processing (RTP) in 10 min annea l ing at 550 °C
wi th high heat ing and cool ing rates. Pa ramete r s in R T P
are very similar to the t emper ing of float glass, so that
the technological experience from p roduc ing safety glass
can be used. In the next step,  a thin buffer layer of CdS
a n d Z n O as a t r anspa ren t conduct ive oxide is deposited.
T h e multi layer system is pro tec ted against environmental
influences by fixing  a second low-absorp t ion glass pane
wi th  a Polymerie foil.

Α critical s tep in processing is the temper ing of the
coated glass. T h e tempera tu re is with 550 °C shghtly
higher t h a n the t rans format ion po in t of floated s o d a
l i m e - s i l i c a glass. The mobi l i ty of sod ium ions is high
e n o u g h to diffuse th rough the m o l y b d e n u m baek con
tact in to the CIS absorber. Sod ium influences the grain
growth [30] as well as the electrical conductivity of
CuInSe2 [31]. Sod ium impur i ty diffusion from the glass
Substrate du r ing R T P results in a rise in conversion ef-
ficiency of the CIS solar cell [32]. Opt imis ing sodium
concen t ra t ion or at least adjust ing  a cons tan t sodium
level in the absorber layer is h a r d to cont ro l by outdif-
fusion from the glass Substrate. As a consequence
s o d i u m has to be doped du r ing depos i t ion to get op
timised device characterist ics. Hence, it is necessary to
minimise alkali ion migra t ion from the glass Substrate
d u r i n g RTP. As it is discussed above, there are in prin-
ciple several ways to minimise sod ium c o n t a m i n a ü o n of
the CuInSe2 layer:

a) deposi t ion on alkali-free Substrates or
b) low-sodium glasses, which immobihse sodium,
c) diffusion barrier coatings between the Substrate and

the molybdenum back contact and
d) chemical modification of glass surfaces, e.g. dealka-

lization and boron treatment.

In case of the CIS thin film solar cell, sodium outlet
of different commercially available Substrates is com-
pared and discussed considering the relation between
glass chemistry and sodium diffusion. C V D - and
sputter-deposited diffusion barriers on s o d a - l i m e -
silica glass are investigated and compared with dealka-
lized glass surfaces.

3.2 Glass S u b s t r a t e s wi th  a iTiinimised ou t l e t of
alkali i o n s

Which types of commercially available glasses ean be
used as Substrate materials that guarantee no or at least
weak interactions between glass surface and functional
eoatings? Concerning this question, intensive research
has been done in the last decade in the field of display
teehnology [33 to 37].

Table  5 summarises the max imum process tempera-
ture as well as physical properties of commercially avail
able flat glasses. We distinguish between alkah-contain-
ing glasses, like s o d a - l i m e - s i h c a glass, borosilicate
glass (Borofloat '^^) or a lkahne aluminosilicate glass
(Corning Code 0371^'^) and alkali-free glasses. The lat-
ter are divided into boroaluminosil icate glasses (Corning
Code 7059^^) , alkaline ear th aluminosilicate glasses and
silica glass at process temperatures higher than 800 C.

Processing at temperatures higher than 600 °C re-
quires one of the expensive alkali-free glass.es, but below
s o d a - l i m e - s i l i c a glass in combinat ion with an effective
surface passivation shows promise as a cheap Substrate
material .

The choice of a suitable Substrate for the CIS thin
film solar cell depends on

first, physical properties, i.e. a coefficient of thermal ex-
pans ion in the ränge of α  (8 to 9)  10"^ K ^ and a 
strain point higher than 520 C,
second, the price and availability of the glass,
third, the costs for refining with diffusion barriers in
case of sodium-containing glasses.
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Table 5. Maximum proeess temperature ( A n a x ) and physical properties of different flat glass compositions

glass T g in C l ^ m a x in C α in 10 -6 K - 1 glass composition

silica 1200 1250 0.5 Si02
Corning 1729 800 850 3.5 alkaline earth aluminosilicate
Corning 1724 660 710 4.3 boroaluminosilicate
Corning 1733 640 690 3.7 boroaluminosilicate
Corning 7059 593 643 4.6 boroaluminosilicate
Corning 0371 574 624 8.8 alkali-containing
soda-lime-silica 540 590 9.0 alkali-containing
Borofloat (Schott) 530 580 3.3 alkali-containing
Corning 0211 (microsheet) 508 558 7.4 alkali-containing

Table 6. Composition of Substrate glasses in wt% (SLS: soda-lime-sil ica glass)

glass Si02 B 2 O 3 A I 2 O 3 Na20 K2O CaO MgO ΣΚ2θ3

S L S 3 > 72.2 0.6 13.0 0.4 8.7 4.2 0.6
Borofloat™ 3) 83.7 10.0 2.4 3.5 0.7 12.4
03713) 60.4 17.1 12.3 3.5 0.3 3.2 17.1
7059 49 15 10 25
1733 57 12 15 27
1724 57 5 16 21
1729 66 19 19

3) Determined by X-ray fluorescence analysis.

S o d a - l i m e - s i l i c a glass and Corn ing Code 0 3 7 1 ™
glass match the demands in thermal expansion and
availability. Both glasses, which are nearly identically in
sodium eontent, are tested as Substrates in the present
work. Borof loa t^^ is investigated as a Substrate with a 
lower sodium content , a l though the coefficient of ther-
mal expansion does not match the requirements. The
composi t ions of several commercially available flat
glasses, including the investigated Substrates, are given in
table 6.

3.3 Sod ium diffusion in nnolybdenum thin f i lms

What is the reason for the high permeabili ty of the
molybdenum back contact to sodium diffusing from the
glass Substrate? The diffusion coefficient of sodium in
molybdenum is comparatively low (table 4) and the
molybdenum back contact has a higher thiekness than
the tested diffusion barrier coatings (table 7), so in prin-
ciple the molybdenum layer could have barrier proper-
ties.

Thin films of metals with  a high melting point grow
with columnar structure. Within the refractory metals
like tungsten, rhenium, osnium, t an ta lum or molyb-
denum the diameter of the columns decreases with in-
creasing melting point [15]. Thus the sputtered molyb-

Table 7. Thiekness (in nm) of the investigated coatings

A1N_, A I 2 O 3 Bio , SiO, SiN, :H Mo

30 30 30 200 250 700

400 nm

Figure 4. SEM micrograph of the column structure of the
molybdenum back contact.

d e n u m back electrode grows with  a p r o n o u n c e d or ien
ta t ion vertical to the glass surface as it can be seen in
S E M (figure 4). Sod ium diffusion from the S u b s t r a t e

in to the C I S absorber dur ing R T P occurs via gra in
b o u n d a r i e s which act as fast diffusion pa ths .

S o d i u m diffusion in the m o l y b d e n u m th in film c a n
be suppressed to a certain extent by stress op t imisa t ion .
Samples p repa red with compressive stress reveal lower
s o d i u m concen t ra t ion in X P S measu remen t s c o m p a r e d
to m o l y b d e n u m coat ings unde r tensile stress [32].
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Figure 5. Semi-quantitative determination of sodium surface
concentration of annealed samples (AES). The shift of the
M O L M M peak from 2044 to below 2040 eV is related to the for-
mation of molybdenum oxide at the surface.

In a reeent publ iea t ion [38], the influenee of the oxy-
gen in sput tered m o l y b d e n u m fdms on sod ium diffusion
from soda- l ime—si l i ea glass Substrates was examined.
S I M S eoneent ra t ion dep th profding proved a higher per-
meabil i ty in m o l y b d e n u m eoat ings wi th rising oxygen
conten t . M o l y b d e n u m oxide phases at the grain bound-
aries are p roposed as intercala t ion hos t s for sodium, as
M 0 O 3 is an e lectrochromic oxide. Cons ider ing charge
neutra l i ty which requires a counter f low of protons, the
absorp t ion of humid i ty in the m o l y b d e n u m oxides at the
gra in boundar i e s is probably the de te rmin ing factor. Α
higher oxygen concent ra t ion is equivalent wi th rising hy-
drogen concent ra t ion , b o u n d ei ther at in tercaladon sites
( H ^ / N a ^ ) M o 0 3 or hydroxylic g roups M o 0 3 ( O H / N a ) .

3.4 Exper imenta l

S o d i u m ion migra t ion from different composi t ions (table
6) o r passivated s o d a - l i m e - s i l i c a glass was determined
by A E S . Coa ted glass samples were t empered 10 min at
different tempera tures u p to 650 C in hel ium atmos-
phe re in case of m o l y b d e n u m (RTP) a n d in air in case of
oxidie or nitr idie diffusion bar r ie r mater ia l s (laboratory
kiln) . Sod ium concent ra t ion on sample surfaces after an
neal ing was de te rmined semi-quant i ta t ively by relating
the sod ium Auger signal (E'kin  990 eV) to the constant
intensi ty of a reference element , e.g. molybdenum
(£Ί,ΐη  2044 eV), as it is i l lustrated in figure 5. The
investigated diffusion barr ier mater ia ls which differ in
chemical compos i t ion were half-coated wi th a thin gold
layer after anneal ing. T h e samples were posit ioned in
the A E S in a way tha t allows to get 50 % information
from the original sample surface, con ta in ing the ele-
m e n t s of the diffusion bar r ie r as well as sodium, and
the o ther pa r t from the gold-coated side as a reference
(^kin  2 0 2 4 e V ) .

Figure 6. Formation of bridging oxygens during dealkalisaüon
in HCl/Ar at 700 C for 30 min (FTIR).

Insulating samples, i.e. all investigated oxidie and
nitridie coated glasses were tilted to an angle of inci
dence of 30  between sample surface and electron beam
to avoid spectra shift due to sample charging. Charge
effects were also minimised by applying a low acceler-
at ion voltage ( ^ p  5 kV) and a low beam current
( / p  10 nA) . Conductively molybdenum-coated glasses
were measured under 90° incidence with  10 kV
and / p  10 nA. Structural character isadon of the eoat-
ings was performed by G I - X R D with the diffractometer
D 500 of Siemens AG, München (Germany) .

Topography is impor tan t to describe changes in thin
films dur ing annealing, above all crack propagat ion.
High-resolut ion S E M investigations were carried out
with a Cambr idge Ins t ruments Stereoscan M K 3 , Cam
bridge ( U K ) . The investigated films were prepared by
dc-magnetron (AIN^, Mo) , rf-sputter deposi t ion ( A I 2 O 3 )
and C V D (SiN^:H, S i O J . Film thiekness is summarized
in table 7.

Dealkal izat ion of s o d a - l i m e - s i l i c a glass was car-
ried out by anneal ing samples in a cont inuous HCl /Ar
gas flow in a silica glass tube. F T I R measurements to
deteet bridging oxygens in Si02 formation in the surface
showed best results after 30 min anneal ing at 700 C (fig-
ure 6).

3.5 S o d i u m out let f rom different Substrates

The glass slides were coated with 700 n m molybdenum
and annealed for 10 min in helium atmosphere at differ-
ent temperatures under condit ions of RTP.

In case of s o d a - l i m e - s i l i c a glass Substrates, sodium
diffusion th rough the molybdenum coating is detectable
by A E S at temperatures above 250 C (figure 7). In the
ränge of the strain point , i.e. above 530 C, sodium outlet
is foreed due to rising mobili ty of the ions in the glass.
Alkali aluminosilicate glass has a lower tendency of so
d ium outlet, a l though the sodium content of bo th
glasses is nearly the same. Sodium segregation is not de-
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Figure 7. Sodium outlet from soda-lime-silica glass, dealka-
lised soda-lime-silica glass, alkali aluminosilicate (Corning
Code 037 F ^ ) and borosilicate glass (Borofloat ^^) determined
by AES. The Substrates are coated with 700 nm molybdenum.
The Borofloat sample is below detection limit.

tectable until 400 °C. The strain poin t of the alkali alu
minosilicate glass is 580 C, so the sodium concentrat ion
at the molybdenum surface does no t show the increase
hke the s o d a - l i m e - s i l i c a glass. N o sodium was detected
u p to 600 C in case of bo ro f loa t™. The surface sodium
concentrat ion may be beyond the detection limit of AES
(3 to 5 at.%) as the sodium content of this Substrate is
with 3.5 % comparatively low.

S o d a - l i m e - s i l i c a and alkah aluminosilicate glass
are examples for the influence of sodium bonding on
the H"^/Na^ ion exchange. Sodium in s o d a - l i m e - s i l i c a
glass is well known to be b o u n d at NBO s, which are the
pinpoints for ionic diffusion. In case of alkali a lumino
silicate glass, sodium ions are used as charge compen
sators for the formation of negatively charged [ A I O 4 ]
tetrahedrons, which act as network formers. Only excess
sodium b o u n d at NBO's is able to diffuse.

The gradient in chemical potent ia l of sodium can be
estimated from the difference of the sodium content of
the glass ( N a t o t ) and sodium immobilised at tetrahedral
sites ( N a i X O J ) . S o d a - l i m e - s i l i c a glass contains
25.2 m o l % sodium ions and 0.7 m o l % a luminium ions,
so the difference is

a) N a t o t  N a [ X 0 4 ]  +24 .5 in the case of s o d a - l i m e -

silica glass, and analogously
b) N a t o t  N a [ X 0 4 ]  +4 .0 (alkali aluminosilicate

Corning Code 0 3 7 1 ™ ) ,
c) N a t o t  N a [ X 0 4 ]  - 1 3 . 5 (borof loa t™) .

The high positive value of s o d a - l i m e - s i l i c a glass
indicates that the gradient in chemical potent ial is nearly
identical with the gradient of sodium concentrat ion. As
a consequence,  a strong diffusive flux of sodium ions
into the coating is observed (figure 7). In case of alkali
aluminosilicate glass, the difference results in a low posi-
tive value. Sodium diffusion into the coating occurs, but
the particle flux is much less compar ing with s o d a -
l ime-s i l i ca glass. Borofloat '^^ has a negative value,
which means that there is no sodium outlet from the
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Figure 8. Temperature dependence of diffusion barrier proper-
ües of different oxidie and nitridie coatings (AES).
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Figure 9. Diffraction diagrams of 30 nm AIN^, deposited on
soda-l ime-si l ica glass (GI-XRD).

S u b s t r a t e . Three coord ina ted b o r o n or a l u m i n a is left in
the glass due to the low sod ium content . Th i s Substrate
probably tends to uphil l diffusion of sod ium.

3.6 Testing of diffusion barrier coatings

AIN^ , BiO;,, A I 2 O 3 , SiO;,, SiN;,:H thin films a re exam-
ined as diffusion barr ier coat ings on s o d a - l i m e - s i l i c a
glass. T h e samples are annealed 10 min at different t em-
pera tures in a labora tory kiln at amb ien t a tmosphe re .

Differences in permeabil i ty for sod ium from the glass
Substrate are il lustrated in figure 8. AIN^, shows ra ther
p o o r bar r ie r propert ies . A n exponent ia l increase of so
d i u m concent ra t ion at the sample surface wi th rising
tempera tu re is observed. BiO^- reveals agreeable ba r r i e r
proper t ies u p to 630 C. Higher t empera tures a re n o t re
c o m m e n d e d as the N a : A u rat io increases. S o d i u m segre-

- · —  = 
— · —  

-

 

— -

' 

-

°
 

° 

' 
-
-

' ' 

~  =

 ~  =

 - = 

-

° 



gat ion at the surfaee begins in the ease of A I 2 O 3 not
unt i l 550 °C and remains at a nearly eons t an t value up
to 650°C. T h e C V D eoat ings SiO., a n d SiN^:H are the
best diffusion barr iers as sod ium diffusion is only de
teeted at 650 C, but the higher fdm thiekness has to be
eonsidered in this ease.

Subs tant ia t ing the measured differenees in barrier
proper t ies requires eareful resareh o n mater ia ls charae-
ter isat ion of thin fdms, eonsider ing ehemieal compo
sition as well as s t ructura l aspects.

T h e weak barr ier p roper ty of AIN^ is caused by the
high reactivity of A I N with water [39]. Humidi ty leads
to the format ion of A l ( O H ) 3 , a e c o m p a n i e d by a release

of N H 3 . Besides the volume expansion in the reaction
which may create cracks or stress, p ro ton concent raüon
of the coating rises. Ion exchange at the interface is for-
eed as the interdiffusion par tner H ^ is already present.

Bismuth oxides have low melting points (Bi203:  
704 °C). As a consequence, BiO^ Sublimates during an
nealing at 650 °C and the coating begins to decompose.

Graz ing incidence diffractommetry did not reveal
any crystalline phases either in AIN^ or in the other
materials before and after annealing (figure 9). The
existence of grain boundar ies as fast diffusion paths can
be excluded. Fur thermore , no crack propagat ion is de
tected in high-resolution S E M (figures 10a to d). The

400 nm d) Η 400 nm

Figures 10a to d. High resolution SEM Images of as-deposited and annealed AI2O3 coatings (figures a and b) and of as-deposited
and annealed AIN, coatings (figures c and d), respectively Annealing conditions: 600°C/10 min in air.
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Figure 1 1 . SEM image of a dealkalised soda-lime-silica
glass surface.

differences in barrier properties between A I 2 O 3 and BiO^.
(up to 630 C) and bo th C V D coatings are assumed to
be mainly due to the effect of fdm thiekness.

Deposi t ion technique and parameters strongly influ-
ence defeet concentrat ion, microstructure, density or im-
purities in thin fdms. As there are only a few publi-
cations concerning these quest ions in the field of dif-
fusion barrier coatings [3 and 16], intensive research is
required to optimise and unders tand the mechanims of
barriers.

Float glass surfaces have been sucessfully dealkalised
at 700 °C in an H C l atmosphere. Fiat N a C l crystalhtes
of the size of several micrometres could be detected by
S E M on top of the treated glass surfaces (figure 11).
After removing the hazy salt layer by washing with de-
ionised water, the samples were coated with metallic
molybdenum (thiekness 700 nm) . Afterwards, the
samples were annealed for 10 min under R T P condit ions
at 400, 500, 550 and 600 °C, respeetively Figure  7 reveals
that sodium is detectable only at the surface of the
sample annealed at 600 C. The sodium concentrat ion
on top of the molybdenum film is strongly reduced com-
pared to the molybdenum-coated s o d a - l i m e - s i l i c a
glass or the Corning glass. This shows that the dealka-
lised float glass surfaces act as excellent barriers against
sodium diffusion.

4. Conclusion
In principle, there are several ways to minimise alkali
ion migrat ion from flat glass Substrates into functional
coatings on glass:

a) Ut i l iz ing glass Substrates wi th low s o d i u m diffusion
coefficient.
Cons ide r ing the eorrelat ions between glass c o m p o -
si t ion a n d sod ium diffusion, these glasses s h o u l d be
low-sod ium alkal ine-ear th bo roa luminos i l i ca t e
glasses. Diffusion da ta reveal tha t the effect o f lower-
ing s o d i u m mobi l i ty by compos i t iona l va r i a t i ons is
t o o weak . Lower ing the concent ra t ion g r ad i en t is o n e
possibi l i ty to minimise sod ium migra t ion , t h e o the r
is t r app ing sod ium as a charge c o m p e n s a t o r in te t ra -
hedra l sites of b o r o n or a lumin ium. In any case, t he
dr iving force in ionic diffusion is the chemica l p o t e n -
tial .

b) Remova l of p ro tons as the diffusion pa r tne r .
S o d i u m out le t of glass Substrates is a e c o m p a n i e d by
a coun te r flow of p ro tons to assure charge neut ra l i ty .
Wate r con ten t in the coatings, i n c o r p o r a t e d d u r i n g
depos i t ion , storage, or annea l ing in a h u m i d a t m o s -
phe re forces sod ium diffusion. In this c o n n e c t i o n ,
there is some uncer ta in ty abou t hydrogen in Si02 dif-
fusion bar r ie r coatings, as there are h in ts given in lit-
e ra tu re tha t hydrogen improves bar r ie r p roper t i es .

c) Surface passivat ion with diffusion barr iers .
S o d a - l i m e - s i l i c a glass, which shows p r o m i s e as a 
cheap Substrate mater ia l , requires effective surface
pass ivat ion. Barr iers which protec t func t iona l coa t -
ings against sod ium incorpora t ion have t o be de
pos i ted a m o r p h o u s with low defeet c o n c e n t r a t i o n .
Acco rd ing to diffusion da ta a lumina , Silicon n i t r ide ,
S i A l O N compos i t ions a n d cobal t oxide c a n be used
p re supposed tha t they are deposable economica l ly
a n d defect-free. Si02 thin films are c o m m o n l y used,
a l t h o u g h they should no t be able to b lock s o d i u m
accord ing to diffusion da ta of sod ium in silica glass.
T h e s t ruc tura l or chemical differences be tween silica
glass a n d Si02 thin films are no t clear u p t o now.
A n o t h e r effective possibility in pass ivat ing soda
l i m e - s ü i c a glass is dealkalis ing the surface by an
neal ing in a reactive a tmosphere . S o d i u m is ex t rac ted
by H C l or SO2 and a silica-rich surface layer wi th
excellent bar r ie r proper t ies is formed.

Different ways in alkali ion migra t ion con t ro l a re in
vest igated in the case of the CIS thin film so la r cell.

S o d i u m out le t from molybdenum-coa t ed s o d a -
l i m e - s i l i c a glass, C o r n i n g C o d e 0 3 7 1 ™ a l k a h a l u m i n o -
sihcate glass a n d floated borosil icate glass ( B o r o f l o a t ™ )
is de t e rmined by A E S . B o r o f l o a t ^ ^ did n o t reveal any
s o d i u m concen t ra t ion at the surface of a n n e a l e d
samples , bu t the coefficient of the rmal e x p a n s i o n is t o o
low to be used in the present appl icat ion. T h e a lkal i a lu-
minosi l icate glass immobihses sod ium to a cer ta in ex ten t
at t e t r ahedra l sites of a lumin ium. As a consequence , so-
d i u m out le t is m u c h less from Corn ing C o d e 0 3 7 1 ^ ^
c o m p a r e d to floated s o d a - l i m e - s i l i c a glass, a l t h o u g h
the s o d i u m con ten t of b o t h glasses is near ly ident ical .
In case of b o t h glass Substrates  a surface pass iva t ion is
necessary to pro tec t the CIS thin film from s o d i u m in-
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eorpora t ion . As a eonsequenee, the less expensive s o d a
l i m e - s i l i e a glass will be the ehoiee for the solar ceh from
the eeonomie po in t of view.

Several sput ter -deposi ted th in flims of the thiekness
30 n m a n d C V D eoat ings (200 to 250 n m ) were tested as
diffusion barr iers on s o d a - l i m e - s i l i e a glass. The C V D
eoat ings SiO^, a n d SiN;,:H as well as sputter-deposited
AI2O3 a n d BiO;, (up to 630 C) showed agreeable barrier
propert ies . A1N_^ is highly permeable t o sod ium from the
Substrate as it reacts wi th humidity. S o d i u m diffusion in
AIN;, is foreed by rising p r o t o n eoneen t ra t ion .

Dea lkahsa t ion of s o d a - l i m e - s i l i e a glass by an
neal ing in H C l a tmosphere leads to siliea-rieh surfaees
wi th exeellent bar r ier propert ies . In p rodue t ion of flat
glass, s o d a - l i m e - s i l i e a glass is always dealkahsed to a 
cer ta in extent by evapora t ion of s o d i u m a n d extraction
by SO2 from the exhaus t gas. This effect could be inten-
sified in float lines by blowing the surfaces with reactive
gas in the cool ing region.
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