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Volume 428
INTRODUCTION

A broad range of topics was covered by this conference on solar optical films and
coatings for architectural windows and lighting usage. These specialized coatings
can significantly improve the energy efficiency and performance of building com-
ponents and solar energy systems. Many of the topics dealt with new materials or
advanced methods to improve known materials. Important and timely research on
films, photovoltaic related materials, selective absorbers, fluorescent concentra-

tors, reflectors, and antireflective coatings was described as was essential diag-
nostic instrumentation.

The session on heat mirrors and optical switching materials included research
progress on single-layer highly doped semiconductors along with multiple layer,
dielectric/reflector/dielectric, and all dielectric heat mirrors. The design of the
reflector layer has been extended beyond metals to include metal nitrides. The
concept of utilization of electrochromism for a switchable solar glazing was intro-
duced. This phenomenon has potential for the development of large-scale elec-
tronic window shutters. Finally, angle-selective surfaces were demonstrated to
have the ability to be sensitive to the incident directon of radiation energy.

Two other sessions were on photovoltaics and general solar coatings. A highlight
was the discussion on the mass production of amorphous silicon photovoltaics on
flexible metal substrates. Properties of new fluorescent concentrators and photo-
electrochemical anodes were covered along with photovoitaic diagnostic methods.
Coatings for reflectors, antireflectance, and radiative cooling were discussed in

terms of durability and performance. Other issues covered honeycomb insulation
and optical measurements.

The final technical session was devoted to solar absorbers. Theoretical viewpoints
of possible a/e ratios and graded cermet materials were presented. Variations of
black copper, stainless steel and molybdenum were covered. The use of fluores-
cent concentrators in photothermal coversion added a highlight to this session.

This set of papers serves as a timely companion and update to the SPIE Proceed-
ings Vol. 324 of January 1982 on Optical Coatings for Energy Efficiency and Solar
Applications.

Carl M. Lampert
Lawrence Berkeley Laboratory
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Optical properties of transparent and heat-reflecting
Indium-Tin-Oxide films: experimental data and theoretical analysis

I. Hamberg and C.G. Grangvist

Physics Department, Chalmers University of Technology, S-412 96 Gothenburg, Sweden

Abstract

High-quality transparent and heat-reflecting Indium-Tin-Oxide films were prepared by

reactive electron-beam evaporation.

The complex dielectric function was evaluated from
spectrophotometric measurements in the 0.25-50-um range.

The optical data are discussed

from a theoretical model which encompasses the contributions from free carriers, valence

electrons, and phonons.
mechanism of the free electrons.

It is found that ionized impurity scattering is the main damping

1. Introduction

Energy-efficient windows require coatings with high transmittance of short-wavelength

radiation and high reflectance of long-wavelength radiation.!”S

The change in the optical

properties should take place at ~2 uym for a coating designed for maximum energy gain by

solar radiation and minimum energy loss by outgoing thermal radiation.

Alternatively, the

change should occur at ~0.7 um for a coating whose purpose is to allow visible radiation

and reflect near-infrared sunlight thereby diminishing the need for air conditioning.

are several types of coatings which are capable of yielding the desired optical proper-
Particular interest has been focused on wide-bandgap semiconductors doped to

an extent that the plasma wavelength lies in the near-infrared range.7”?¢

ties.s,2,6

There

Indium~Tin~-0Oxide

(ITO) , which is Sn-doped In0,, stands out as one of the most interesting and viable alter-

natives., 176,918

In earlier papers we have shown!®"!® that ITO films produced under sufficiently well-

controlled conditions are capable of giving ~95 % luminous transmittance,
emittance, and weak iridescence when deposited onto glass.

~10 % thermal
Figure 1 shows typical spectra

of transmittance (T) and reflectance (R) of a specimen consisting of a 0.36-um-thick ITO

3
Q
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e
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10
WAVELENGTH (pm)

Figure 1. Transmittance and reflectance
of uncoated glass (T, and R,; dashed
curves) and of glass”coated”with ITO and
MgF, as sketched in the inset (T and R;
solid curves). The ITO film was produced
by reactive electron-beam evaporation in
9%10”" Torr of 0y onto glass heated to
310°C; the MgF, iilm was made by resistive
evaporation in good vacuum.

film antireflection coated with 0.10 um of
MgF>. The transmittance and reflectance of
uncoated glass are denoted by Tgq and Rg, re-
spectively. It is found that T > Tg and

R < Rc over a large part of the visible range,
which‘clearly points at the excellent quality
of our transparent and heat-reflecting films.
The reflectance goes up rapidly at wavelengths
exceeding ~1.5 uym and is 2 90 % in the thermal
infrared range. The results of Fig. 1 are
significantly better than those of today's
commercially produced coatings for energy
efficient windows.

The main purpose of this paper is to treat
the optical properties of ITO from basic prin-
ciples, starting from the contributions to the
dielectric function from the free carriers,
the valence electrons, and the phonons. By
this approach we may grasp the inherent limi-
tations of transparent heat-mirrors of the
doped semiconductor type, and we may also get
an understanding of the influence from diffe-
rent experimental parameters on the ensuing
film properties. 1In Sec. 2 below we give a
brief presentation of the technique to prepare
high quality films of ITO and Inj03. Section
3 gives experimental data on the complex di-
electric function (g) of doped ITO and
"undoped" Inz03 films. 1In Sec. 4 we turn to
the theoretical model of € for ITO. The free
electrons are treated with the approach of
Gerlach and Grosse!® as applied to ionized
impurity scattering, and the susceptibility of
the undoped host material is obtained from



that of pure Inp03. In Sec. 5 we compare experimental and theoretical data on the complex
dynamical resistivity and find that ionized impurity scattering is the dominating damping
mechanism of the electrons. Section 6, finally, summarizes the main results and gives some
concluding remarks.

2. Film preparation and thickness measurement

Films of ITO and In03 were prepared by reactive electron-beam evaporation in a system
allowing accurate process control.!®:17 The starting material was hot-pressed pellets of
Iny03 + 9 mol. % SnOy and pure In0O3 respectively. The films were deposited onto substrates
of Corning 7059 glass, calcium fluoride or silicon during a continuous inlet of oxygen.

The optical quality of the coatings is known to depend critically on experimental para-
meters such as evaporation rate, oxygen pressure, and substrate temperature.16/17 Optimum
conditions were a rate of 0.2 to 0.3 nm/s in 5 to 8x 107" Torr of 0,. The substrate
temperature should exceed 150°C and preferrably lie about 300°cC.

The film thickness {(t) was monitored on a vibrating quartz microbalance during the eva-
poration. It was measured more accurately after the deposition by letting a mechanical
stylus instrument scan across a region of the substrate part of which had been masked
during the evaporation by a narrow strip of steel foil. The accuracy of the stylus tech-
nique is estimated to be about :0.01 um. A further test of t was made by optical inter-
ference in the visible spectral range and, alternatively, by combining three independent
spectrophotometric recordings to determine simultaneously the complex dielectric function
and t. The films employed in this study were between 0.05 and 0.5 um thick.

3. Evaluation of the dielectric function

The spectral transmittance (T) and reflectance (R) were measured for coated and un-
coated substrates on double-beam spectrophotometers with reflectance attachments and pola-
rizers mounted in common-beam position. We used a Beckman ACTA MVII instrument in the
0.25-2.5-um range and a Perkin-Elmer 580 B instrument at 2.5-50 um. Both spectrophoto-
meters were interfaced to a computer; this arrangement allowed easy storage of spectra as

well as automatic computation of the complex dielectric function for a large number of
data points.

Four types of data were recorded: Tpp(8), Tpy{(6), Rpp(6) and Rpy(e), were 8 is the
angle of incidence and TE(TM) denotes transverse electric (transverse magnetic) polariza-
tion. Reference mirrors of Al, Ag, or Au were employed in the reflectance determinations.
Specifically, we measured T(O), Tpg (45°), Tpy (45°), R (109), Rop (259) , and Rqy (259)
in the 0.25-2.5-um interval. For the thermal infrared range we a&so recorded Rpg (60°)
and Rqy (60°). Films on substrates of CaF, were used for measurements in the visible and
near-infrared ranges, whereas films on Si were used in the thermal infrared.

In principle, it is straight forward to derive the complex dielectric function
€ = g +ig, from two separate spectrophotometric measurements by use of Fresnel's equations?®
and the known optical properties of the substrate materials. In practice, this scheme is
not always simple to apply,?! and considerable caution is required to obtain reliable data
on g€, and ¢, and to avoid spurious solutions. This is so particularly when a wide spectral
range is to be covered. In our evaluations, we employed carefully selected pairs of
spectrophotometric input data. Literature data®?:2% on the optical properties of CaF); and
Si were used. TFilms with different thicknesses had to be used to cover the 0.25-50-um
interval. Below we denote the dielectric functions of ITO and Iny05 by eITO ang ¢In203,
respectively.

Figure 2 shows efTO and eiTO in the visible and near-infrared spectral region for one

typical film. It is seen that e€ITO starts from =~4 in the visible and declines and becomes
negative in the near-infrared. The plasma energy, corresponding tog£, = 0, occurs at 0.89
ev. EETO is very low in the visible - implying that the absorptance is weak - and then
increases rapidly in the infrared. The overall energy dependence of €lTO and ¢lTO is con-
sistent with the expected behaviour of a free-electron plasma.

Figure 3 depicts IEETO] {(dashed curves) and afTO (solid curves) on an exponential
vertical scale for the whole solar and thermal range. The data for e}TO pertain to three
different films. We see that €ITO is typically helow 0.05 in the visible and increases to
~500 at the far-infrared end of the spectrum. The £}TO-curve has different slopes at
2 1 eV; this feature is of large importance for the theoretical explanation of the optical
properties, as we return to shortly. The set of solid curves in Fig. 3 results from ITO
films prepared under conditions which were as similar to one another as possible. Despite
this fact, the data for €§T are not quite overlapping, which points at the large sensi-
tivity of the optical properties to even minor changes of the preparation conditions.



WAVELENGTH (pm) WAVELENGTH (ym)
5 2 1 0.5 50 20 10 5 2 1 0503
N T T T T T T T _I’j 2z TN T 1 1 (RARRN R
g 15 q5 o 1000}
- ITO 1 -
0 €2 ] 4 100~ lelT0|
Zi0L 1 1
510 L ° 2 1o} A
plasma SR
4 energy :—" It s
[+
- P -
55 5 o o1 y \J .
w o
o W 0.01F .
a oL L L T 1 1 4 11 I T 4=10 o S I S Y AU | I YO B | | T W
0.2 0.5 1 1.5 2 3 0.02 0.050.1 0.2 0.5 1 2 5
ENERGY (eV) ENERGY (eV)
Figure 2. Real and imaginary parts of the Figure 3. Real and imaginary parts of the

dielectric function versus energy and dielectric function versus photon energy and
wavelength for an ITO film. Note the wavelength for ITO films.

different vertical scales for E%TO and

eITO (indicated by the arrows).

It is also of importance to analyze films of pure In;03, since this material can be
viewed as a host to which the effect of the Sn-dope is added in the case of ITO. It should
then be noted that the dielectric function evaluated from optical measurements on evapo-
rated In03 films cannot be immediately identified with that of the undoped host, since the
specimens prepared by this technique are known?"* usually to be non-~stoichiometric and
display n-type conductivity as a result of doubly charged oxygen vacancies. However it is

possible to subtract the effects of the auto-
doping by computation, as discussed in an
WAVELENGTH (pm) earlier report of ours,?® and Fig. 4 shows
50 20 10 5 2 1 0.50.3 results representative of "undoped" Inzoa.
T T T T i aatanites It is seen that e{n203 ~ 4 and e§n203 ~
~_~ -5 over the main spectral interval.” In the
- L — static limit, eiP203 approaches 8.9. 1In
the energy range 0.036 < hw < 0.05¢ there
appears three distinct peaks in e1P203 which
are associated with phonon absorption. In
the high energx end there occurs a sharp in-
crease in e%nZ 3. This feature can be related
to direct-allowed transitions across a bandgap
of 3.75 eV;2% the tail towards lower energy
1 possibly can be connected with the presence
of some ionized impurities which induce a
varying bandgap hence causing an absorption
of the Urbach type.?? Some evidence for such
a tail was found also for ITO in Fig. 3.
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4. Theoretical model for the optical properties

The dielectric function of a heavily doped semiconductor in most cases can be expressed
as a sum of contributions from valence electrons (VE), free carriers (FC) and polar optical
phonons (PH) according to!®r2°®

= 1
e =1 *Xyg * Xpc * Xpu’ ()
where ¥ denotes a susceptibility in SI units. We cannot distinguish between a polarization
current and a current due to moving charges and hence it is meaningful to write x in terms
of a dynamic conductivity (o) or, alternatively, a dynamic resistivity (p) by the relations

.0 (w)
x(w) = degm (2)
@]
plw) = p (w) + dp (0) = 1/0(w), (3)

with €5 = 8.84x 10"'%2 As/vm. A description using p is particularly convenient because of
the additivity of the different scattering processes.

The contribution from the free carriers can be accounted for within different theo-

retical frameworks. The simplest apgroach is to employ the classical Drude model, as has
been done in some earlier work!'®,2°,%% on ITO. This theory gives

Drude 1 )
p

(w) = — - i S (4)
EoWp " T €olp
2
w? = B, (5)
eom

where w, is the plasma frequency, T is a constant relaxation time, n is the concentration
of electrons, e is the charge of the electron, and m* is its effective mass. Hence the

first term in Eg. (4) is representative of the scattering and the second term stems from
the inertia of the free electrons.

As we will find shortly, the Drude model is not sufficient for explaining the experi-
mental data, but we must turn to more elaborate theories which consider explicitly the
nature of the electron scattering. One theoretically sound approach is based on solutions
of the Boltzmann transport equation;31 another - somewhat more intuitive one - rests onthe
equivalence between energy loss and Joule heat.®? The latter technique, which has been
worked out in detail by Gerlach and Grosse,!? is conceptually simple and leads to prac-
tically useful results; it was used in the analysis of our data on ITO. The same tech-
nique has been applied recently by K&stlin et al."r%s3% for treating the optical properties
of ITO and doped SnO) within the visible and near-infrared wavelength ranges.

In the present case we regard ITO in which the Sn atoms replace some of the In atoms in
the Inj03 lattice. These Sn atoms act in two ways: as donors giving rise to the electron
plasma, and as scattering centers for the electrons. The dynamical resistivity due to
ionized impurity scattering can be written as!®s3%%

plo) = Blw) - 1 —2m, !
°"p
z®N, K . 1 1
P(w) = i m fok dk [e(k, w)  t(k, O)] : "
[o]

The complex term p accounts for the scattering of electrons against point defects having
the charge z (equal to unity in the present case) and density Nj. The point charges are
taken to be screened by a dielectric function which is dependent on wavevector and fre-
quency and which is restricted to be a linear response function. We use the longitudinal
part of the Lindhard dielectric function for the degenerate electron gas.?® The integration
in Eg. (7) may then be extended to infinity as a consequence of the restrictions on the
wavevectors inherent in the Lindhard expression.

The remaining part of the theoretical expression for € is the contribution from the
"undoped" In,03 host lattice. To this end we identify

In,O
273 _
€ = 1 + Xve * Xpg (8)



and use the empirical data shown in Fig. 4. The host dielectric constant is needed in the
Lindhard formula; we use the value 4 in the range between the fundamental semiconductor
absorption and the phonon absorption. We note that other values have been used in earlier
work;*r5¢33 in our opinion there is no justification in choosing a value different from the
one determined by measurements in the pertinent wavelength range.

5. Comparison of experimental and theoretical results on the complex dynamical resistivity

The purpose of this section is to compare experimental and theoretical results for the

complex dielectric resistivity and to draw conclusions regarding the dominating scattering
mechanism in ITO.

Figure 5 shows experimental values of pITO for two typical films as evaluated from the

data of e€ITO and €In203 given in Sec. 3 by use of the formulas in Sec. 4. It is seen that
p}TO remains constant at ~3x 107* Qicm over the main part of the shown spectral range and
declines at hw > 1 eV. We find that pITO determined by optical techniques joins smoothly

to the dc electrical resistivity. It is also seen that —o%TO goes up approximately linearly
with increasing photon energy.
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Figure 5. Experimental real and imaginary
parts of the dynamical resistivity versus
photon energy and wavelength for ITO films. photon energy and wavelength for ionized

The measured dc electrical resistivity is impurity scattering in an electron gas with
marked by the arrow. n=0N; = 0.92x 10%! cm™ 3.

Figure 6. Theoretical real and imaginary
parts of the dynamical resistivity versus

Figure 6 reports on p computed from the theory described in Sec. 4 and with parameters
appropriate to the experimental ITO specimens. p, is shown only for hw > 0.06 eV, since
the effect of the phonon absorption has not yet been analyzed in detail. The calculations
require specific values of n and Nj. The electron concentration was determined to

0.92x 1021 cm~3 by using the experimental plasma frequency and m* = 0.4 m, where m is

the electron mass; the numerical factor applies to heavily doped ITO, as stated in earlier
work (cf. Fig. 12 of Ref. 9). We put n = Nj, implying that each ionized impurity has

donated one electron to the plasma. The possible role of doubly charged oxygen vacancies
is neglected.

The experimental results in Fig. 5 and their theoretical counterpart in Fig. 6 are seen
to be in good semi-quantitative correspondence. The linear part of g1 at hw ¢ 1 eV and the
w™3/2-dependence at the high-energy-end both agree excellently with the experimental data,
whereas the change between the two dependencies takes place at an energy which is somewhat

too high for the computations.

The approximate agreement between experimental pITO and

theoretical p, proves that ionized impurity scattering is the dominating damping mechanism
of the free electrons in our ITO films.

are also in good correspondence with the measurements.
as a consequence mainly of the inertia of the free electrons, because the imaginary part

of p was found to be negligible.

the scattering.

The values of

-p,, which are proportional to u,
The latter data can be understood

Hence —QETO does not give any conclusive information on



We observe that the energy dependence of p, cannot be reconciled with the Drude model
(cf. Eg. 4). Application of the Drude theory with a relaxation time determined from
electrical measurements would tend to overestimate the damping in the visible spectral
range. However, this effect may be balanced to some degree by an extended tail of the
semiconductor bandgap.

6. Summary and concluding remarks

In this paper we have presented an experimental and theoretical analysis of the optical
properties of ITO in the whole spectral range of interest for energy efficiency and solar
applications. Coatings of the investigated material are highly transparent for short wave-
lengths and highly reflecting for long wavelengths. Furthermore, their electrical conduc-
tivity is high. These properties, together with the good substrate adherence, hardness
and inertness, make ITO coatings of great interest for applications related to energy
efficient windows: the coatings can provide improved thermal insulation by giving a low
thermal emittance, as-is wellknown, and they can also combine this property with func-
tioning as a transparent electrode in contact with an optical switching coating of electro-
chromic type. Systems of the latter kind can shift reversibly from 12 to 86 % solar trans-
mittance in short times, as has been demonstrated recently.36

The main conclusion of a comparison between experimental and theoretical data on the
complex dynamical resistance was that ionized impurity scattering is the dominating damping
mechanism. This result was obtained for heavily doped ITO, but we expect it to hold also
in other materials for high-guality transparent and heat-reflecting coatings, such as
doped Sn0O; and Cadmium-Tin-Oxide. Some systematic discrepancies were noted among the
experimental and theoretical data. These are hardly surprising when one considers the
approximations made in the theory!® for ionized impurity scattering; for example, it
regards independent point charges whereas in reality we have ions with a certain spatial
extension and with a large probability of being clustered at the pertinent doping levels.
It should be noted that ionized impurity scattering by no means represents the only possible
damping mechanism, but scattering against neutral point defects, dislocations, grain
boundaries, etc., also exists. Our analysis shows that it is feasible to produce ITO films
which are sufficiently ideal that their properties are governed by the scattering of the
electrons against the ions responsible for the necessary doping.
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Abstract

1

Energy consumption can be reduced from room heating using coated architectural glass panes.
With a system oxide/metal/oxide high transmittance in the visible as well as high reflec-
tance in the thermal infrared can be achieved2-7. This heat mirrors can be deposited econo-
mically by diode- and high rate sputtering. Of most interest are heat mirrors based on Cu,
Ag and Au coatings. In the visible Au and Cu show a remarkable amount of absorptance which
leads to a clear decrease in visible light transmittance. Best results are obtained with Ag
based coatings. Ag is still high reflective even at the near U-V region. This part of re-
flected energy can be converted to transmittance by a properly designed optical interference
stack of the type oxide/metal/oxide. For a single pane an average value of visible light
transmittance between 380 nm and 780 nm of 81 % is possible without loss of infrared reflec-
tance at 8 um below 90 % which corresponds to a low-emittance of 0.1. For this high quality
a smooth growth of the Ag layer is necessary. Experiments have shown that a bombardement of
the Ag layer with high energetic ions must be avoided as far as possible.

Introduction

The main purpose of low-e coatings is to save energy. On the other hand the main purpose
of a window is to have a visible light transmittance as high as possible. Therefore it is no
solution of the problem to have an excellent K-value and nearly no visible transmittance
left. The K-value at least determines the heat-losses through a window unit. The lower the
K-value the lower the losses. The quality of a low-e coating is therefore given by a combi-
nation of both, transmittance in the visible and reflectance in the far infrared.

In this paper differences between Au- and Cu- and on the other hand Ag based coatings

will be discussed. The realization and the advantages of the A9 based coatings with high
quality are shown,

Comparison between different low-e coatings in the market

Fig. 1 shows K-values of different low-e coatings in the market (or at samples available).
The calculations are based on measured infrared reflectivities assuming the same conditions
for the double glazing like airspace, gas-filling, indoor/outdoor conditions.
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Figure 1. K-value calculations of double Figure 2. Combined optical and infrared per-
glazed windows. (Ar filling,12 mm formance of low-e coatings
distance)

The lower results neglect the heat conduction by the frame for a 1 by 1 m* window. K-va-
lues between 1,3 and 1,5 W/m?K are common and strongly correlated to the infrared reflec-

tance. Two systems are based on Cu (LH-Cu, Kappa Float), while all the others are based on
silver.

To compare the different low-e coatings in Fig. 2 a so called "optical value" is defined,
which combines the transmittance in the visible and the infrared reflectance:



Optical value = RT.K -8 um? T ( N\ =550 nm) " 100

The optical values of the silver systems indicate that there must be big differences in
quality. Systems with the same infrared reflectance differ in the optical values by nearly
10 %! Between Cu- and Ag-based coatings there is a basic difference. While Cu-coatings in
the maximum reach 60 %, Ag coatings reach 80 %!

The reason for this shows Fig.3. The reflectance of Au, Cu and Ag are compared for opti-
cal dense films as a function of wavelength 8. In the far infrared the reflectance is equal
and reaches about 98 %. In the visible Au and Cu show a remarkable amount of absorptance
while Ag is still high reflective even at the near UV-region. This part of reflected energy
might be converted to transmission by a properly designed optical interference stack of the
type oxide/metal/oxide/glass. :

This is the reason for concentration on Ag-systems in this paper because we want a window
should stay as transparent as possible.

One point has to be noticed. For both the Cu- and the Ag-system the effective solar ener-
gy transfer into the building is nearly the same. In the case of Ag most of the energy is
directly transmitted into the building while in the case of Cu one part of the energy is ab-
sorbed by the Cu, converted to the thermal energy and then emitted to a percentage of 90 %
into the building.

Silver based low-e coatings of high quality

In Fig. 4 the transmittance and reflectance for one 100 A thick Ag layer are compared to
an optimized 3-layer system oxide/Ag/oxide. Maximum transmission of 87 % in the visible are
possible without loss of infrared reflectance at 8 um below 90 %. The region of high trans-
parency is not too small giving a good total solar energy transmittance and allows the pro-
duction of a neutral reflection colour of the coating. If a special colour in reflection is
wanted this may be achieved by variation in the thickness of the oxide top coat.
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Figure 3. Specular reflectance curves for a Figure 4. Effect of antireflective coating
number of metal films:ay -, Ag--,Cu... on Ag

To get this high quality coating two points are especially important. The first one is to
produce a fully oxidized gielectric layer. If it is not stochiometric extra absorption will
appear.

Normally the reactive sputtering of non absorbing oxides is no problem. But in order to
get a high deposition rate the oxygen flow for the reactive process has to be minimized?. At
this point the danger of non stochiometric, absorbing oxide is high. The results for this
behaviour are shown in Fig. 5 for two ITO/Ag/ITO layer systems.

In one case the absorption leads to a remarkable change of colour and transmittance while
the infrared reflectance stays unchanged.

The second point which may also influence the quality of the coating is the Ag itself,
even if the nominal thickness of the Ag stays constant. If the Ag-layer breaks up into un-
connected islands the infrared reflectance drops and scattering of light at the Ag-particals
causes loss of transmittance. Such a behaviour shows Fig. 6a. A SEM is taken from a magne-
tron sputtered Ag coating, 100 A nominal thickness on ITO. The surface roughness in connec-
tion with the measured loss of electrical conductivity has to be interpreted as formation of
islands of Ag.

This is a well known behaviour of especially Ag on dielectric substrates under special
conditions.
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The nucleation theory as well as experiments show that the clustering of Ag is
dependant on the substrate temperature. The higher the temperature the lesser and

clusters will be built.

Fig.

Structure of silver layers
Formation of clusters: High-ener-

gy level

extremely
bigger

7 shows the size of clusters for a nominal 100 A& thick Ag layer evaporated on to a

substrate at a temperature of 350 °C10. In this case cluster sizes of about 6000 A will ap-

pear while the density is very low.

2pm

Figure 7. Size and density of Ag clusters
for a nominal 100 A thick Ag layer
deposited on Ag 100> at a surface
temperature of 350 °C.

In Fig.
is given
temperature.

Structure of silver layers

Smooth growth Low energy level

8 the variation of cluster sizes in the temperature range between 30 °C and 600°C
10 . This is valid for evaporation but shows that the size grows fast with the
If extra energy is added to the surface by impact of energetic ions,

as it

happens during sputter processes the given scale of substrate temperatures might be shifted

to lower values.

This indicates that during the sputtering of the Ag layer or the oxide top
layer a bombardement of high energetic ions must be avoided as far as possible

(Fig. 6b).

For the realization of low-e coatings magnetron sources as well as diode sources are pos-

sible and under very good use. Classical diode sputtering is often thought to be a source
of high energetic particals.

Experiences with production coaters using this principle under optimized conditions show
that there is almost no difference in quality of Ag layer systems compared to results of

magnetron sputtering.
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