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Deposited by Reactive Pulsed Magnetron Sputtering
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ABSTRACT

Reactive pulsed magnetron sputtering incorporates a h
potential for manufacturing optical multilayer systems (e.g
precision filter components). Only some investigations ha
been performed to describe the most important properties
such prepared films. A flexible magnetron sputter syste
using two planar metallic targets supplied with pulsed pow
equipment was used for reactive deposition of optical co
ings. Single layers were investigated as an elementary st
for preparation of multilayer stacks. The pure metallic targe
were sputtered in a strictly controlled reactive gas atm
sphere. Layers with an optical thickness of l/4 (for
l = 1550 nm) were deposited on Si wafers and glass s
strates. The influence of total sputtering pressure and proc
temperature on optical and mechanical properties, surf
topography and film structure were investigated. Spec
emphasis was put on detection of the influence of pulse m
and pulse parameters on layer properties. The samples w
characterized by spectroscopic ellipsometry (SE), atom
force microscopy (AFM), X-ray diffraction (XRD) and
nanoindentation techniques. It was possible to adjust the f
properties by fine tuning of the process parameters.

INTRODUCTION

The industrial market forces the manufacturer of optic
coatings to produce optical systems with steadily increas
quality. The high-quality optical components must be dev
oped to provide the best combination of manufacturabili
performance and price. Nowadays, there are telecommun
tion optical filters, such as narrow bandpass filters or ga
flattening filters, on the imaginary top of technology invest
gation. Because of strict demands on accuracy and reliab
it is necessary to control and more accurately investig
properties of basic single layers. The main properties t
describe high-quality films are: very low absorption in th
wavelength region of interest, smooth interface with low lev
of defects (e.g., low level of light scattering), no structur
gradients in single layer and film densities approaching tha
the bulk material. The deposition process itself should 
reproducible because of manufacturing of components w
exactly defined optical properties [1]. A standard depositi
technique for preparation of precise optical systems use
ion beam sputtering. Many investigations were made to 
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duce the typically low deposition rate (deposition time 
more than 30 hours) and low profit of this technology [2, 
Reactive magnetron sputtering in combination with appro
ate design of an in-line coater can lead to reduced depos
time and, due to higher homogeneity, to improvement of
output profit.

The typical narrow bandpass filters are composed of l/4
layers of high and low refractive index. In such a syst
a specific number of cavity layers is incorporated, wh
determines the characteristics of the filter. Tantalum ox
(Ta

2
O

5
) and silicon oxide (SiO

2
) are frequently used for the

high index and low index materials, respectively.

Tantalum oxide is a physically and chemically very sta
material with relatively high crystallization temperature an
smooth interface. A significant disadvantage of this mate
is its enormous price. Another material, used in multila
systems but not in such sensitive components, is TiO

2
. The

price for a Ti target is approximately 20 times lower than t
of Ta one, today. The other advantage of TiO

2
 is its higher

refractive index, which allows one to deposit layers w
lower physical thickness and so saves the deposition tim
the whole system.

Titanium dioxide is one of the most important materials 
optical and protective coatings and microelectronic devi
[4, 5]. Besides the amorphous state three crystalline ph
are known for TiO

2
: tetragonal anatase, tetragonal rutile a

orthorhombic brookite. All these phases have been detect
as deposited and annealed TiO

2
 films, already. The occurrenc

of these phases in thin films strongly depends on subs
temperature [6]. Resulting crystalline structure and stoic
ometry and optical properties, such as refractive index,
tinction coefficient and scattering losses of TiO

2
 films, are

influenced by other deposition conditions, too. An approp
ate choice of deposition parameters, such as partial press
oxygen, pulse mode and deposition rate, allows one to in
ence the resulting structure of growing TiO

2
 layer [7, 8].

The present work focused our attention on the reactive m
netron sputtering of TiO

2
 layers with new pulse generato

UBS-C2 (FEP). The influence of the pulse mode, pu
frequency and duty cycle on the optical properties, surf
377
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roughness and phase formation in quarter-wave-thick (l/4)
TiO

2
 layers were studied. To get a reliable point for comp

son, some samples were prepared by a sine wave gene
From these experiments low total pressure, higher depos
power and reactive operating point near the transparency
were evaluated as optimum parameters for deposition of 

2

layers with low surface roughness and high refractive ind
These parameters were set constant for all runs made 
bipolar mode with UBS-C2. The main task was to reduce
surface roughness and to investigate the influence of p
parameters (pulse form and pulse frequency) on struc
gradients and optical properties.

EXPERIMENT

Titanium dioxide transparent films were deposited by reac
pulsed magnetron sputtering (PMS) in a vertical in-line sp
ter coater ILA S 750. This equipment consists of two sepa
chambers: load lock chamber and process chamber. Fo
powering the sine wave, a DC or pulse generator can be 
Accurate and reliable use of this equipment is ensured b
gas control loop and the full computer automation. The d
magnetron system (DMS), consisting of two metallic targ
with a dimension of 750 mm x 120 mm arranged side by s
was used for deposition of TiO

2
 in the reactive sputterin

mode (Figure 1).

Figure 1:  Schematic description of DMS system powere
two DC generators connected with UBS-C2 and controlle
PCU feed back loop

The system was powered with a sine wave generator, op
ing with a frequency of 28 kHz, and the deposition was car
out using a two channel pulse generator UBS-C2 in bip
378
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mode at different frequencies. In the bipolar pulse mode e
of the targets of the DMS acts alternately as cathode and an
of the discharge. Beside the pulse mode, the duty cy
(DuCy) (i.e., the ratio of the power-on-time to the total cyc
time of both of the targets) was modified.  For all experimen
with UBS-C2 powering in bipolar mode the discharge pow
was adjusted to 7.5 kW per target (i.e., 8.3 W/cm2 target
power density) taking the losses of the switching unit UBS-C
of about ± 5 % into account [8].

A PID control loop stabilizes and controls the reactive sputt
ing process. The optical emission detector (OED) couples 
a signal of characteristic wavelength of the plasma and tra
forms it into an electrical signal. The value of this signal 
compared with the set value of plasma emission in the plas
control unit (PCU). The PCU is connected to a piezoelect
valve, which controls the flow of reactive gas [9].

The TiO
2
 films were deposited on float glass (t = 3 mm), Si

wafers (t = 0.375 mm) and on special glass slides (t = 0.15 m
used for stress measurements. The process pressur
p = 0.16 Pa was kept constant for all deposition runs. T
substrate-to-target distance TSD was 124 mm. All const
deposition parameters are listed in Table 1.

Table 1:  Process parameters for deposition of TiO
2
 films by

reactive pulsed magnetron sputtering

Target material Ti

Target size 2 x 750 mm x 120 mm

Substrates float glass, Si wafers

Substrate temperature 20 … 250°C
Pulsed power 2 x 7.5 kW

Process pressure 0.16 Pa

TSD 124 mm

Layer thickness 172 nm (l/4 for 1550 nm)

Substrate thickness 3 mm – float glass
0.15 mm – glass stripes
0.375 mm – Si wafers

The specific wavelength range used for data transmission
the telecommunication has a center at l = 1550 nm. In this IR
spectrum the typical refractive index of TiO

2
 is n = 2.25,

corresponding to a mechanical thickness of t = 172 nm.
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CHARACTERIZATION

The layer thickness and the dispersion of optical parame
were calculated from ellipsometric measurements. A spect
scopic ellipsometer was used in the wavelength range of 2
1700 nm. For TiO

2
 the Tauc-Lorenz-Oszillator model was

applied [10]. In addition to the extinction coefficient k, refrac
tive index n and optical thickness the modeling of ellipsomet
results allows one to estimate the thickness of surface rou
ness layer by effective medium approximation (EMA). Atom
force microscopy (AFM) was applied to characterize th
surface topography and the roughness of TiO

2
 layers. Re-

sidual stress of the coatings was determined by measurem
of the deflection of the thin glass stripes before and after 
deposition. Hardness and Young’s modulus were measu
by nanoindentation technique. The crystalline structure 
TiO

2
 layers was investigated by grazing angle X - Ray d

fraction using CuK
a
 radiation and an incidence angle of 1°.

RESULTS

Deposition rate
The curves obtained for the dynamic deposition rate of Ti

2

films calculated from the layer thickness are shown in Fi
ure 2.

Figure 2:  Dynamic deposition rate of the TiO
2
 films as a

function of DuCy at different frequencies prepared by reacti
PMS (P = 2x7.5 kW)

A continuous decrease in deposition rate with decreas
DuCy was observed for all deposition frequencies. For fr
quencies f = 1 kHz and f = 28 kHz a difference between th
highest and lowest value of deposition rate of approximat
10 nm m/min was recorded. This typical decrease of t
deposition rate with the decreasing value of DuCy is co
nected with the energy distribution in pulsed plasma. Mo
energy for plasma ignition is necessary and therefore ther
less energy for the sputtering process for the lower values
DuCy at a constant middle energy input.

The higher value of dynamic deposition rate was achieved
the lowest frequency. The deposition process at low f
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quency needs fewer plasma ignitions, which means less 
ergy losses, low substrate heat and therefore high deposi
rates.

MECHANICAL PROPERTIES

Surface topography
Due to the variation of the pulse frequency and the form 
pulses it was possible to influence the roughness of prepa
TiO

2
 films. Figure 3 shows the average roughness calcula

from all different settings of DuCy for given frequency and th
roughness for samples prepared at the same deposition r

Figure 3:  Surface roughness evaluated from ellipsomet
measurements for TiO

2
 layers deposited at different pulse

frequencies (float glass)

From all measurements the average surface roughness fo
different settings of DuCy and for each frequency was eva
ated. The lowest investigated frequency of f =1 kHz leads
highest roughness. It can be reduced from 2.5 nm to 1.7
due to sputtering with higher frequencies. It is necessary
note that the deposition rate was in this case different. The
fore the samples with the same deposition rate (values
DuCy are growing from 20% at f = 1 kHz to 40% at f = 50 kHz)
were chosen from all prepared films. The comparison sho
the second curve (Rate = 15 nm m/min). The course of th
function is very similar to the previous one. High frequencie
in combination with relatively high DuCy create better cond
tions for particle movement onto the substrate surface. T
leads to TiO

2
 films with a lower value of surface roughness

For better visualization and for comparison with ellipsometr
measurements AFM investigations have been carried out. T
decrease of surface roughness with increasing pulse 
quency was observed. Figure 4 shows the surface topogra
of the layer deposited at low frequency. The relatively hig
value of average roughness R

a
= 0.52 nm was measured. The

topography looks grainy with some defects (max. height 
15 nm).
379
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Figure 4:  AFM image of TiO
2
 layer deposited by reactive

PMS at f = 1 kHz and DuCy = 30% (P = 2x7.5 kW, float
glass)

The surface of TiO
2
 layer prepared at high pulse frequency 

shown in Figure 5. A smoother surface was observed. T
corresponding R

a
= 0.34 nm value is clearly lower than a

1 kHz. The surface looks dense and has a lower numbe
defects.

Figure 5:  AFM image of TiO
2
 layer deposited by reactive

PMS at f = 50 kHz and DuCy = 30% (P = 2x7.5 kW, floa
glass)

Residual stress
Figure 6 shows the dependence of the residual stress of
TiO

2
 on different values of DuCy. Compressive stress w

observed for all films.
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Figure 6:  Residual stress of TiO
2
 films deposited on glass

slides as a function of DuCy at different frequencies
(P = 2x7.5 kW)

Starting at higher pulse frequencies low compressive stress
of approximately 60…80 MPa are present. The stress value
increase at lower frequencies. For frequencies f = 40 kHz an
f = 50 kHz and for short pulse-on time two anomalous sample
were registered. In these cases the thermal load of the su
strate surface (due to higher ion density and higher self bias
is very high. The thin glass slides, used for stress measureme
(t = 0.15 mm), have lower value of heat capacity than the floa
glass (t = 3 mm). This leads to higher substrate temperature
and to a presumed transition from the amorphous to crysta
line state. This phase transition is connected with a shift o
intrinsic stress.

Starting crystallization in consecutive growing film caused an
increase in the value of refractive index and incidence o
structural gradients in prepared films. Corresponding depen
dencies in the refractive index are shown in Table 2.

Table 2:  Values of n
550nm

 of TiO
2
 layers prepared by reactive

pulsed magnetron sputtering

f DuCy Float Glass Si wafer
[kHz] [%] glass 0.15 mm 0.375 mm

1 20 2.49 2.42 – 2.51 2.52

40 20 2.45 2.42 – 2.68 2.42 – 2.69

50 25 2.45 2.42 – 2.56 2.42 – 2.51
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Hardness
Changes in TiO

2
 properties were detected by measurement

the layer hardness, too. The hardness of amorphous films 
recorded between 6.8…7.0 GPa. Higher value of hardn
(7.7 GPa), caused by starting crystallization, was observed
the high frequency (f = 40 kHz) and low DuCy (20%). This 
in coincidence with the ellipsometric results and the shift 
the intrinsic stress. Concerning the low thickness of t
investigated coatings (~172 nm) all measured values 
influenced by the substrate, and the calculation was done
indentation depths between 30…50 nm.

Structure
The XRD measurement proved that the structure of the fil
deposited on 3-mm thick float glass was amorphous in 
cases. In the case of preheated float glass to 250°C exception-
ally a very weak (110)-rutile diffraction peak was detected

The low heat capacity of the Si wafers and the higher result
process temperature caused other results. In the case of
heated Si-substrates to 250°C weak (110)-rutile peaks were
recorded (Figure 7). The decreasing DuCy results in a sign
cant enhancement of the (110)-peak intensity. That means
the portion of rutile related to their similar thickness of 172 n
is increased by lowering the DuCy. It is obvious that the th
glass strips for stress measurements will show the sa
behavior as Si wafers. Because of the low thickness of th
substrates it can be expected that the crystallization st
already on unheated samples at high frequencies and 
DuCy.

Figure 7:  Increase of rutile phase of TiO
2
 films prepared by

reactive PMS with decreasing of the value of DuC
(P = 2x7.5 kW, T =250°C, Si wafers)

Optical properties
The results of ellipsometric measurements of TiO

2
 layers

prepared by reactive PMS and measured on float glass an
wafers are shown in Figure 8. On float glass the refract
index n is not influenced by the pulse form. All values are
the typical range for amorphous titania. Refractive index
depends on the frequency and has the highest value at f = 1 kHz.
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It should be expected that low sputter frequency and 
correlated higher deposition rate caused lower refrac
index. In this case the behavior is dominated by the influe
of the dynamic deposition rate and its corresponding cond
sation heat. On Si wafers a strong increase in values
refractive index for high frequencies combined with lo
DuCy was observed. This points out a rising of crystalli
structure on these thin substrates, again.

Figure 8:  Refractive index n (at l = 550 nm) of TiO
2
 films

prepared by reactive PMS acquired from ellipsometric m
surements as a function of DuCy at different frequenc
(P = 2x7.5 kW)

Because the extinction coefficient was approximately low
than 10-5 for all prepared samples, the layers can be regar
as absorption free.

CONCLUSION

With the new pulse generator UBS-C2 it is possible to prep
TiO

2
 films with different properties. Due to various possibi

ties of setting of the pulse form and the sputter frequencies
plasma distribution and therefore the thermal load of s
strate, the deposition rate and the structure of growing film 
be controlled. It is evident that the resulting structure of T

2

strongly depends on the type of used substrate and o
thermal properties.

The resultant structure of TiO
2
 layers prepared on float glas

was amorphous. By selecting useful deposition parame
the surface roughness can be reduced to R

a
= 0.3 nm. The

refractive index shows only slight dependencies.

Measurements made on thin glass strips and Si wafers 
pared at high frequencies and short pulse-on times show a
to higher values of refractive index, which points to crystalli
rutile structure. It is connected with an increase in resid
stress and with higher layer hardness. Connected with the
of crystallization strong gradients of optical properties 
these layers were observed.
381
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Due to the appropriate choice of substrate material it w
possible to influence and prevent the formation of structur
gradients in TiO

2
 layers.
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