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A novel radio frequency magnetron sputtering method for the deposition of composite films which
consist of chromium oxide and chromium~Cr2O3/Cr-cermet! is presented. As an extension to
conventional reactive sputtering of a Cr target in an argon and oxygen atmosphere the oxygen flow
into the process chamber is switched periodically on and off. This leads to an oscillating oxygen
partial pressure during the sputtering process and an alternating deposition of metallic chromium
and chromium oxide.In situ x-ray and ultraviolet photoelectron spectroscopy are used to monitor
the oxidation state of chromium at the film surface and to study the chemical interactions between
adjacent layers.Ex situ x-ray diffraction analysis reveals the multilayered and nanocrystalline
structure of the deposited films. The overall chromium and chromium oxide concentration is
estimated from the optical constantsn and k determined by reflectance and transmission
measurements in the wavelength range between 400 and 2200 nm. ©1996 American Vacuum
Society.
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I. INTRODUCTION

Cr2O3/Cr-cermet coatings are commercially used for o
tically selective surfaces of solar collectors.1–3Usually, these
coatings are electroplated on metal substrates and form
combination with the substrate a solar selective absor
Compared to electroplating, however, sputtering is more
vironmentally sound with less pollution of the environmen

An obvious sputter deposition method for the producti
of Cr2O3/Cr-cermets is the reactive sputtering of a chromiu
target in an argon and oxygen atmosphere. It is expected
the deposited film consists of a mixture of metallic chr
mium and chromium oxide because oxidation takes place
the target, on the substrate and in the gas phase. There
suitable choice of the process parameters, especially oxy
and argon flow, should lead to a desired film stoichiomet
However, many case studies in the literature have revea
that a monotonous increase of the oxygen flow results in
unsteady change of the deposition process. At a critical va
of oxygen flow the deposition rate shows a sharp drop4–7and
the deposited material passes abruptly from a metal t
dielectric.7 This was explained by the poisoning of the targe
in other words the complete coverage of the target with
oxide layer, and the subsequent change in sputtering yield4–7

The deposition of substoichiometric oxides or dielectri
metal mixtures with conventional reactive sputtering is the
fore a highly critical task.7

In our own first experiments the transition behavior h
been confirmed in the chromium–oxygen system. We o
served a switching of the plasma color when increasing
oxygen flow from below to above the critical oxygen flow
At low oxygen flow the deposited films consisted of main
metallic chromium and the plasma color was blue, at hi
oxygen flow the films were almost completely oxidized an
the plasma color was reddish. The switching of the plas
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color is related to the reduction of plasma emission lines
from chromium atoms8 and is a consequence of the decrease
in sputtering rate.

In this paper a novel rf magnetron sputtering method for
the deposition of composite coatings of Cr2O3 and Cr is de-
scribed. By switching alternately between the two plasma
modes below and above the critical oxygen flow, metallic Cr
and chromium oxide are deposited alternately resulting in a
multilayered film. The switching was done by a pulsed inlet
of oxygen gas. The experimental setup as well as first inves
tigations of the properties of these multilayered Cr2O3/Cr
films will be presented.

II. EXPERIMENT

A schematic drawing of the deposition chamber is shown
in Fig. 1. The principal components are two electrodes facing
each other in a vertical parallel plate configuration. One elec-
trode is the chromium target~90 mm diameter! mounted on a
water-cooled magnetron while the other electrode is the sub
strate holder. The magnetron is capacitively coupled via an
impedance matching network to the rf power supply~13.56
MHz! and the substrate is grounded.

During sputtering the process gas inlet is controlled as
shown in Fig. 2. While argon steadily flows into the cham-
ber, the oxygen inlet is switched by valve 1 and valve 2.
During the oxygen-on period valve 1 is open and valve 2 is
closed and a constant flow of oxygen is fed into the chamber
In the oxygen-off period valve 1 is closed and valve 2 is
open. Then the oxygen flow from the controller is directed to
a rotary pump and the oxygen within the deposition chamber
is pumped down by the throttled pumping system. Synchro-
nous with some seconds delay to the switching of the valves
the plasma changed color. This visualized the operation o
the target in the poisoned and not-poisoned mode. The O2

partial pressure in the chamber was determined by a differ
entially pumped mass spectrometer~Leybold–Heraeus
Quadrovac Q200!.

ail:
374/14(2)/374/6/$10.00 ©1996 American Vacuum Society



i

i

i

-

y

at
-

l-
-

e

-

e

t
e-

-

375 Gall et al. : Pulsed plasma deposition of Cr 2O3/Cr-cermet coatings 375
In order to get more information about the chemical
teraction between adjacent layers produced in each perio
the pulsed plasma deposition, an interface experiment
performed: Fractions of a chromium layer were depos
step by step onto a chromium oxide layer and analyzed bin
situ photoelectron spectroscopy.

The further parameters of the pulsed plasma depos
and the interface experiment are summarized in Table I.

After deposition, films were transferredin situ into the
photoelectron spectrometer~Leybold EA10/100! which is
equipped for ultraviolet photoelectron spectroscopy~UPS!
and x-ray photoelectron spectroscopy~XPS!. The photon en-
ergies used were hn 5 21.22 eV~He I mode of a discharge
resonance lamp! and hn 5 1253.6 eV~Mg Ka radiation!.
Depending on the analyzer operation mode and the linew
of the excitation radiation, an energy resolution of 0.2 eV
UPS and 1.0 eV in XPS has been obtained. The core
binding energies were calibrated by measuring Au or Pd
erence samples, assuming a binding energy of 84.0 eV
the Au 4f 7/2 or 335.2 eV for the Pd 3d5/2 core line, respec
tively.

A thick film which was deposited on glass~sample S2!
was characterized byex situ bulk analysis methods: x-ra

FIG. 1. Experimental setup of the deposition chamber.

FIG. 2. Schematic drawing of the process gas inlet.
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diffraction ~u–2u diffractometer from Siemens, x-ray source:
Cu Ka! and transmission and reflectance measurements
different angles of incidence and polarizations in the wave
length range between 400 and 2200 nm~Varian CARY 5
spectrophotometer!. For the optical analysis a model of a
homogenous film on a thick substrate was assumed. To ca
culate the extended Fresnel formula for transmission and re
flectance of the sample, consequently, multiple reflections in
the film were added coherently and those in the substrat
incoherently.9 We determined the refractive indexn and ex-
tinction coefficientk of the film by a least square fit of these
formulas to the measured data~a detailed description of the
fitting procedure is given elsewhere10!.

III. RESULTS AND DISCUSSION

A. Chromium/chromium oxide interface

The reaction and mixing between adjacent chromium and
chromium oxide layers were analyzed in an interface experi
ment. For this purpose we first deposited a chromium oxide
layer by reactive sputtering. The color of the plasma during
the deposition was reddish. Onto this layer pure chromium
was reactively sputtered in sequential steps and the surfac
of the resulting films was analyzed byin situXPS and UPS.
At each step chromium with an equivalent thickness of abou
2 Å, as estimated by microbalance measurements, was d
posited. The XPS spectra of the Cr 2p3/2 core level taken
from the pure chromium oxide film and after each chromium
deposition cycle are displayed in Fig. 3. Vertical lines indi-
cate binding energies of crystalline chromium oxides@CrO3
~Ref. 11!, CrO2 ~Ref. 12!, Cr2O3 ~Refs. 12 and 13!# and
metallic chromium.14 It should be noted that the Cr 2p3/2
binding energy does not monotonously change with oxida
tion state. This has been discussed previously.12 The spec-
trum at the bottom of Fig. 3 corresponds to the initially de-
posited chromium oxide film. It consists of two peaks: A

TABLE I. Deposition parameters.

Pulsed plasma
deposition

Interface
experiment

Target Cr Cr
Target–substrate
distance

90 mm 90 mm

Base pressure 231024 Pa 131024 Pa
Radio frequency power 200 W 50 W
Working pressure 8.931021 Pa 8.931021 Pa
Ar flow 40 sccm 40 sccm
O2 flow 2 sccm 2 sccm

~chromium oxide!
0 sccm
~chromium!

Oxygen-on period 5 s~S1!
2.5 s~S2!

•••

Oxygen-off period 10 s •••
Target self-bias 430 V 167 V
Substrate Si wafer~S1!

AF45 glass~S2!
Si wafer

Deposition rate 2 Å/s 0.2 Å/s
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main peak situated at a binding energy of about 578.8 eV
a secondary peak at about 576.0 eV. These peaks are
signed to two different oxidation states of chromium: Cr61 at
the higher binding energy close to the position of the cr
talline CrO3 reference and Cr

41 close to the CrO2 reference.
The surface of the film was drastically modified after 10

chromium deposition.15 The maximum of the Cr 2p3/2 peak
is now situated between the positions of the crystalline
ides Cr2O3 and CrO2 and the peak shape indicates that bo
oxidation states, Cr31 and Cr41 are present at the film sur
face. Obviously, all newly deposited chromium atoms we
oxidized by the underlying chromium oxide layer. No Cr61 is
observable within the depth sensitivity of the XPS analy
which is estimated to be about 10 Å .16After 20 s chromium
deposition the Cr 2p3/2 signal is dominated by a single pea
at about 577.0 eV, which corresponds to an oxidation stat
Cr31 as in the crystal Cr2O3. After about 30 s chromium
deposition, metallic chromium with a Cr 2p3/2 binding en-
ergy of about 574.3 eV is present at the film surface. T
chromium which is deposited in the next steps covers
underlying Cr2O3 and hence the peak which corresponds
metallic chromium increases and the Cr2O3 signal decreases
After about 70 s chromium deposition time the spectra
not change any more. The chromium layer has grown t
thickness at which essentially all photoelectrons origin
from it. Therefore, these spectra reflect the properties of b
rf sputtered chromium.

FIG. 3. XPS Cr 2p3/2 core level spectrum of the reactively sputtered chr
mium oxide film and spectra taken after the indicated chromium deposi
time. ~For clarity the spectra are normalized to the same peak height and
shifted on the intensity scale.!
J. Vac. Sci. Technol. A, Vol. 14, No. 2, Mar/Apr 1996
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The HeI valence band spectrum of the reactively sput-
tered chromium oxide film and spectra taken after the indi-
cated chromium deposition times are shown in Fig. 4. The
spectrum of the chromium oxide film~bottom spectrum! is
dominated by three peaks at binding energies of about 1.5
3.5, and 6.0 eV. The small peak at 1.5 eV is assigned to C
3d electrons and the other two peaks to O 2p electrons ac-
cording to the high oxidation state of this film. After 10 and
20 s chromium deposition the relative intensity of the Cr 3d
peak increased. This is in agreement with the interpretatio
of a decreasing oxidation state of chromium at the film sur-
face derived from the XPS spectra. Furthermore, the splitting
of the O 2p peaks becomes smaller and all peaks are shifte
to higher binding energy. The weak feature near 10 eV bind
ing energy has been assigned to a multielectron satellite i
the case of pure Cr2O3.

17 The HeI valence band spectrum
after 20 s chromium deposition is very similar to the spec-
trum of crystalline Cr2O3.

18 After 30 s chromium deposition
a Fermi edge characteristic for metallic materials develops
Up to about 60 s chromium deposition time the portion of
chromium 3d states below the Fermi energy increases
whereupon the spectra are almost identical. These finding
indicate metallic chromium after 30 s deposition time and the
successive growth of a metallic chromium layer in accor-
dance with the analysis of the XPS spectra.

It can be concluded from the interface experiment that in
the reddish mode of the plasma almost completely oxidized
chromium with an oxidation state close to Cr61 is deposited.

o-
tion
are FIG. 4. UPS HeI valence band spectra of film surfaces as in Fig. 3.
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If pure chromium is sputtered onto this chromium oxide fil
the film surface is reduced finally to Cr31 before the depos-
ited chromium grows in metallic form.

B. Partial pressure measurements

Figure 5 shows the change of the O2 partial pressure dur-
ing an oxygen-on and an oxygen-off period. The upper cu
belongs to a measurement at switched off rf power, i.e., wi
out plasma. The characteristic timet for increase and de-
crease of the partial pressure as well as its saturation valu
determined by chamber volume, pumping speed, and flow
oxygen. According to a numerical estimationt is about 2 s
which is close to the experimental value. The lower cur
shows the O2 partial pressure during the deposition with th
plasma glowing. The O2 partial pressure during the plasm
process is always lower than without plasma. This can
explained by an increased pumping speed resulting from g
tering of oxygen by continuously deposited chromium.

C. Pulsed plasma deposition

Various samples have been deposited by repea
oxygen-on and oxygen-off cycles. In the case of sample
the deposition was interrupted three times in order to anal
the sample surface. Thein situ photoelectron spectroscop
measurements were performed~A! at the end of the
oxygen-on period~5 s interval!, ~B! in the middle, and~C! at
the end of the oxygen-off period~10 s interval!. The corre-
sponding Cr 2p3/2 core level spectra are shown in Fig. 6.

The Cr 2p3/2 core level of sample A is similar to the
spectrum taken from the chromium oxide film after 20
chromium deposition in the interface experiment~see Fig. 3!.
Within the depth sensitivity of the XPS analysis chromiu
with an oxidation state of Cr31 dominates. Regarding the
distinct O 2p splitting and the Cr 3d position in the HeI
spectrum in Fig. 7 an even higher oxidation state must

FIG. 5. O2 partial pressure in the deposition chamber during an oxygen
and an oxygen-off period. The upper curve results from measurement w
out plasma, the lower curve from measurement with the plasma glowin
JVST A - Vacuum, Surfaces, and Films
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present within the UPS photoelectron escape depth. Thes
findings reflect that after the oxygen-on period, a chromium
oxide layer has formed on the film surface. After 5 s depo-
sition in the oxygen-off period, both the Cr 2p3/2 spectrum
~curve B in Fig. 6! and the He I spectrum~curve B in Fig. 7!
indicate metallic chromium at the sample surface. Obviously
time was sufficient to pump down the oxygen partial pres-
sure, to sputter clean the target and to reduce the samp
surface. After 10 s deposition in the oxygen-off period~curve
C in Figs. 6 and 7! the portion of metallic chromium at the
sample surface has further increased.

The photoelectron spectroscopy measurements clear
show the oscillation of the oxidation state of Cr at the surface
of a growing film during the pulsed plasma deposition. How-
ever, these measurements cannot provide direct informatio
about the overall chromium and oxygen concentration of the
resulting films.

D. X-ray diffraction (XRD)

An XRD measurement of sample S2 is shown in Fig. 8.
No further background subtraction was applied except fo
removing the scattered intensity from the glass substrate
Above about 2u 5 25° the spectrum shows broad structures
typical of amorphous and nanocrystalline materials. The
wide maximum at 2u 5 36° corresponds to a next neighbor

on
ith-
.

FIG. 6. XPS Cr 2p3/2 core level spectra recorded from the surface of a film
which was deposited by the pulsed plasma method~sample S1!. The depo-
sition cycles were interrupted for the measurements at three different mo
ments:~A! after 5 s sputtering in the oxygen-on period,~B! after 5 s sput-
tering in the oxygen-off period, and~C! after 10 s sputtering in the oxygen-
off period.
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distance of about 2.5 Å comparable to the distance betw
the closest packed~110! planes in crystalline Cr2O3 @2.48 Å
~Ref. 19!#.

At 2u 5 3.58° and 2u 5 7.01° sharp peaks are observe
They are first and second order diffraction maxima resulti
from the regular layer sequence of the film. In real spa
these maxima correspond to a distance of 24.6 Å betw
equivalent layers. From that length and the total number
deposition cycles a film thickness of 473 nm is inferred.

FIG. 7. UPS HeI valence band spectra of film surfaces as in Fig. 6.

FIG. 8. X-ray diffraction spectrum of sample S2. The contribution of th
glass substrate has been subtracted.
J. Vac. Sci. Technol. A, Vol. 14, No. 2, Mar/Apr 1996
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E. Optical constants

The layer-by-layer thicknesses in the film are small com-
pared to wavelengths in the visible and infrared region. For
those wavelengths, the film appears as homogenous and th
optical behavior can be described with effective optical con-
stants. The refractive indexn and the extinction coefficientk
of sample S2 are drawn as a function of wavelength in Fig.
9. For their evaluation the film thickness as determined by
XRD has been used. The data points result from a fitting
procedure which determines at each wavelengthn andk val-
ues. In additionn andk were modeled by exponential curves
y~l!5a1b exp~2cl!. In this case the coefficients were op-
timized over the whole wavelength range. The resulting
curves are drawn as solid lines and may serve as a guide to
the eye.

The optical constantsn and k may be compared to data
published by Fan and Spura.20,21 They analyzed
Cr2O3/Cr-cermet films of different composition which were
deposited by co-sputtering of a Cr and a Cr2O3 target. If we
assume a chromium concentration of 2662 vol. % for our
film, our and their optical constants match in the absolute
values~see especially Fig. 8 in Ref. 21! and in the wave-
length dependency. The increase ofn as well as the decrease
of k from lower to higher wavelengths is well reproduced.

IV. CONCLUSION

A new method for the deposition of Cr2O3/Cr-cermet
coatings has been presented. By switching on and off the
oxygen flow during the rf sputtering of a Cr target, chro-
mium and chromium oxide are deposited alternately and a
multilayered film results. The distance between equivalent
layers was determined by XRD and amounts to about 25 Å .
An intense intermixing of adjacent layers was found byin
situ photoelectron spectroscopy measurements. The refrac-

e

FIG. 9. Refractive indexn and extinction coefficientk of sample S2. The
solid line corresponds to a curve fit and the data points to a fit in which the
n andk values were calculated for each wavelength separately.
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tive index n and extinction coefficientk of the composite
film were evaluated by transmission and reflectance m
surements. This made possible the estimation of the ove
composition. A film with 2662 vol. % Cr was deposited
which would have been very difficult with conventional re
active sputtering. However, further investigations are nec
sary in order to determine the total accessible range of c
centration and the suitability for solar selective application
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