Pulsed plasma deposition of chromium oxide/chromium-cermet coatings
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A novel radio frequency magnetron sputtering method for the deposition of composite films which
consist of chromium oxide and chromiuf®r,0O4/Cr-cerme} 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 oxideln 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 layersEx 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 constants and k determined by reflectance and transmission
measurements in the wavelength range between 400 and 2200 nrh99® American Vacuum
Society.

[. INTRODUCTION color is related to the reduction of plasma emission lines
from chromium atonfsand is a consequence of the decrease
Cr,O4/Cr-cermet coatings are commercially used for op-in sputtering rate.
tically selective surfaces of solar collectdfs.Usually, these In this paper a novel rf magnetron sputtering method for
coatings are electroplated on metal substrates and form ihe deposition of composite coatings of,05 and Cr is de-
combination with the substrate a solar selective absorbegcribed. By switching alternately between the two plasma
Compared to electroplating, however, sputtering is more enmodes below and above the critical oxygen flow, metallic Cr
vironmentally sound with less pollution of the environment. and chromium oxide are deposited alternately resulting in a
An obvious sputter deposition method for the productionmultilayered film. The switching was done by a pulsed inlet
of Cr,O4/Cr-cermets is the reactive sputtering of a chromiumof oxygen gas. The experimental setup as well as first inves-
target in an argon and oxygen atmosphere. It is expected thégations of the properties of these multilayered,@yCr
the deposited film consists of a mixture of metallic chro-films will be presented.
mium and chromium oxide because oxidation takes place on
thg target, on the substrate and in the gas phasg. Therebyll?EXPERlMENT
suitable choice of the process parameters, especially oxygen
and argon flow, should lead to a desired film stoichiometry. A schematic drawing of the deposition chamber is shown
However, many case studies in the literature have revealei®t Fig. 1. The principal components are two electrodes facing
that a monotonous increase of the oxygen flow results in agach other in a vertical parallel plate configuration. One elec-
unsteady change of the deposition process. At a critical valutode is the chromium targé®0 mm diametgrmounted on a
of oxygen flow the deposition rate shows a sharp #itbpnd ~ water-cooled magnetron while the other electrode is the sub-
the deposited material passes abruptly from a metal to &trate holder. The magnetron is capacitively coupled via an
dielectric’ This was explained by the poisoning of the target;impedance matching network to the rf power supfd$.56
in other words the complete coverage of the target with aMHz) and the substrate is grounded.
oxide layer, and the subsequent change in sputtering §iéld. ~ During sputtering the process gas inlet is controlled as
The deposition of substoichiometric oxides or dielectric-shown in Fig. 2. While argon steadily flows into the cham-
metal mixtures with conventional reactive sputtering is thereber, the oxygen inlet is switched by valve 1 and valve 2.
fore a highly critical tasK. During the oxygen-on period valve 1 is open and valve 2 is
In our own first experiments the transition behavior has¢losed and a constant flow of oxygen is fed into the chamber.
been confirmed in the chromium—oxygen system. We obln the oxygen-off period valve 1 is closed and valve 2 is
served a switching of the plasma color when increasing th&Pen. Then the oxygen flow from the controller is directed to
oxygen flow from below to above the critical oxygen flow. @ rotary pump and the oxygen within the deposition chamber
At low oxygen flow the deposited films consisted of mainly iS Pumped down by the throttled pumping system. Synchro-
metallic chromium and the plasma color was blue, at highlous with some seconds delay to the switching of the valves,
oxygen flow the films were almost completely oxidized andthe plasma changed color. This visualized the operation of
the plasma color was reddish. The switching of the plasm&he target in the poisoned and not-poisoned mode. The O
partial pressure in the chamber was determined by a differ-
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TaBLE |. Deposition parameters.

Substrate on

Substrate Holder Mass Pulsed plasma Interface
Spectrometer deposition experiment
Target (Cr)
Magnetron \ | Target cr cr
N . _ Target—substrate 90 mm 90 mm
AF-Power || mpedance ] ggr'sp’e"“a' distance
13.56 MHz ﬁi‘:@'!?f LE, Base pressure X104 Pa X107 Pa
Radio frequency power 200 W 50 W
— e Working pressure 8910 ! Pa 8.%10 ! Pa
Process Gas Pressure Control Ar flow 40 sccm 40 sccm
Inlet — Valve O, flow 2 sccm 2 sccm
(chromium oxide
Pumping System 0 SCCfT'I.
(chromium
Oxygen-on period 5 ¢S]
2.55(S2
) . Oxygen-off period 10s
Fic. 1. Experimental setup of the deposition chamber. Target self-bias 430 V 167 V
Substrate Si wafefS1) Si wafer
AF45 glass(S2)
In order to get more information about the chemical in- Deposition rate 2 Ais 0.2 Als

teraction between adjacent layers produced in each period 6f
the pulsed plasma deposition, an interface experiment was
performed: Fractions of a chromium layer were deposited

step by step onto a chromium oxide layer and analyzeith by dC|ffract|on (3—20 dlffrgct_omete(rjfro:c? Siemens, x-ray source;
situ photoelectron spectroscopy. u Ka) and transmission and reflectance measurements at

The further parameters of the pulsed plasma depositioﬁiﬁerent angles of incidence and polarizatic_ms in the wave-
and the interface experiment are summarized in Table I. 1€Ngth range between 400 and 2200 fivarian CARY 5
After deposition, films were transferreid situ into the ~ SPectrophotometgr For the optical analysis a model of a

photoelectron spectrometdt.eybold EA10/100 which is homogenous film on a thick substrate was assumed. To cal-
equipped for ultraviolet photoelectron spectroscdpiPS culate the extended Fresnel formula for transmission and re-

and x-ray photoelectron spectroscdp$PS). The photon en- ercta_nce of the sample, consequently, muItipIe reflections in
ergies used wereth= 21.22 eV(Hel mode of a discharge the film were added coherently and those in the substrate

resonance lampand hv = 1253.6 eV(Mg K radiation. ipcoherentl)}’..We determingd the refractive indeﬂxgnd ex-
Depending on the analyzer operation mode and the linewidtHnction coefficient of the film by a Igast square f't of these
of the excitation radiation, an energy resolution of 0.2 eV infpr_mulas to the njea;ured de@ detailed description of the
UPS and 1.0 eV in XPS has been obtained. The core IinIaIttlng procedure is given elsewhéfe

binding energies were calibrated by measuring Au or Pd ref-

erence samples, assuming a binding energy of 84.0 eV far. RESULTS AND DISCUSSION

the Au 4f;,, or 335.2 eV for the Pd &, core line, respec-
tively.

A thick film which was deposited on glagsample S The reaction and mixing between adjacent chromium and
was characterized bgx situbulk analysis methods: x-ray 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 surface

A. Chromium/chromium oxide interface

Flow Controller

Argon (O)=|> of the resulting films was analyzed loy situ XPS and UPS.
Y Deposition At each step chromium with an equivalent thickness of about
AN Valve 1 Chamber 2 A, as estimated by microbalance measurements, was de-

Oygen | O)‘=‘> |— posited. The XPS spectra of the Cps2 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 oxid€sO,
(Ref. 11, CrO, (Ref. 12, Cr,0; (Refs. 12 and 13 and
| metallic chromium'* It should be noted that the Cip2,
U binding energy does not monotonously change with oxida-
Rotary Pump tion state. This has been discussed previotfsijhe spec-
Fic. 2. Schematic drawing of the process gas inlet.

Flow Controller

Valve 2

Valve Controller

trum at the bottom of Fig. 3 corresponds to the initially de-
posited chromium oxide film. It consists of two peaks: A
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XPS Mg Ka (hv = 1253.6 eV) UPS Hel (hv = 21.22 V)
Interface Cr on Chromium Oxide Interface Cr on Chromium Oxide
Cr2pg,, ’
O2p Cr3d
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Fic. 3. XPS Cr 23, core level spectrum of the reactively sputtered chro-
mium oxide film and spectra taken after the indicated chromium deposition
time. (For clarity the spectra are normalized to the same peak height and are Fic. 4. UPS Ha valence band spectra of film surfaces as in Fig. 3.
shifted on the intensity sca)e.

The Hel valence band spectrum of the reactively sput-
main peak situated at a binding energy of about 578.8 eV antkred chromium oxide film and spectra taken after the indi-
a secondary peak at about 576.0 eV. These peaks are asted chromium deposition times are shown in Fig. 4. The
signed to two different oxidation states of chromium®Cat  spectrum of the chromium oxide filrftbottom spectrumis
the higher binding energy close to the position of the crys-dominated by three peaks at binding energies of about 1.5,
talline CrQ, reference and Gf close to the Cr@reference. 3.5, and 6.0 eV. The small peak at 1.5 eV is assigned to Cr

The surface of the film was drastically modified after 10 s3d electrons and the other two peaks to @ &ectrons ac-
chromium depositio”® The maximum of the Cr (&, peak  cording to the high oxidation state of this film. After 10 and
is now situated between the positions of the crystalline ox20 s chromium deposition the relative intensity of the @r 3
ides CpO; and CrQ and the peak shape indicates that bothpeak increased. This is in agreement with the interpretation
oxidation states, Gf and Cf* are present at the film sur- of a decreasing oxidation state of chromium at the film sur-
face. Obviously, all newly deposited chromium atoms wereface derived from the XPS spectra. Furthermore, the splitting
oxidized by the underlying chromium oxide layer. N®Cis  of the O 2 peaks becomes smaller and all peaks are shifted
observable within the depth sensitivity of the XPS analysigo higher binding energy. The weak feature near 10 eV bind-
which is estimated to be about 10 & After 20 s chromium ing energy has been assigned to a multielectron satellite in
deposition the Cr B, signal is dominated by a single peak the case of pure @;.'” The Hel valence band spectrum
at about 577.0 eV, which corresponds to an oxidation state adfter 20 s chromium deposition is very similar to the spec-
Cr* as in the crystal GO;. After about 30 s chromium trum of crystalline CjO,.8 After 30 s chromium deposition
deposition, metallic chromium with a Cipg, binding en- a Fermi edge characteristic for metallic materials develops.
ergy of about 574.3 eV is present at the film surface. ThdJp to about 60 s chromium deposition time the portion of
chromium which is deposited in the next steps covers thehromium 3d states below the Fermi energy increases,
underlying CyO5 and hence the peak which corresponds towhereupon the spectra are almost identical. These findings
metallic chromium increases and the,Gs signal decreases. indicate metallic chromium after 30 s deposition time and the
After about 70 s chromium deposition time the spectra desuccessive growth of a metallic chromium layer in accor-
not change any more. The chromium layer has grown to @ance with the analysis of the XPS spectra.
thickness at which essentially all photoelectrons originate It can be concluded from the interface experiment that in
from it. Therefore, these spectra reflect the properties of bulkhe reddish mode of the plasma almost completely oxidized
rf sputtered chromium. chromium with an oxidation state close to®Ciis deposited.
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Fic. 5. O, partial pressure in the deposition chamber during an oxygen-on
and an oxygen-off period. The upper curve results from measurement with-
out plasma, the lower curve from measurement with the plasma glowing.
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If pure chromium is sputtered onto this chromium oxide film Binding Energy (eV)

the film surface is reduced finally to €rbefore the depos-

ited chromium grows in metallic form. FiG. 6. XPS Cr D3, core level spectra recorded from the surface of a film
which was deposited by the pulsed plasma mettsadnple S1 The depo-
sition cycles were interrupted for the measurements at three different mo-

B. Partial pressure measurements ments:(A) after 5 s sputtering in the oxygen-on perio®) after 5 s sput-
Figure 5 shows the Change of thg ﬁhrtial pressure dur- Li;’lggrlir;c:he oxygen-off period, an() after 10 s sputtering in the oxygen-

ing an oxygen-on and an oxygen-off period. The upper curve
belongs to a measurement at switched off rf power, i.e., with-
out plasma. The characteristic timefor increase and de-
crease of the partial pressure as well as its saturation value gesent within the UPS photoelectron escape depth. These
determined by chamber volume, pumping speed, and flow dindings reflect that after the oxygen-on period, a chromium
oxygen. According to a numerical estimatieris about 2 s  oxide layer has formed on the film surface. Aftes depo-
which is close to the experimental value. The lower curvesition in the oxygen-off period, both the Cpg, spectrum
shows the @ partial pressure during the deposition with the (curve B in Fig. 6 and the He | spectrurfcurve B in Fig. 7
plasma glowing. The ©partial pressure during the plasma indicate metallic chromium at the sample surface. Obviously
process is always lower than without plasma. This can b&me was sufficient to pump down the oxygen partial pres-
explained by an increased pumping speed resulting from gesure, to sputter clean the target and to reduce the sample
tering of oxygen by continuously deposited chromium. surface. After 10 s deposition in the oxygen-off per{odrve

C in Figs. 6 and Ythe portion of metallic chromium at the

sample surface has further increased.
The photoelectron spectroscopy measurements clearly
Various samples have been deposited by repeateshow the oscillation of the oxidation state of Cr at the surface
oxygen-on and oxygen-off cycles. In the case of sample Sf a growing film during the pulsed plasma deposition. How-
the deposition was interrupted three times in order to analyzgyer, these measurements cannot provide direct information

the sample surface. The situ photoelectron spectroscopy ahout the overall chromium and oxygen concentration of the
measurements were performe@d) at the end of the resulting films.

oxygen-on period5 s interval, (B) in the middle, andC) at
the end of the oxygen-off period 0 s interval. The corre-
sponding Cr B3, core level spectra are shown in Fig. 6.
The Cr 23, core level of sample A is similar to the
spectrum taken from the chromium oxide film after 20 s An XRD measurement of sample S2 is shown in Fig. 8.
chromium deposition in the interface experimésge Fig. 3. No further background subtraction was applied except for
Within the depth sensitivity of the XPS analysis chromiumremoving the scattered intensity from the glass substrate.
with an oxidation state of Gf dominates. Regarding the Above about 2 = 25° the spectrum shows broad structures
distinct O 2 splitting and the Cr @ position in the He typical of amorphous and nanocrystalline materials. The
spectrum in Fig. 7 an even higher oxidation state must b&vide maximum at 2 = 36° corresponds to a next neighbor

C. Pulsed plasma deposition

D. X-ray diffraction (XRD)
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UPS Hel (hv = 21.22 eV) 4 —

Sample S1 Sample S2

500 1000 1500 2000
Wavelength (nm)

Intensity (arb. units)
/>>>
Extinction Coefficient k / Refractive Index n
-t N
H |

AL B B B Fic. 9. Refractive indexn and extinction coefficienk of sample S2. The
15 10 5 0 solid line corresponds to a curve fit and the data points to a fit in which the
Binding Energy (eV) n andk values were calculated for each wavelength separately.

Fic. 7. UPS He valence band spectra of film surfaces as in Fig. 6. .
E. Optical constants
The layer-by-layer thicknesses in the film are small com-
dpared to wavelengths in the visible and infrared region. For
the closest packetl10) planes in crystalline GO, [2.48 A those wavelengths, the film appears as homogenous and the
(Ref. 19]. optical behavior can be described with effective optical con-
At 20 = 3.58° and @ = 7.01° sharp peaks are observed. Stants. The refractive indexand the extinction coefficierit

They are first and second order diffraction maxima resulting®’ Sample S2 are drawn as a function of wavelength in Fig.
from the regular layer sequence of the film. In real space: For their evaluation the film thickness as determined by

these maxima correspond to a distance of 24.6 A betweeffRD has been used. The data points result from a fitting
equivalent layers. From that length and the total number oProcedure which determines at each wavelemgéndk val-

deposition cycles a film thickness of 473 nm is inferred.  U€S- In additiom andk were modeled by exponential curves
y(\)=a+b exp(—c\). 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

distance of about 2.5 A comparable to the distance betwe

the eye.
= — The optical constanta andk may be compared to data
@ X-Ray Difiraction (Cu Ko, & = 1.54 A) published by Fan and Spufd?* They analyzed
Sample S2 Cr,04/Cr-cermet films of different composition which were

deposited by co-sputtering of a Cr and g@ytarget. If we
assume a chromium concentration of228 vol. % for our
film, our and their optical constants match in the absolute
values(see especially Fig. 8 in Ref. 2&nd in the wave-
length dependency. The increasenadis well as the decrease
of k from lower to higher wavelengths is well reproduced.

IV. CONCLUSION

A new method for the deposition of &D,/Cr-cermet

coatings has been presented. By switching on and off the
: : : | | : | oxygen flow during the rf sputtering of a Cr target, chro-

10 20 30 40 S0 80 70 80 mium and chr_omlum oxide are _deposned alternately_ and a
29 multilayered film results. The distance between equivalent
layers was determined by XRD and amounts to about 25 A .

Fic. 8. X-ray diffraction spectrum of sample S2. The contribution of the AN inténse intermixing of adjacent layers was foundiby
glass substrate has been subtracted. situ photoelectron spectroscopy measurements. The refrac-

Intensity (arb. units)
%70
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tive index n and extinction coefficienk of the composite

film were evaluated by transmission and reflectance mea-
surements. This made possible the estimation of the overall

composition. A film with 26-2 vol. % Cr was deposited
which would have been very difficult with conventional re-

,03/Cr-cermet coatings
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