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ABSTRACT

Thin (< 5 nm) air-oxidized Cr layers are deposited on the alumina output
windows of radio-frequency klystron tubes to prevent electron multipactor by
reducing the secondary electron emission yield of the alumina surface. The top
several nanometers of these layers appear to be CraO3. To compare the measured
surface properties of these layers with those of clean stoichiometric Cr203, quasi-
bulk Cry03 layers were produced by wet-Ha-firing magnetron-deposited Cr films
on Cu substrates and characterized by x-ray photoelectron-, Auger electron- and
electron energy loss spectra and secondary electron emission yield measurements.
Other properties measured were x-ray diffraction structure, sheet resistance and
optical reflectivity. In particular, the peak of the secondary electron yield was
found to be ~1.7, which is considerably higher than the < 1 yield value reported

earlier in the literature.

The Cr;03 Cr 2p XPS core level spectrum was curve-fit using Doniach-Sunjic
lineshapes and statistical fitting methods. It is shown that each 2p level is com-
posed of three multiplet-split peaks 1.1 eV apart. In addition the three 2p;/;
peaks are folded with a 2p3/, 3d-satellite.
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1. Introduction

A common problem in high-power klystron tube manufacture is breakage
of the alumina output window due to electrical breakdown initiated by electron
multipactor (resonant multiplication of electrons generated at the high secondary
electron yield alumina surface). To prevent the multipactor, the window is usu-
ally coated with a thin (1.5-5 nm) layer of a high electrical resistivity (to pre-
clude rf losses), low secondary electron emission (SEE) yield material, such as
TiN. In searching for a less stoichiometrically complex system than TiN (whose
composition is dependent on N concentration in the gas phase during reactive
sputtering or evaporation), we have used air-oxidized Cr layers(1), based on a lit-
erature report(2) placing its secondary electron emission coefficient < 1. The SEE
yield(1) of these air-oxidized Cr layers is ~1.5, leading to a question of the actual
stoichiometry of the layers or of the accuracy of the reported value. Repeating

the measurements on bulk CrsO3 was necessary for further investigation.

The SEE yield measurement previously reported(?) was made on layers pro-
duced by the air-firing of hydrated CrO3s on alumina substrates. Using this
method, we were also able to produce green insulating layers (presumably CrzO3)
on alumina. However, we were unsuccessful in measuring the SEE yield of any
of these layers, whose colors ranged from very light green (thin layer) to medium
green (thick layer). CrzO3 has quite high resistivity; consequently, a clean layer
on alumina simply charges up and repels the primary electron beam during yield
measurement. We concluded that the measurement reported(?) was probably
done on heavily contaminated samples, whose surface was able toleak off the
charge and gave a low yield due to the presence of carbon-containing species.

Carbon is known(® to have a yield < 1.

To reliably produce CryOg3, we deposited 15 nm Cr layers on a conducting

substrate, OFHC (oxygen-free high conductivity) Cu, and followed by wet-Hs-
w firing at 1175K. This thickness of Cr20j3 is sufficient to act as bulk material for
XPS, AES and SEE yield experiments but thin enough to leak charge to the



Cu substrate. The yield of CryO3 was found to be higher than that previously
reported(?) but low enough to prevent multipactor when used on klystron win-
dows. Although x-ray photoelectron spectroscopy (XPS) results on Cr203 have
been published previously, we nevertheless include both core level and valence
band spectra here in order to confirm the chemical nature of our samples as well
as their cleanliness. By carefully curve-fitting the XPS Cr 2p levels, the multiplet

nature of these peaks is revealed.

2. Experiment

The Cr films were produced by DC magnetron sputtering from an electro-
chemically deposited 99.99% pure Cr target. The deposition conditions were: 5
x 10~2 Torr Ar at 0.2A discharge current, 300V applied voltage, 0.1 m target-
substrate separation and a deposition rate of 0.35 nm/sec. Thickness was moni-
tored using an AT-cut quartz crystal and oscillator. The Cr films were converted
to CraO3 by firing in wet-H; at 1175K for 30 minutes. To confirm that the films
were indeed Cry0g3, a thicker (2.4 ym) film was produced on OFHC copper, fired
and subsequently analyzed by x-ray diffraction. The intensities and d-spacings
are given in Table I. These were compared to chromium-based powder patterns
found in the ASTM Powder Diffraction File(*). Only four strong lines could be
identified because of the thinness of the sample; however, the d-spacings are in
excellent agreement with the file identification for chromium (III) oxide (Cr203).
The intensities are mismatched because of the apparently strong preferred orien-

tation of the deposited sample versus the powdered sample used for the reference
file.

Sheet resistance measurements were made via standard four-point probe at
room temperature. The surface analytical instrumentation (yield, XPS, Auger
electron spectroscopy (AES) and electron energy loss spectroscopy (ELS)) is

| described in detail in references 1 and 5. Those measurements were made

at room temperature as well. The binding energy references for XPS are Ag



3d; /2 = 368.2 eV and the Pd Fermi edge = 0 eV. Optical reflectivity measure-
ments were made using an IBM Model 9430 spectrophotometer equipped with

deuterium and tungsten lamps.

3. Results and Discussion

I. SHEET RESISTANCE

Additional Cr;0O3 layers were produced by the method described above on
99.6% pure alumina substrates (.15 pum surface finish) for the measurement of
sheet resistance and optical reflectivity. The resistance measurements were made
for a variety of Cr post-deposition treatments that are typically encountered
in klystron tube manufacture and to which Cry0O3-coated klystron windows are
subjected. These results are given in Table II. In particular, the CrsO3 (wet-Hs-
fired Cr) layers show the resistance expected for a completely converted Cr film,
i.e., >10'! (1/square. Additionally, these CryO3 layers on alumina show a very
light green sheen typical of thin layers of this oxide. The as-deposited Cr films

are light gray in color on Al;Os3.

One notes from Table II that there is a considerable variation in sheet resis-
tance for the baked samples. The oxidized and baked surface has some Cr metal
underlayer(!) and the surface CryO3 over the Cr may be punctured through to
remaining metal underlayer by the four-point probe, thereby explaining the low

sheet resistance values for some of the baked samples.
II. OPTICAL REFLECTIVITY

Optical reflectivity spectra (Figure 1) were measured on samples from the
same Cr depositions and firings used for samples in the sheet resistance measure-
ments. Four absorptions (250, 355, 460 and 600 nm) are visible in the spectrum
of wet-Hs-fired Cr in Figure 1. These absorptions are expected for electronic
transitions of a Cr3t ion in an octahedral crystal field and have been measured

before in Crz03(6=19), Three of these absorptions (355, 460, and 600 nm) are



spin-allowed d-d transitions while the fourth (250 nm) is apparently a charge
transfer from ligand to metal-ion, although this last appears to also be a feature

(Figure 1) of the uncoated alumina substrate as well.

The spectrum of air-exposed 15 nm Cr-coated alumina is very different from
that of the wet-Hz-fired Cr layer, although one can see the incipient absorptions,
or possibly the substrate, appearing at shorter wavelength. Our earlier study(1)
showed that only a few nanometers of this layer is CrzO3, so it is not surprising
that the optical spectra do not reveal a strong CryO3 spectrum for the air-oxidized

surface.
II1. SEE YIELD

To measure the yield of Cr2O3, a clean, stoichiometric surface is required. The
samples produced by wet-H-firing of oxidized Cr films on OHFC Cu are surface-
carbon-contaminated, as determined by AES. Ion sputter cleaning is typically
used in such cases. However, for many metal oxides, ion bombardment results
in reduction of the surface(!1) particularly at normal ion beam incidence(3:12).
Oxides with free energies of formation above 118 kcal/mole are stable against
ion bombardment at room temperature(!l), unless there is a higher oxide with
a stable intermediate. The free energy of CryO3 is 250 kcal/mole and it has no
stable intermediate, therefore, it is unlikely to decompose under bombardment.
Previous work done on the ion bombardment of metal oxides used AES(12) and
XPS(1113) to test for ion-induced oxide reduction. Our experience, however, is
that the SEE yield is more sensitive to surface changes, chemical or structural,

than is AES or XPS.

If the CryOg3 surface is reduced by bombardment, then exposure to air should
restore the oxide(1:14). Following air exposure, there will also be excess water
and hydrocarbons adsorbed on the Cr;O3 surface. That layer can be removed
by heating well below the temperature at which the oxide might be decomposed.
Sputtering our sample with a total dose of 10'® jons/cm?, 1.5 keV energy was

sufficient to render the surface carbon-free. The sample was then exposed to



room air for one hour, followed by heating at 825K in vacuum for two hours to
remove any excess water vapor or hydrocarbons. In Figures 2-7, the yield, AES,

XPS and ELS results are presented.

The AES, ELS, XPS core level and XPS valence band spectra (Figures 3-7)
are virtually identical for the sputtered, air-exposed and heated cases. We present
the heated case since we believe this, most likely, to be the clean, stoichiometric
surface. The yields measured (Figure 2) for the bombarded, air-exposed and
heated surfaces are different for the three cases, however, and are 1.67, 1.85
and 1.75, respectively. The heated value is about 15% higher than that for air-
oxidized and heated 14 nm Cr films on alumina studied earlier(!). The difference
seems to be that the actual CryO3 layer thickness in that study was 1.3 nm.
Therefore, there was a reduction of the SEE yield due to the presence of lower
yield underlying Cr metal. Trapping of secondaries due to substrate roughness(3)

may also effectively reduce the yield in the alumina substrate case.
IV. AES

The Auger electron spectrum of the heated CryO3 layer on Cu is presented
in Figure 3. Because the oxygen KLL transitions occur within the spread of Cr
LMM transitions, an attempt was not made to compare this spectrum to Cr.
The N(E) spectrum does not appear to have been published previously, possibly
because of this difficulty. The higher kinetic energy portion of the spectrum (800-
1000 eV range) does not show any Cu peaks due to the substrate, indicating that
the CryO3 XPS valence band spectrum (whose photoelectrons have similar kinetic
energy, and hence, similar escape depth) presented below does not suffer from

substrate interference.

V. XPS CORE LEVELS

Figures 4 and 5 show the Cr 2p and O 1s core levels for the heated Cr03
layer on Cu. These Cr core levels are quite asymmetrical (discussed below),
however, the peak centroid and area have been determined from lineshape fits

and compared to the literature. The binding energy positions of the Cr 2pg /2

6



level = 577.0 ¢V and O 1s level = 530.8 eV are in good agreement with literature
values of 576.8 eV(16) and 530.6 eV(17) | respectively, when the binding energy
references of the literature values are brought into agreement with those used in
this work. The Cr/O peak areal ratio for the Cr 2p3/; and O 1s peaks is 1.54.
Using published(!8) XPS sensitivity factors of 1.5 for Cr and 0.66 for O gives an
atomic ratio of Cr/0=0.68, comfortingly near the theoretical Cr;O3 atomic ratio

of 0.67.

The peak asymmetry evident in the Cr 2p data has been observed before in
transition metal compounds and commented on as being possibly due to multiplet
splitting(16:19), 34 satellites(2%), or mixed valencies(2!). Each of these possibilities

are discussed in turn.

Multiplet splitting can be observed readily in the 3s levels of Mn compounds
where the separation between the multiplet lines is often greater than 10 eV(22).
For 2p states, however, the splitting is apparently much smaller and may not be
experimentally resolvable because of overlap of the multiplet-split peaks. This
effect could account for the observed experimental asymmetry in the Cr 2p data.
Presumably, that asymmetry should be identical for both of the spin-orbit-split

2p levels - but is not, apparently because of other contributions to the lineshape.

Satellites have been observed in CrsO3 spectra where screening of the 3d ion
results in satellite lines about 11 eV B.E. above the parent 2p lines(20). The
observed asymmetry in our Cr 2p data could be due to a satellite of the 2p; /2
line coinciding with the 2p;/; line. We have, in fact, measured a 2p, /2 satellite

at 11.2 eV B.E. above the 2p, /2 core line having 15% of the areal intensity of the
2py /2 peak.

Cr303 is not a mixed valency compound so the observed asymmetry is not
due to that reason. Also, the evidence presented in earlier sections supports
our contention that only one oxide state of Cr is present. We have curve-fitted

w the experimental data of Figure 4 using a procedure previously described(!). The

theoretical peaks used in the fit have a Doniach-Sunjic lineshape characterized by



parameters such as half width, energy position, asymmetry, phonon broadening
and background. The goodness-of-fit is determined by calculating the reduced
chi-squared (x?) value(?3) for the theoretical fit to the data, an excellent fit giving
a value equal to one and good fits giving a value around two. The values of these

various parameters for the fits of Figure 4 are listed in Table III.

Because of the presence of the 2p3/; satellite under the 2p, /2 peak, the fit
requires that, if n peaks are used for the 2pg /2 Peak fit, then n 4+ 1 will be needed
for the 2p, /3 peak. In fact, it was found that a minimum n for a good fit is three.
That number also coincides with the expected number of multiplet-split levels(19).
After fitting the 2pg/; with three peaks, we placed 15% of the intensity of these
respective peaks at 11.2 €V higher binding energy than each of them, their sum
total then becoming the 2p; /2 satellite. The fitting program was then allowed
to add three additional peaks to this and fit the 2p, /2 intensity, subject to the
constraint that the energy separation between these additional three peaks be
the same as that between the three 2p; /2 peaks. That constraint simply reflects

the constancy of the spin-orbit-splitting between the 2pg /2 and 2py/; levels.

The fitting was done in two intervals, 573-582 eV and 584-591 eV because
the lineshape of the 2p3/; satellite is the same as that of the 2p3/2 peak and,
therefore, the 2p; /2 Peak had to be fit first in order to obtain the shape of the
satellite. Several points can be noted. First, the 2p; /2 fit is somewhat better than
that of the 2p, /2- All parameters were allowed to vary when fitting the 2p3 /2 peak
whereas the number of peaks and their energy positions were fixed for the 2p; /2
fit so that only the intensity of the three multiplet-split peaks could vary. It
is therefore not surprising that the fit is poorer. If more peaks had been used
in the 2p3 /2 fit then very probably the 2p, /2 Peak fit would improve. However,
that would be an unphysical result because of the requirement of no more than
three multiplet-split 2p; /2 levels(19), Second, the 15% areal intensity used for the
2p3/; satellite is a minimum area and could possibly be somewhat higher. This
happens because the 2ps /2 satellite cannot contribute to the 2p,; /2 satellite and

the 15% figure was determined by dividing the experimental 2p, /2 satellite area
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(not shown) by the total 2p, /2 peak area. Therefore 15% is an underestimate
but is probably near the correct value. A re-fit of the data using either a 20% or
a 10% contribution for the 2p; /2 satellite gives a x? value which is larger than
the 15% value, thereby supporting this contention. Third, the intensity ratios
between the pairs of spin-orbit-split 2p peaks is not constant. That also suggests

that some further contribution to the 2p,/; intensity is needed.

To our knowledge, the 2p multiplet structure of Cr;O3 has not been calcu-
lated quantitatively, so a direct comparison with theory is not presently possible.
Qualitatively(19), about equal separations in energy are expected between the
three multiplet-split components of the 2p3/; level and that is what we achieve

(~1.1 ev) for a good fit.
VI. XPS VALENCE BAND

The XPS valence band of CryO3 has been extensively studied(16:20:24-26) he_
cause of interest in 3d hole screening in transition-series insulators. Figure 6
shows the band for the heated CryO3 layer on Cu. The main features are a Cr
3d line (B.E.=2.7eV), a broad O 2p band (B.E.=7.1 eV), and a Mg Kas 4 x-ray
satellite (B.E.=14.3 eV) of the O 2s line. An expected(2?) weak Cr 3d satellite
at B.E. ~ 14.8 eV is obscured by the presence of the x-ray satellite. The inelas-
tic background in our spectrum appears to be somewhat lower than in published
spectra and may explain why our spectrum shows a larger Cr 3d/O 2p ratio. The
reason for the reduced background is not known. The energy dependence of the
instrument transmission is not a factor over such a small energy range; however,
the presence of an amorphous contamination layer would give increased inelastic
scattering. The most recent published spectrum(2°) does show lower background
and a larger Cr 3d/O 2p ratio but the surface cleanliness was unconfirmed by

XPS or AES (or at least not reported in print).
VII. ELS

There appears to be only one previously published(?”) ELS spectrum of CryO3
(prepared by heating Cr(110) in 107° torr Oy at 775K-875K for five minutes).



Our spectrum for heated CryO3 on Cu (Figure 7) is very similar, particularly
in the reproduction of a large number of features unique to CryQOj3, as opposed
to oxygen-covered Cr. Interpretation of these peaks may be found in reference
27. The bulk plasmon (~24 eV loss) appears more developed in our spectrum,
possibly due to a thicker oxide layer than in reference 27. Other than that, the

spectrum does not warrant further comment.

4. Conclusion

The results presented above show that wet-Hs-firing of Cr reliably produces
Cry03 and that the SEE yield of the clean CryOg3 surface is around 1.7. The
use of Cry0j3 layers for suppressing secondary electron emission from insulators
is technically appealing; several nanometers of Cr are deposited and then air ex-
posed to form the CryO3 layer. The high resistivity of this layer makes it ideal for
uses where the suppression of radio-frequency losses is important. Stoichiometry
is assured — Cr oxidizes in air or oxygen at room temperature and pressure to

only one oxide state. It remains stable, even in vacuum, to at least 825K (1).

Elucidation of the multiplet structure of the XPS Cr 2p levels in Crs0s3,
although not technically important, is nevertheless of interest. It is generally
accepted that in order to resolve overlapping peaks, higher resolution instruments
need be used. In particular, monochromatization of the x-ray source is usually
the first enhancement made. That would, in our case, reduce the FWHM of
the total instrument response function (made up of the x-ray linewidth and the
analyzer resolution function) from 0.75 eV to about 0.40 eV. Is that sufficient by
itself to deduce the number of peaks, and their positions, that make up the Cr

2p3/2 level, for example?

To answer this question, we have taken the three theoretical Doniach-Sunjic
lineshapes used to curve fit the Cr 2p3/, level in Figure 4 and folded them with an
instrument response having a FWHM of 0.40 eV. The result is shown in Figure 8.

Clearly, an examination of such data without statistical curve fitting would still
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not reveal the number of peaks present (or their positions). In some cases where
experimental peak separations are larger, or the natural linewidths of the peaks
are narrower, monochromatization is the answer, provided space is available on
the experimental system for the addition of an x-ray monochromator. Curve
fitting, though, is likely to be more cost effective, particularly when the loss of
intensity of non-monochromatized versus monochromatized sources is taken into

account.
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Table I. X-Ray Diffraction Results

<hkl> Reference® Reference? Measured Measured
Reflection  d-spacing (nm) I/1o d-spacing (nm) I/Io
<110> 0.2480 .95 0.2481 .04
<024> 0.1816 40 0.1810 12
<300> 0.1431 .40 0.1439 1
<226> 0.1087 .18 0.1089 17

Sample: Wet-Hj fired (1175K, 18 hours) Cr film (2.4 um thickness) deposited on
polished OFHC copper substrate.

%Reference 4.
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Table II. Sheet Resistance (£1/Square) Measurement 15nm Cr on Alumina

Sample® No. 1b 2

Deposited and
exposed to air (1.1-1.7)x10% 4.1x10?

Deposited, exposed to
air and baked in vacuo

to 823K, 170 hours 5.3x10°% to 4.2x101° 1.6x103

Deposited, exposed to
air and air-fired,

1275K, 10 min. (0.8-6.7)x101° —

Deposited, exposed to
air and wet-Hs

fired, 1175K, 30 min. >1011 >1011

¢Each sample was divided in pieces following deposition.

bThis sample was measured in five different places on its surface.
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Table III. Cr 2p Fit Peak Parameters?®

Peak No. Level Position (eV) Height® Asymmetry Half-Width (eV)

1 2p3/2 576.3 1.00 0.133 1.6
2 2p3/2 577.4 0.72 0.077 1.5
3 2p3/2 578.6 0.25 0.030 1.9
4 2D1/2 585.4 0.27 0.133 1.6
5 21 /2 586.5 0.40 0.077 1.5
6 212 587.7 0.15 0.030 1.9
7 15% of the sum of 1,2 and 3 peak areas placed at 11.2 eV

higher binding energy

¢ These parameters refer to Figure 4 and characterize Doniach-Sunjic lineshapes.

b Heights are normalized to the peak No. 1 height.
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Figure Captions

. Measured optical reflectivity spectra of an uncoated alumina substrate
(—), air-exposed 15 nm Cr-coated alumina (- - -) and wet-Hz-fired 15 nm
Cr-coated alumina (- - -). The arrows mark absorptions discussed in the

text.

. Total secondary electron emission (SEE) yield for wet-Hy-fired 15 nm Cr-
coated alumina. After 10'® jons/cm?, 1500 eV (- - -); following air expo-
sure, 1 hour at 1 atmosphere pressure (- - -); after 825K anneal, 2 hours
(—). Primary electron beam exposure during measurement was 5 x 1015

electrons/cm?/curve (4.9 keV, 2 nA beam).

. Auger electron spectrum of wet-Hj-fired 15 nm Cr-coated OFHC Cu after
ion bombardment, air exposure and heating to 825K for 2 hours. N(E) data
was collected in pulse count mode and smoothed ten times using a 5-point
polynominal. N'(E) data is the mathematical differential of the smoothed

N(E) data. Auger transition assignments are taken from reference 15.

. XPS Cr 2p levels for sample of Figure 3. Binding energy of the centroid
of Cr 2p3/2=577.0 eV. The x-ray source was non-monochromatized Mg
Kaj 2 (hv=1253.6 €V). The total instrument response (x-ray linewidth plus
analyzer resolution) is 0.75 eV FWHM. The experimental data are the
upper dots and the total curve fit is the solid line through these data points.
The fitting procedure is discussed in the text and the component parameters
for the fitting peaks 1-6 are found in Table III. Peak 7 is the 2p3/, satellite.
x*=2.49 for 2p3/, and x?=4.44 for 2p,/, total fits.

. XPS O 1s core level for sample of Figure 3. Binding energy = 530.8 eV.

. XPS valence band for sample of Figure 3. Main features are the 3d level
(1), O 2p level (2) and an O 2s x-ray satellite (3). The energy reference is
the Pd Fermi edge at B.E. = 0.
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7. ELS spectrum for sample of Figure 3. Primary energy (Ep)=300 eV, at
19.5° from normal incidence. Indicated features (arrows) coincide with

similar features in reference 27.

8. XPS Cr 2pg/; level. Dashed curve is a re-fit using the Doniach-Sunjic
lineshapes determined in Figure 4 with a pseudo-monochromatized total
instrument response function of 0.40 eV FWHM. The solid curve is the fit
from Figure 4 using a non-monochromatized response of 0.75 eV FWHM,
for comparison. The inelastic background normally added to these fits, and

used in Figure 4, has been omitted here for clarity.
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