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The effect of the index of refraction on the appearance of infrared bands is discussed 
for a newly developing method of obtaining the infrared spectrum of a thin layer on a 
metal surface. The term, reflection-absorption spectroscopy, is proposed as a designation 
for this technique. Band shapes and shifts are calculated for reflection-absorption spectra, 
using previously published values for t,he optical constants. Examples are shown which 
indicate that the variation of index of refraction for an extremely strong band causes 
considerable changes from the usual transmission spect,rum, but that the reflection-ab- 
sorption spectrum of a weak band is much like the transmission spectrum. The calcula- 
tions done with published data on the 609 cm-’ band of Cu& are compared with experi- 
mental results obtained with an oxide layer formed on a copper surface. 

The main purpose of the paper is to in- 
vestigate, theoretically and experimentally, 
the influence of the index of refractionf on a 
relatively new method of spectroscopy (1-S) 
which we shall call reflection-absorption 
spectroscopy (R-A spectroscopy). One of the 
motivations for the development of this 
technique is the desire to obtain an infrared 
absorption spectrum of a monolayer of 
adsorbed material on a metal surface. From 
such a spectrum, a great deal of information 
can be deduced about the constitution and 
geometric structure of the adsorbed mole- 
cules, giving insights into the basic nature 
of the adsorption process (4). In cases where 
infrared absorption bands of a gas are still 
detected after adsorption, shifts in the band 
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t The convention used in the remainder of this 
paper refers to the complex index of refraction, 
n = n - ik, where n is called the index of refraction, 
and k is the extinction coefficient. 

positions can sometimes be interpreted in 
terms of the nature of the bonding to the 
surface. It, therefore, becomes very impor- 
tant with the R-A technique to investigate 
any band shifts which appear as a result of 
the technique itself. Information on the 
magnitude of band shifts (5) to be expected 
in reflection-absorption spectra is not gen- 
erally available to the chemical spectros- 
copist, but is of critical importance to the 
interpretation of his spectra. This is also 
true of band splitting and the variation of 
absorption intensity with film thickness, 
both of which are discussed in this paper. 

The R-A technique has been applied with 
promising results to adsorbed layers of gases 
(6) and of liquids (7) as well as to the study 
of oxide layers (8) and chemically produced 
protective films (9) on metals. 

II. REFLECTION-ABSORPTION SPECTROSCOPY 

The term, reflection-absorption spectros- 
copy, is suggested here to refer specifically 
to the method of obtaining the spectrum 
of a thin layer of material located on the 
highly reflecting surface of a metal. The 
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method is that of reflecting radiation from 
the sample-covered metal surface, using the 
appropriate angle of incidence and state of 
polarization. At first glance, one is tempted 
to refer to the method as a reflection tech- 
nique and to refer to the resulting spectrum 
as a reflection spectrum. The results are very 
different, however, from the spectrum ob- 
tained by reflection from the surface of a 

bulk sample. In that case an increase in the 
extinction coefficient causes an increase in 
the reflectance and the very strong de- 
pendence on the index of refraction makes 
the bands quite asymmetrical. In the R-A 
spectrum, an increase in the extinction 
coefficient causes energy to be removed from 
the reflected radiation. The resulting spec- 
trum looks like the usual transmission 
spectrum, with absorption bands appearing 
a.s bands of reduced energy. 

At the second glance, it might appear that 
we axe actually considering a usual trans- 
mission spectrum, with the radiation being 
transmitted through the sample layer, re- 
flected at the metal surface, and transmitted 
again through the sample layer. When the 
sample layer is thin, compared to the wave- 
length of the incident radiation, this concept 
is inappropriate. The amplitude of the 
electric standing wave field in the thin layer 
becomes the important factor and the path 
length of a ray becomes meaningless. One 
might say that the problem is one of physical 
optics and not of geometrical optics. Refer- 
ence (1) gives a more complete discussion 
of this point. 

In transmission spectroscopy we usually 
associate an absorption band with the 
variation of extinction coefficient in a 
material. Actually there is a slight de- 
pendence of the position of the transmittance 
minimum on the index of refraction. We 
want to calculate the significance of such 
an effect on R-A spectra. Figure 1 shows the 
variation of the extinction coefficient, k, and 
the index of refraction, n, through the 
609 cm-l absorption band of Cu*O, as 
measured by O’Keefe (10). 

Using the method described in Ref. (I), 
we have used the data of O’Keefe to calculate 
the appearance of the reflection-absorption 
spectrum of the 609 cm-’ band of CuzO. 
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FIG. 1. The variation of n and k (G = 7~ - i/c) 
through the 609 cm-1 band of CupO. Data from 
O’Keefe (10). 

Figure 2 shows the results of this calculation 
on films of six different thicknesses, giving 
the result for one reflection at an incident 
angle of 87” from a copper surface covered 
with a layer of CuZO. 

In all the cases treated in this paper we 
treat only that component of the radiation 
polarized parallel to the plane of incidence. 
The other polarization has been shown (1) to 
be insensitive to absorption bands in the 
thin layer. The plot of the extinction coef& 
cient is given in curves a and f for compari- 
son with the peaks in the reflection-absorp- 
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FIG. 2. Reflection-absorption spectrum calculated 
for the 609 cm-’ band of a Cu,O flm on a copper 
substrate. Calculation is done for angle of incidence 
of 87” using radiation polarized parallel to the plane 
of incidence. Each plot is calculated for a diierent 
thickness film. Optical constants used for the copper 
substrate are, TL = 25.8; k = 95.0. 
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tion spectrum. The curves show several 
interesting features. 

(1) For the thin layers (Fig. 2a, b, and 
c), the R-A spectrum shows only one band 
centered at 637 cm-‘. This is a shift of 
28 cm-l from the position of the peak in the 
extinction coefficient at 609 cm-l. From 
Fig. 1 we see that the index of refraction has 
a minimum at 631 cm-l. Calculations shown 
in Ref. (1) predict an increasing absorption 
for a decreasing value of n if other param- 
eters are held constant. For these thin 
samples, the R-A band results primarily 
from the low value of n rather than the high 
value of k. 

(2) For the thicker layers, (e.g., the 
4200-A layer, Fig. 2e) two bands appear 
in the R-A spectrum; one at 640 cm-’ and 
the other at 606 cm-‘. As before, the band 
at 640 cm-’ results from the minima in n 
but, with this thicker film, we see another 
band resulting primarily from the maximum 
value of Ic. In order to develop an intuitive 
understanding of the band shifts and split- 
ting, we are discussing the effects of n and 
k on the R-A spectrum as if they were 
independent variables. We should remember 
that they are not independent; both depend 
upon the same absorption mechanism in the 
sample material. We could characterize the 
absorption process by either the variation 
of n or of k. The mathematical treatment, of 
course, take account of the simultaneous 
variation of both optical constants. 

(3) The band appearing at 637 cm-l 
for a thin oxide layer increases in intensity 
with increasing film thickness only to a 
certain point and then decreases for thicker 
films. 

It should be kept in mind that results 
shown in Fig. 2 are for a very intense ab- 
sorption band with an extinction coefficient 
of the order 50 times that of a typical, 
moderately strong band encountered in the 
infrared spectrum of short-chain hydro- 
carbon. Figure 3 shows the R-A spectrum 
calculated for the 1035 cm-r band of liquid 
benzene using optical constant data from 
Gilby et al. (11). This band of benzene is 
used because it is a moderately strong band 
with a maximum extinction coefficient of 
0.07. The plot for the thickest film includes 
a plot of the variation of Ic with wavenumber 
for comparison. For all the thicknesses 
shown in Fig. 3, the R-A band remains 
quite symmetrical and the position of the 
band coincides (to within 1 cm-l) with the 
maximum value of Ic. Unlike the situation 
for the very intense band, we see essentially 
no band shift and no band doubling in the 
R-A spectrum. The consequence of this 
illustration is quite significant for the general 
usefulness of the R-A technique. It suggests 
that the R-A spectrum of typical moderately 
strong infrared bands should be directly 
comparable with the transmission spectrum. 
Since the bulk of the infrared reference 
literature is in the form of transmission 
spectra, this is a significant feature. Note 
also that the intensity of the R-A band does 
not increases monotonically with thickness, 
but goes through a maximum value. 

III. EXPERIMENTAL CHECK OF 
PREDICTED EFFECTS 

The calculations we have done for the re- 
flection-absorption spectra of intense bands 
predict some shifts which should be easily 
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FIG. 3. Reflection-absorption spectra calculated for the 1035 cm-’ band of liquid benzene on copper. 
Calculation uses 87” angle of incidence and polarization parallel to the plane of incidence. 
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detectable by an experimental measurement. 
An experimental verification of the theo- 
retical prediction would also give us con- 
fidence in other theoretical predictions which 
we use in the design of specific experiments 
and in the interpretation of experimental 
results. 

As has been discussed, the effects of index 
of refraction on the R-A spectra are greater 
for stronger bands. The CuzO, 609 cm-’ 
band is an intense band for which we have 
optical constants data (IO), and which 
is accessible to measurement with our 
equipment. 

Measurements were made with a Beckman 
IR-9 spectrometer using the optical system 
described in Ref. (2). Figure 4 (taken from 
that reference) shows the auxiliary optical 
system and the two-mirror sample system 
used to obtain the reflection-absorption 
spectra. The copper films were deposited 
by thermal evaporation on glass sample 
plates 12 X 100 mm. The sample mirrors 
were located in the f/5 beam of the auxiliary 
optical &stem and were spaced 3 mm apart. 
This arrangement provided a spread of 
angles of incidence from about 84 to 90” 
with a maximum of three reflections for 
the extreme smaller angles of incidence and, 
more typically, one or two reflections for 
intermediate angles. Note that the require- 
ments of this investigation are not for high 
sensitivity in detecting weak spectra but 

rather for a low number of reflections to 
study a very strong band. A polarizer was 
placed just before that monochromator en- 
trance slit, polarizing both the sample beam 
and the reference beam. The polarizer is 
oriented to transmit radiation polarized 
parallel to the plane of incidence on the 
sample mirrors. 

The vacuum-deposited copper films were 
oxidized by being heated to a temperature 
of 145 f 5°C in oxygen at a pressure of 
175 f 50 Torr. Using a multiple-beam 
interference technique, we measured the 
thickness of some films of copper, when they 
were freshly prepared and after they were 
completely oxidized. If we assume that the 
oxide layer on an incompletely oxidized 
copper film has the same density as that 
of the completely oxidized film, we can 
calculate the thickness of the oxide layer 
on a copper film from two thickness measure- 
ments, made before and after the oxidation 
process. 

Figure 5 shows the infrared transmission 
spectrum of copper oxide. oThe sample was 
made by oxidizing a 500-A film of copper 
for 1000 min. The oxide was scraped off the 
glass substrate, ground with KBr, and 
pressed in a die to form a sample pellet. The 

FIQ. 4. Schematic view of optical system used 
t.o obtain reflection-absorption spectra. 
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FIG. 5. Infrared transmittance of copper oxide 
in a KBr pellet. The oxide w&s formed by completely 
oxidizing an evaporated film of copper. The film 
was oxidized in the same system at the same tem- 
perature as those used for the reflection-absorption 
spectra shown in Fig. 6. 
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band at 623 cm-’ is located in the same place 
as is the large band we obtain from a KBr 
pellet spectrum of CuzO (cuprous oxide, 
reagent, General Chemical Co.). (In Fig. 5, 
the band appears to be located at 625 cm-’ 
due to a pen-chart registration error.) This 
strong absorption band has been reported 
by Pastrniak (12) to be at 610 cm-‘, by 
Terada (18) to be at 617 cm-‘, by O’Keefe 
(10) to be at 609 cm-r and by Poling (8) to 
be at 620 cm-l. The band at 500 cm-1 agrees 
with the strong band we obtained in the 
spectrum of CuO (CuO, 99.999%, Electronic 
Space Products, Inc.) in a KBr sample 
pellet. 

One factor, which could complicate the 
results of these measurements, should be 
discussed. Wieder and Czanderna (14) report 
that $&O is not formed in thin films (200- 
2400A) by heating copper in an oxygen 
atmosphere. They report an oxide phase 
with a composition indicated by the formula, 
CUO.~~, which is stable at an oxygen pressure 
of 100 Torr for temperatures between 100 
and 200°C. Similar results are reported by 
Hapase (15). According to Wieder and 
Czanderna, CuO.e, and CuZO have the same 
X-ray diffraction and electron-diffraction 
lines. They were able to distinguish between 
CUO,~~ and CuzO by optical transmission 
(6000 A region), density measurements, and 
oxygen uptake measurements with a micro- 
balance. They conclude that CuO.67 is a 

gross, defect structure of CuZO with one 
copper atom missing per unit cell, and that, 
although CuO is the only thermodynamically 
stable oxide at 100 Torr, CUO.~, is more 
readily formed. Our density measurements 
of the oxide film agree with Wieder and 
Czanderna’s data for CuO.67. The infrared 
absorption band in the transmission spec- 
trum at 623 cm-’ which we measure for 
these samples (see Fig. 5) coincides with 
that for commercially prepared CuZO. We 
will assume that the infrared spectra of 
CuzO and CuO.67 are the same and compare 
the measurements on our films (which may 
be CuO.a,) with calculations based on the 
data of O’Keefe (10) obtained from reflection 
measurements on single-crystal copper oxide 
(which is assumed to be Cu*O). 

The measured R-A spectra of the oxide 
layer on a copper film are shown in Fig. 6 
for oxide layers of four different thicknesses. 
All four show a strong band with center at 
655 f 4 cm-l. For thicker oxide films, result- 
ing from longer oxidation time, a band 
develops at about 550 cm-‘. This band can 
be seen in Fig. 6d as a shoulder on the 
main band. We interpret the 655 cm-’ band 
to be the Cu,O (or CUO.~~) band, observed 
at 623 cm-’ in the transmission spectrum 
and the 550 cm-’ band to be the CuO band, 
observed at 500 cm-’ in the transmission 
spectrum. This represents a shift of +32 
cm-’ for the Cu?O (or CUO.~~) band, for 
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FIG. 6. Experimental reflection-absorption spectra of a copper oxide film on a copper substrate for differ- 
ent oxide thicknesses. The thicknesses of the films are: (a) 450 f 150 b, (b) 900 f 150 A, (c) 2500 f 300 & 
and (d) 4200 f 300 d. The spectra are a result of radiation having angles of incidence from 84 to 90” and 
a number of reflections which depend on the angle of incidence. 
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which we have done calculations, and a 
shift of +50 cm-l for the CuO band, for 
which we have no optical constants data. A 
trace of the 667 cm-’ band of COz can be 
seen on all curves. This results from the 
residual CO, in the unbalanced arms of the 
sample system, even after vigorous flushing 
with dry nitrogen. The 2350 cm-’ band of 
COz was monitored after each scan to 
determine the amount of uncompensated 
CO, and to insure that it did not interfere 
with the oxide band measurements. 

The shifts agree reasonably well with 
those reported by Poling (9) (+20 cm-’ 
and + 50 cm-l). Poling’s measurements were 
made at an angle of incidence of 73” and 
compared with prediction from the ap- 
proximate expressions of Francis and Ellison 
(3). These equations involve approximations 
which make them invalid for high angles of 
incidence (typically for angles greater than 
about SOO). The method described in Ref. 
(2) uses angles of incidence approaching 
90”; therefore, comparisons are needed with 
the exact calculations described in Ref. (1). 

IV. DISCUSSION 

The cause of the variation in the reported 
locations (8, 10, 12, 13) of the absorption 
band at about 623 cm-’ is not obvious. It 
could result from physical or chemical 
difference in sample material or from errors 
in spectrometer calibration. It would seem 
that the most effective way to compare 
experimental results with theoretical pre- 
diction is to compare our measured band 
shifts with the calculated shifts, rather than 
comparing band positions. We have meas- 
ured a shift of +32 cm-’ between the KBr 
pellet, transmission spectrum and the experi- 
mental R-A spectrum of copper oxide. Note 
that the copper oxide for both of these 
measurements was prepared in the same 
way, by heating the evaporated copper film 
in oxygen, and would be expected to be the 
same oxide material. This measured shift 
of 32 cm-’ is to be compared with the calcu- 
lated shift of 28 cm-’ between the peak k 
value and the R-A spectrum. The agreement 
is reasonably good. To refine the comparison 
we might investigate the small shift which 
can occur in transmission spectra. In general 

for very strong bands the transmittance 
minimum is shifted to slightly lower wave- 
numbers from the peak k value. For exam- 
ple, using O’Keefe’s data and exact expres- 
sions for transmittance (16) which take 
account of both n and li, we have calculated 
the shift expected for a thin film of copper 
oxide on a KBr slate. For films in the thick- 
ness range of a few hundred Angstroms the 
transmittance minimum is shifted -4 cm-l 
from the peak k value. Taking account of 
such effects should even improve the agree- 
ment between the calculated and experi- 
mentally determined shift between the trans- 
mission spectrum and the R-A spectrum. 

The band doubling predicted in Fig. 2 
is not observed experimentally. The R-A 
peaks calculated from O’Keefe’s data are 
much sharper than the peaks measured in 
these experiments. The broadening of the 
experimental peak shown in Fig. 6d is 
enough to wash out the calculated doubling 
of the peak, shown in Fig. 2e. Note that the 
appearance of the 500 cm-’ band in Fig. 6d 
is not evidence of this predicted doubling 
but is attributed to CuO which appears in 
thick oxide layers. Under the conditions of 
this experiment, it appears that CUO.~, (or 
Cu,O) is first formed and goes to CuO for 
long oxidation times. The broadening of 
the experimental bands may result from 
the small crystal size of the oxide layer 
grown on a thermally evaporated metal film. 
The optical constant data used for the 
calculations were derived from measure- 
ments made on single-crystal CutO. It would 
be interesting to examine the absorption 
band in an oxide layer grown on a single 
crystal copper substrate. 

The curves of Fig. 3 clearly illustrate the 
prediction that the band intensity does not 
monotonically increase with film thickness. 
(This does not appear to be the prediction 
of Fig. 2 where the band appearance is com- 
plicated by the band splitting.) The sequence 
of curves shown in Fig. 6 exhibits this 
dependence of band intensity on thickness; 
the intensity going through a maximum 
between the thickness of the film shown in 
curves 6b and d. We should keep in mind 
that the calculation treats one reflection at 
an angle of incidence of 87”, based on the 
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single-crystal optical constants. The experi- 
mental measurements are the results of a 
spread in angles of incidence with a variable 
number of reflection on polycrystalline films. 

V. SUMMARY 

The prediction of a shift in position of a 
very strong band, as seen in the R-A spec- 
trum, and of the relationship between the 
band intensity and film thickness are con- 
firmed by experimental measurements. Cal- 
culations show that the position of moder- 
ately strong bands in the R-A spectrum 
should agree with their position in a trans- 
mission spectrum. 
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