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Abstract. We have determined the infrared optical constants of sulfuric acid solutions at intervals
of approximately 5 wt% between 45 and 80 wt% H,SOy at a temperature near 215 K. The optical
constants were determined by first measuring the transmission of infrared light (7000 to 500 cm™1)
through sulfuric acid films of varying thickness. An iterative Kramers-Kronig technique was then

used to determine the optical constants that yielded the best match between calculated and meas-

ured spectra. Finally, a fitting routine was used to create a method for interpolating between the
sulfuric acid compositions where optical constants were measured. The optical constants deter-
mined here differ considerably from those measured at warmer temperatures using reflection tech-
niques. For some frequencies and compositions, the imaginary refractive index is more than twice
as large as was previously measured at 300 K. The change in optical constants has significant
implications for retrievals of aerosol mass and composition from satellite measurements.

1. Introduction

Sulfuric acid aerosols (SAA) are present throughout Earth's
troposphere and stratosphere. Because sulfuric acid is highly
hygroscopic, the composition of these acrosols varies greatly
with the local relative humidity. As a result, SAA composi-
tion is a strong function of the temperature and water partial
pressure, as has been modeled in theoretical studies [Steele
and Hamill, 1981; Tabazedeh et al., 1997]. Tropospheric
SAAs can vary between 10 and 70 wt% H,;SO,4 when they are
not partially neutralized with ammonia. Stratospheric SAAs
are composed of 40 to 80 wt% H,SO, depending on the local
conditions.

Recent laboratory studies have shown that several hetero-
geneous reactions may occur on and in SAAs. Some of these
reactions have exhibited composition-dependent kinetics. For
example, CIONO, hydrolysis on 40 wt% H;SO4 occurs at a
rate more than 100 times greater than it occurs on 75 wt%
H,S04 [Hanson and Ravishankara, 1991]. Thus, to correctly
model the heterogeneous chemistry, the aerosol composition
must be accurately known under a variety of atmospheric con-
ditions. Although the composition of sulfuric acid aerosols
has been predicted by thermodynamic models, ficld and labora-
tory studies of SAAs are needed to verify the accuracy of these
models.

In addition to varying with particle composition, chemical
reaction rates will increase with particle surface area or particle
volume. Satellite measurements of infrared extinction from par-
ticles are often used to retrieve these parameters by measuring
the size and mass loading of the particles. For example, recent

Copyright 1998 by the American Geophysical Union.

Paper number 98JD02457.
0148-0227/98/98JD-02457$09.00

measurements of solar occultation spectra have been made with
the atmospheric trace molecule spectroscopy (ATMOS) Fourier
transform infrared (FTIR) spectrometer aboard the space shuttle.
Attempts to fit these spectra with room temperature optical
constants corrected to stratospheric temperatures with the
Lorentz-Lorenz relationship led the authors to conclude that
the most significant discrepancy between the calculated and
measured spectra was caused by errors in the low temperature
optical constants of sulfuric acid solutions [Rinsland et al.,
1994]. Another study estimated the effective radius, surface
density, and volume density of stratospheric aerosols using
the emission at 12.1 pm (821 cm’!) measured by the improved
stratospheric and mesospheric sounder (ISAMS) instrument.
The authors noted that the use of room temperature optical
constants limited their certainty in determining the volume,
surface area, and effective radius of aerosol particles [Grainger
et al., 1995].

Satellite measurements are also used to determine the radia-
tive effect of aerosols. For example, sulfuric acid aerosols are
greatly enhanced after volcanic eruptions. In this case, radia-
tive heating of the particles, mainly at infrared wavelengths,
has been found to heat the tropical stratosphere and alter
stratospheric dynamics significantly [Kinne et al., 1992;
Young et al., 1994]. In addition, the aerosols alter the Earth's
radiative budget, cooling the surface-atmospheric system
[Minnis et al., 1993]. These radiative effects depend upon
aerosol mass and surface area.

The optical constants of a material are often referred to as
the real and imaginary refractive indices, which can be com-
bined into the complex refractive index, fi = n-ik. Optical
constants for sulfuric acid solutions in the atmospheric range
of composition have been measured previously under some-
what limited conditions. Remsberg et al. [1974] used attenu-
ated total reflection (ATR) infrared spectroscopy to measure

25,353



25,354

the optical constants at room temperature between 1600 and
750 cm! for 75 and 90 wit% H,SO, compositions. Palmer
and Williams [1975] used a direct reflection technique to
measure the optical constants between 27,800 and 400 cm! at
room temperature for six compositions between 25 and 95.6
wt% H;SOy4. Finally, Pinkley and Williams [1976] measured
the optical constants between 6000 and 400 cm’! at 250 K for
75 and 95.6 wt% H,SO,4 compositions, again using direct re-
flection.

Although these studies agree qualitatively with each other,
there are some significant differences for 75 wt% H,SO,, the
one composition at which all three studies made measurements.
This is especially true between 750-1000 cmr!, where the
imaginary indices of Remsberg et al. [1974] for 75 wt%
H,S0y4 are nearly a factor of 2 larger than those of Palmer and
Williams [1975] and Pinkley and Williams [1976] at some
frequencies, and between 400-600 cm’l, where the Palmer and
Williams imaginary indices are in some cases more than a factor
of 2 larger than those measured by Pinkley and Williams.
Also, no study has yet determined the optical constants of
H,S04 solutions at temperatures below 250 K, although re-
cent studies have shown that the infrared spectra of these solu-
tions change significantly at lower temperatures [Middlebrook
et al., 1993; Anthony et al., 1995; Clapp et al., 1997].

We have used transmission FTIR spectra to determine the
optical constants of thin films of HSO,, a technique described
by Kozima et al. [1966]. Several previous measurements of op-
tical constants have been made using this technique [Verleur,
1968; Nilsson, 1968; Masterson and Khanna, 1990; Pearl et
al., 1991; Toon et al., 1994]. We have measured the infrared
optical constants of H,SO4 solutions at approximately 215 K
at 5 wt% intervals between 45 and 80 wt% H,SO,4. For the
imaginary refractive index, we report values from 3650 to 500
em’l, while we report values of the real refractive index from
7000 to 500 cm’l. Finally, we present a scheme for fitting the
measured optical constants to allow calculation of optical
constants at any composition between 45 and 80 wt% H,S0,.

2. Measurements of the Infrared Spectra

The apparatus used to measure the infrared spectra of sulfu-
ric acid solutions has been fully described previously and is
depicted in Figure 1 [Tisdale et al., 1997]. Briefly, the infrared
spectra were obtained from thin films of H,SO4/H,0 con-
densed onto a cold 50-mm diameter silicon wafer mounted in a
vacuum chamber. The films were made by dosing layers of SO;
and water through leak valves and onto the silicon at low
temperature, followed by annealing to form H,SO4
[Middlebrook et al., 1993]. Water was admitted to the cham-
ber through a nondirect dosing port, while SO; was directly
dosed onto the surface to form one-sided films. To form a film, a
layer of water approximately 0.07-0.2 pm thick was first dosed
onto the silicon at 150 K. Next, a layer of SO3, followed by
another layer of water, was dosed on top of the thin water layer
at 150 K. To prevent desorption of the SOs, the ratio of the
thickness of the water film to that of the underlying SOj film
was approximately 7:1. The thickness of the top two layers
was varied in different experiments to obtain different H,SO,
film thicknesses. The H,0-SO3-H,O dosing sequence was
used to avoid the formation of SO3; dimers in the film [Guldan
et al., 1995]. Finally, the film was warmed in steps to 180 K,
then to 210 K to promote reaction to H;SO4. Excess H,O
desorbed during the second reaction step, leaving a film of ap-
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Figure 1. Schematic diagram of the experimental apparatus.

proximately 75-80 wt% H;SO,4. To obtain more dilute compo-
sitions of H,SOy,, additional water vapor was added to the
chamber through a leak valve. The water partial pressure was
measured using a capacitance manometer which was zeroed us-
ing an ionization gauge.

The temperature of the silicon was measured with type T
thermocouple junctions. These thermocouple junctions were
attached to a copper heating plate in close thermal contact
with the silicon. To correct for any differences in temperature
between the silicon and the copper plate, the temperature
measurements were calibrated daily using the ice frost point as
described by Iraci et al. [1995]. The experimentally deter-
mined silicon temperatures from the frost points agreed with
the thermocouple temperatures to within 6 K. Here we report
the thermocouple temperatures of the copper plate corrected to
the ice frost point for the silicon.

The infrared absorbances of the films were measured in
transmission using collimated light from a Nicolet Magna 550
FTIR spectrometer. The infrared spectra presented here were
collected using 4 cm™! resolution with 16 scans coadded. For
the determination of the optical constants, the spectral resolu-
tion was reduced to 8 ecm’l. An illustration of light passing
through the film and substrate is shown in Figure 2. There are
an infinite number of reflections at each interface, with some of
the light reflected and transmitted each time an interface is en-
countered. Fortunately, the infinite sum of transmission terms
is easily calculated. The optical model used is from Heavens
[1955] and is fully described by Toon et al. [1994]. We have
assumed that a slight film exists on the back of the silicon wa-
fer. Because of our direct dosing technique, we expect that
very few molecules will stick to the back side of the silicon
and that the film will be primarily one-sided. In support of this
assumption, double-sided films of nearly equal thickness show
optical interference patterns of much higher amplitude than
those observed in our experiments. We therefore assume that
the thickness on the back side of the silicon is 1% of that on
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Figure 2. A simplified illustration of the geometry of our ex-
periment. The light strikes the film at normal incidence, but
here the light is shown as striking the film at an angle to the
normal, so that multiple reflections can be shown. Theoreti-
cally, there are an infinite number of reflections at each inter-
face, but only a small number of reflections are shown for clar-

ity.

the front side. This assumption was examined and will be dis-
cussed in the section on errors.

The composition of the H,SO, films was varied by chang-
ing the water partial pressure in the chamber and in some cases
by also changing the temperature of the silicon wafer. In this
manner, we were able to obtain film compositions between ap-
proximately 45 and 80 wt% H,SO, at temperatures of approxi-
mately 215 K. Films of different thicknesses are necessary for
the analysis and were obtained in different experiments. Be-
cause differences in temperature could not be avoided in differ-
ent experiments, some films were at slightly different tempera-
tures than others. Table 1 lists the range of film temperatures
for each composition.

Because we are unable to determine our film composition di-
rectly, the composition of the films was determined using a
calibration from infrared spectra of H,SO, films. The model of
Tabazedeh et al. [1997] was used to calculate the wt% H,;SOy
from the measured temperature and water partial pressure for a
number of data points. The infrared spectral data was then fit to
the wt% H,SO4 predicted by the model. Only data points
where the water pressure and temperature were accurately
known were used for the calibration. The composition for all
the other data points was then determined using the calibra-
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Figure 3. Calibration plot for film composition from thin film
spectra. The wt % H,SO4 was determined from the model of
Tabazedeh et al. [1997] using measured temperatures and wa-
ter partial pressures. Absorbances are from thin film spectra
over a range of film thickness. The diamonds are the data, and
the solid curve is the fit to the data.

tion. The data used for the calibration were from three separate
experiments, each with different film thickness. The film thick-
nesses ranged from approximately 0.75 to 4.0 pm. The calibra-
tion uses two regions of the OH stretching region and a com-
mon baseline. Baseline corrected integrated absorbances were
calculated for the regions 3450-3350 cm’! (referred to as
As400) and 3050-2950 cm! (referred to as A3qgg) with a base-
line drawn between 3750 and 2400 cm*!. These regions are in
the peaks assigned to the O-H stretch for water molecules and
for H,SO,4 molecules, respectively [Guldan et al., 1995]. The
ratio of A340p to the A3zggp Was fit as a function of the wt%
H,80, in solution to the following functional form:

Ass00 _ b

A 000 In(wi%H ,50,)

0y

The calibration data used and the fit to the data are shown in
Figure 3. The parameters of the fit were a=-17.101 and
b=76.592. This calibration was used to calculate the composi-
tion of each film from its infrared spectrum and to choose films

Table 1. Characteristics of Films Used in Optical Constant Determinations

Nominal Number Film Thickness, Film Temperature, Composition,
wt% of Films um Coherence K wt% H,SO,
45.2 3 1.70-4.08 0.31-0.74 203-222 45.2
50.0 3 123-2.99 0.58-0.81 209-222 49.9-50.1
55.1 3 1.14-2.57 061-0.81 213-222 55.0-552
61.6 4 1.04-2.81 013-0.82 214-221 61.6-61.7
65.3 5 0.95-2.63 0.31-0.89 214-218 65.2-65.5
70.2 5 0.85-2.36 0.46-0.94 211-218 70.2-70.3
75.0 5 0.76-2.14 0.49-0.96 211-218 75.0
80.0 3 1.07-1.72 0.57-0.73 214-219 79.9-80.0
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of similar composition for use in the determination of optical
constants.

For each composition studied, the average composition and
the range of compositions for the films used in the analysis are
listed in Table 1. The 95% confidence limits for this calibra-
tion are within 0.3 wt% of the predicted composition.

3. Theory of Optical Constants

The theory used to determine the optical constants has been
previously described by Toor et al.[1994] and will only be
discussed here briefly. We begin our analysis by estimating
the thickness and coherence of the films using the optical in-
terference pattern of the spectrum between 3700 and 7000 cm.
To do this, initial guesses of the optical constants are required.
We estimate the real indices by employing a Lorentz-Lorenz
temperature correction on the data of Palmer and Williams
[1975]. This was done using the expression [Yue and Deepak,

1981]:
n(T) = }w @
1-Fp(T)
where
n*(Ty)-1
[n2(1,)+2]p(r, @)

and Ty is a reference temperature at which both n and p, the
density, are known. The real indices at 300 K from Palmer
and Williams [1975] were used, and densities were interpo-
lated at 300 K and extrapolated to 215 K using data from Perry
and Green [1984] from 273-373 K. The Lorentz-Lorenz cor-
rection should be a valid approximation as there are no major
absorption bands in this spectral region. The imaginary indi-
ces of Palmer and Williams were used with linear interpolation
between frequencies and compositions. Because the imaginary
index is very small in this spectral region, changes due to tem-
perature should have minimal effect on estimation of the film
thickness.

The coherence of the film is an approximation used to deal
with nonuniformities in film thickness which cause damping of
reflected light. This method is discussed more completely in a
similar study by Toon et al. [1994]. A coherence of 1 indicates
that the film is perfectly flat, while a coherence of 0 indicates
that the film is uneven enough that no constructive interfer-
ence is observed. To minimize ripples in the sulfuric acid films,
the silicon was mounted horizontally. However, some films
were still not perfectly flat. Although the films are su-
percooled liquid sulfuric acid solutions, the viscosity and
surface tension of sulfuric acid solutions at the low tempera-
tures of the film are very high. This can cause slight "beading"”
of the films which in some cases results in minor loss of coher-
ence of the film. In other cases, it can render the film so inco-
herent that a calculation of the film thickness is impossible.
Therefore incoherent films were not used in our analysis. Vis-
ual inspection of the films insured that the films used in the
analysis were wetted to the silicon surface, at least on a macro-
scopic scale. A film which is fairly incoherent (even a coher-
ence of ~0.1) can still show oscillations due to interference.
Because the film thickness is determined by the period rather
than the amplitude of the oscillation, it is essential that the pe-
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riods of the oscillations in the measured and calculated spectra
are matched. All films used in our analysis showed clear oscil-
lations in the 4000-7000 cm’! region, and the oscillations of
the measured and calculated spectra had similar periods. Al-
though coherence may be a frequency dependent parameter, we
have assumed that it is independent of the frequency. This may
lead to small errors in the derived optical constants, but the
effect will be lessened in areas where the absorbance is high. It
should be pointed out that the problems resulting from
nonuniform films may extend to, and may in fact be more severe
for, determinations of optical constants using reflection spec-
tra. Previous reflection studies of H,SOy4 have not considered
the possible effects of non-uniform films. Table 1 lists the
range of thicknesses and coherences for the films used for each
composition studied.

The determination of the optical constants is an iterative
process with two steps that are repeated until a converging so-
lution is reached. First, the thickness and coherence of the
films are calculated by minimizing the squared difference be-
tween the calculated and measured absorbances of the spectra
in the region above 4000 em! [Press et al., 1989]. For the first
time through the iterative loop, the estimated refractive indices
are used to calculate the thickness and coherence. After that,
the newly calculated refractive indices are used. Second, the
refractive indices are adjusted, as described below. This over-
all sequence is repeated five times.

To adjust the refractive indices, the imaginary refractive in-
dex at each frequency is first determined to minimize the
squared error between the calculated and measured spectra for
all films simultaneously. Then, the values of n at each fre-
quency are calculated using the Kramers-Kronig relationship

2 2
2\ v _vws] °j: kv’

)

where P indicates that the principal part of the integral is
taken, and the subscript vis indicates that values in the visible
are used, in our case at 14,000 cm!. These two steps are re-
peated five times. Each time, the refractive indices are adjusted
unless both the real and imaginary refractive indices change
less than 1% from the previous step or the total error between
the measured and calculated absorbance spectra drops below
1x10°4. In these cases, the calculation of the refractive indices
is terminated at the end of the sequence, and the thickness and
coherence are calculated again.

To calculate the Kramers-Kronig integral, some assump-
tions are necessary. The integral is performed from 0 to
185,800 cm™l. Below 500 cm’! and above 7000 cm’l, it is as-
sumed that the imaginary indices remain constant at the values
at 500 and 7000 cm’!, respectively. Above 7000 cm™!, this is a
good assumption since little absorption is expected at those
frequencies. Because the imaginary indices are very low in
this region, the calculation of the Kramers-Kronig integral
will not be affected significantly. The assumption of constant
imaginary index below 500 cm’l, where the imaginary indices
are larger, is not as good. Both assumptions were explored and
will be discussed in the section below on errors.

In the step where the imaginary refractive indices are ad-
justed, it is necessary to minimize the error between the meas-
ured and calculated absorbances of the film. In this step, the
films were weighted by dividing the error calculated for each
film by the maximum absorbance measured for that film. Other

nv)=n, +



methods of weighting the spectra could be used, one of which
is discussed in the section on errors.

Preliminary studies showed that our determination of the
imaginary indices was inaccurate above approximately 3650
em-!. As aresult, we did not allow the model to iterate on the
imaginary index in this region since this might lead to errors
in the calculated film thicknesses. Instead, the imaginary index
was assumed to exponentially decay in the same qualitative
manner as was measured by Palmer and Williams [1975].
This was done by fitting the Palmer and Williams data for all
compositions to a curve of the form

k(v) _ k4000e—c (Vz—40002] (5)

where kggoo is the average of the imaginary indices at 4000
em’!. The parameters of the fit were kggoo = 0.0036 and ¢ =
1.4086x10°7. For our analysis, the value of kyggo from fitting
the spectra was used to calculate the imaginary indices for fre-
quencies above 4000 cm’}, using the same value of ¢ obtained
in the fit. Therefore the imaginary indices in the range above
4000 cm! could slide up and down based on changes in k4ggo,
but always decayed with a constant slope described by equa-
tion 5. These imaginary indices were used in the calculations
of the real refractive indices using the Kramers-Kronig integral
as well as in the iterations on the film thicknesses and coher-
ences.

The visible refractive indices at 14,000 cm™! were calculated
using a Lorentz-Lorenz temperature correction of data from
Palmer and Williams [1975] using equations 2 and 3 . Den-
sities of sulfuric acid solutions measured optically at 221 and
195 K by Beyer et al. [1996] were within 1% of the densities
calculated by a linear extrapolation from higher-temperature
density data. The Beyer et al. [1996] study supports the valid-
ity of using the Lorentz-Lorenz correction to calculate low-
temperature densities and refractive indices in the visible fre-
quency region. Note that in the work of Toon et al. [1994], the
visible refractive indices were not known and a separate itera-
tion of the Kramers-Kronig program was required to determine
them.

4. Optical Constants of HySO4 Solutions

The optical constants were measured for eight compositions
between 45 and 80 wi% H,S0O,4. In Figure 4, calculated ab-
sorption spectra (dotted lines) are compared with the measured
spectra (solid lines) for three of these compositions (50, 65,
and 75 wt% H,SO,) for a few of the film thicknesses used in
the analysis. The relative differences between the spectra are
also plotted in each frame over the range 3650-500 cml. The
calculated and measured spectra match quite well in both the
nonabsorbing region above 3700 cm’! and the absorbing re-
gions at lower frequency. With the exception of 45 wt%
H,S0y4, the comparisons for the other compositions (not
shown) are similar to the comparisons for 50, 65, and 75 wt%
H,S04. The spectral matching was poorer for 45 wt% H;SOy,
as discussed in the section on errors. The film thicknesses
studied ranged from 0.76 pm to 4.08 um, although in general,
the more concentrated films were thinner. The coherence of the
films generally decreased as the film thickness increased, and
varied between 0.13 and 0.94, although most films had a co-
herence greater than 0.4. Table 1 lists the range of film thick-
nesses and coherences for the compositions studied.

The measured optical constants for 45-61 wt% and for 65-80
wit% are reported in Tables 2 and 3, respectively. The real and
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imaginary indices are only tabulated for a subset of the frequencies
for which they were measured. The 120 frequencies reported were
chosen to minimize the percent difference between the measured
values and values obtained from linear interpolation between the
reported values. The maximum and mean percent errors from
interpolation are reported in Table 4 for both refractive indices for
each composition. Refractive indices at all frequencies measured
are available as supporting material through this journal.! The
optical constants for 50, 65, and 75 wt% H,SO, solutions are also
shown graphically in Figure 5.

The imaginary indices reported in Tables 2 and 3 cover the
range 3650-400 cm!, while the real indices are reported for the
range 7000-400 cm™!. The low values of transmittance between
7000 and 3650 cm’! result in unreliable measurements of the
imaginary index in this frequency range. To determine the re-
gion where measurements of the imaginary index are unreliable,
the imaginary indices calculated by two different error weight-
ing methods were compared. The imaginary indices for some
compositions were found to differ from the average by more
than 5% for frequencies above approximately 3650 cm’!. An
analysis of the imaginary refractive indices indicates that the
transmittance at the frequency where the difference in these
methods becomes large is approximately t=0.8, which is the
upper value of transmittance deemed reliable by Toon et al.
[1994] and Warren [1984]. Thus we report the imaginary in-
dex only at frequencies where the transmittance is below 0.8.
A minimum value for k can be calculated using the equation

At=exp(-4rnkdv) 6)
where At is 0.8, d (cm) is the thickness of the thickest film used
in the analysis of a particular composition, and v is the fre-
quency {cm™!). A plot of kyin versus frequency is included in
Figure 5. From the values of kpjn(v), we conclude that our
imaginary refractive indices are reliable at all frequencies be-
low 3650 cm!. Although the imaginary indices at frequencies
above 3650 cm! are unreliable, the measured values are low
enough so that effects on n (calculated using the Kramers-
Kronig relationship) are minimal. This was confirmed by tests
of the model, which are described later in the section on errors.
Also, as discussed in the previous section, the imaginary indi-
ces above 4000 cm™! were constrained in order to prevent arti-
ficial effects on the film thicknesses and coherences determined
from the spectra in this region.

Our measured refractive indices are compared with refractive
indices determined in other studies in Figures 6 and 7. In Fig-
ure 6, our values for 75 wt% are compared with the values for
75 wt% measured at 300 K by Remsberg et al. [1974], at 300
K by Palmer and Williams [1975], and at 250 K by Pinkley
and Williams [1976]. Figure 7 compares our values for 50
wt% H,SO,4 with those measured at 300 K by Palmer and
Williams [1975].

The overall shapes of our refractive index curves for 75 wt%
H,S0, agree with previous studies. There are, however, large
differences in the absolute magnitude of the imaginary indices.
For example, for 75 wt% H,S0y4, the imaginary indices we
measured are higher than those measured by both Palmer and
Williams [1975] and Pinkley and Williams [1976], by nearly
a factor of 2 between 700 and 800 cm™!. On average, our imagi-
nary index values for the complete frequency range of each
study were 1.04, 1.31, and 1.45 times larger than those of

'Supporting data tables are available on diskette or via Anonymous FTP
from kosmos.agu.org, directory APEND (Username = anonymous,
Password = guest). Diskette may be ordered from American Geophysical
Union, 2000 Florida Avenue, N.-W , Washington, DC 20009 or by phone
at 800-966-2481; $15.00. Payment must accompany order.
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Figure 4. Observed absorption spectra of (top) 50, (middle) 65, and (bottom) 75 wt% H,SO4 films (solid
lines) and a theoretical spectrum (dots) based on the optical constants in Tables 2 and 3. The curve in the
lower box for each frame is the residual of the two absorbances, calculated as (observed-
theoretical)/(observed). The film thickness for each spectrum is plotted in the upper left corner of the frame.
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Table 2. Optical Constants of 45.2, 50.0, 55.1, and 61.6 wt% H,SO, Solutions

452 wt% 50.0 wt% 55.1 wt% 61.6 wt%
cm’ n k n k n k n k
499.5 1.989 0.400 2.013 0.421 2.032 0.435 2.067 0.426
503.3 1.887 0.403 1.905 0.426 1.920 0.440 1.958 0.429
511.1 1.835 0.404 1.848 0.422 1.861 0.437 1.903 0.428
5149 1.827 0.405 1.840 0.425 1.853 0.438 1.895 0.428
538.1 1.812 0.416 1.828 0.434 1.842 0.448 1.897 0.442
549.6 1.813 0.425 1.832 0.445 1.848 0.460 1.912 0.460
553.5 1.814 0.430 1.834 0.450 1.854 0.461 1.920 0.470
561.2 1.816 0.440 1.842 0.465 1.864 0.487 1.935 0.508
568.9 1.820 0.459 1.846 0.498 1.869 0.534 1.932 0.579
572.8 1.819 0.472 1.842 0.519 1.859 0.563 1.911 0.621
576.6 1.816 0.486 1.831 0.541 1.838 0.590 1.874 0.654
584.4 1.802 0.513 1.795 0.575 1.785 0.618 1.793 0.669
592.1 1.780 0.539 1.754 0.591 1.730 0.625 1.727 0.656
607.5 1.705 0.574 1.657 0.594 1.627 0.599 1.623 0.604
622.9 1.627 0.541 1.589 0.533 1.571 0.520 1.575 0.507
626.8 1.617 0.529 1.583 0.514 1.569 0.500 1.577 0.482
642.2 1.583 0.478 1.564 0.457 1.559 0.441 1.584 0.423
653.8 1.581 0.449 1.568 0.423 1.569 0.407 1.599 0.391
673.1 1.585 0.421 1.583 0.391 1.591 0.375 1.625 0.359
7001 1.583 0.400 1.595 0.367 1.612 0.350 1.653 0.339
773.4 1569 0.349 1.613 0.322 1.644 0.316 1.701 0.314
792.7 1.572 0.335 1.624 0.311 1.657 0.309 1.718 0.312
796.6 1.573 0.332 1.627 0.311 1.661 0.309 1.722 0.312
819.7 1.581 0.318 1.643 0.304 1.680 0.306 1.744 0.315
823.6 1.583 0.315 1.647 0.302 1.685 0.306 1.749 0.317
839.0 1.593 0.308 1.663 0.304 1.703 0.312 1.771 0.326
854.4 1.606 0.305 1.680 0.311 1.724 0.325 1.796 0.346
866.0 1.617 0.308 1.693 0.323 1.738 0.344 1.813 0.373
873.7 1.622 0.312 1.699 0.335 1.742 0.364 1.819 0.401
881.4 1.626 0.317 1.699 0.351 1.738 0.384 1.812 0.435
889.2 1.628 0.322 1.693 0.364 1.725 0.404 1.789 0.465
896.9 1.626 0.327 1.682 0.372 1.706 0412 1.757 0477
900.7 1.625 0.328 1.676 0371 1 696 0.412 1.740 0.475
904.6 1.624 0327 1671 0.370 1.687 0.408 1.725 0.470
908.4 1.624 0325 1.668 0.366 1.680 0.402 1713 0.461
923.9 1.633 0.318 1.673 0.349 1.681 0.375 1.707 0.413
9316 1.642 0.317 1.683 0.347 1.693 0.367 1.721 0.399
939.3 1.653 0.319 1.696 0.348 1.709 0.366 1.741 0.396
9470 1.665 0.325 1.711 0.354 1.724 0.373 1.760 0.402
958.6 1.680 0.342 1.729 0.374 1.745 0.391 1.784 0.422
970.2 1.689 0.367 1.740 0.403 1.756 0.420 1.799 0.452
985.6 1.680 0.386 1.733 0.430 1.754 0.453 1.802 0.490
989 5 1.685 0.381 1.736 0.431 1.756 0.456 1.804 0.496
997.2 1.705 0.395 1.753 0.447 1.771 0.473 1.817 0.518
1008.8 1.719 0.439 1.760 0.499 1.776 0.528 1.820 0.577
1028.0 1.699 0.517 1.721 0.586 1.728 0.616 1.764 0.679
1043.5 1.653 0.570 1.654 0.632 1.649 0.664 1.667 0.723
1055.1 1.605 0.586 1589 0.638 1.580 0.656 1.589 0.707
1070.5 1.564 0.593 1.555 0.615 1.542 0.616 1.547 0.648
1085.9 1.517 0.611 1.523 0.621 1.528 0.609 1.548 0.627
1101.3 1.456 0.621 1.478 0.621 1.501 0.610 1.541 0.632
1109.1 1.424 0.613 1.455 0.615 1.489 0.612 1.535 0.639
1132.2 1.343 0.574 1.404 0.604 1.446 0.618 1.499 0.674
1147.6 1.300 0.536 1.363 0.592 1.405 0.624 1.443 0.702
1166.9 1.262 0.476 1.302 0.564 1.328 0.612 1.346 0.691
1193.9 1.248 0.398 1.247 0.483 1.254 0.536 1.255 0.608
1217.1 1.250 0.349 1.226 0.421 1.216 0.466 1.203 0.534
1236.4 1.257 0.306 1.221 0.360 1.204 0.395 1.181 0.451
1248.0 1.269 0.284 1.232 0.323 1.213 0.352 1.189 0.403
1259.5 1.282 0.268 1.249 0.297 1.231 0.320 1.208 0.365
1271.1 1.295 0.256 1.268 0.281 1.253 0.300 1.231 0.340
1282.7 1.306 0.249 1.284 0.270 1.271 0.288 1.251 0.328
1302.0 1.320 0.240 1.304 0.260 1.291 0.277 1.268 0.317
13213 1.330 0.231 1.315 0.253 1.301 0.268 1.274 0.302
1348.3 1.340 0.221 1.325 0.239 1.311 0.249 1.283 0.271
1363.7 1.346 0.214 1.331 0.230 1.319 0.238 1.294 0.256
1398.4 1.360 0.202 1.348 0.213 1.339 0.219 1.320 0.230
1456.3 1.381 0.187 1.374 0.195 1.367 0.198 1.355 0.206
1521.9 1.408 0.177 1.407 0.182 1.402 0.182 1.394 0.287
1541.2 1.419 0.175 1.419 0.181 1.415 0.179 1.409 0.184
1579.8 1.444 0.185 1.447 0.188 1.446 0.186 1.442 0.189
1595.2 1.453 0.194 1.459 0.198 1.458 0.196 1.456 0.198
1618.3 1.461 0.218 1.469 0.222 1.470 0.219 1.470 0.219
1637.6 1.453 0.239 1.464 0.243 1.469 0.238 1.473 0.241
1672.4 1427 0.255 1.447 0.266 1.455 0.267 1.463 0278
1707.1 1.408 0.263 1.424 0.286 1.430 0.291 1.430 0.308
1726.4 1.393 0.267 1.405 0.292 1.407 0.298 1.404 0.311
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TISDALE ET AL.: INFRARED OPTICAL CONSTANTS OF H;S0O4 SOLUTIONS

45.2 wt% 50.0 wt% 55.1 wt% 61.6 wt%
cm’! n k n n k n k

1757.2 1.367 0.261 1.372 0.287 1.374 0.291 1.368 0.300
1815.1 1.336 0.229 1.336 0.252 1.336 0.254 1.332 0.258
1869.1 1.327 0.195 1.324 0.215 1.326 0.216 1.325 0.217
1930.8 1.334 0.164 1.331 0.181 1.334 0.181 1.335 0.181
1988.7 1.348 0.147 1.345 0.162 1.349 0.162 1.353 0.162
2054.3 1.362 0.140 1.359 0.153 1.364 0.153 1.371 0.153
21469 1.371 0.136 1.370 0.149 1.377 0.150 1.387 0.153
2197.1 1.373 0.134 1.372 0.148 1.380 0.151 1.390 0.156
22704 1.374 0.130 1.372 0.145 1.379 0.149 1.388 0.155
2332.1 1.375 0.124 1.372 0.139 1.379 0.144 1.389 0.149
2397.7 1.379 0.117 1.375 0.132 1.383 0.138 1.395 0.146
2548.1 1.396 0.109 1.389 0.127 1.392 0.137 1.400 0.151
2679.3 1.409 0.116 1.396 0.132 1.396 0.141 1.401 0.156
2845.2 1.417 0.128 1.396 0.143 1.389 0.154 1.386 0.174
2976.4 1.429 0.143 1.395 0.150 1381 0.156 1.365 0.172
3026.6 1.434 0.155 1.397 0.155 1.379 0.157 1.359 0.169
3092.1 1.438 0.181 1.398 0.170 1.378 0.164 1.354 0.167
3242.6 1.384 0.260 1.361 0.220 1.350 0.195 1.332 0.174
3350.6 1.293 0.280 1.294 0.235 1.299 0.206 1.296 0.176
3396.9 1.241 0.269 1.253 0.227 1.266 0.198 1.272 0.168
3443.2 1.194 0.236 1.215 0.201 1.234 0.176 1.249 0.149
3485.7 1.163 0.191 1.191 0.164 1.214 0.146 1.235 0.124
3489.5 1.161 0.186 1.189 0.161 1.213 0.143 1.234 0.122
3493.4 1.159 0.182 1.187 0.157 1.211 0.139 1.233 0.119
3497.2 1.158 0.177 1.186 0.154 1.210 0.136 1.232 0.117
3539.7 1.149 0.125 1.178 0.111 1.203 0.100 1.227 0.087
35474 1.150 0.115 1.178 0.103 1.203 0.093 1.227 0.081
3586.0 1.161 0.071 1.185 0.065 1.209 0.061 1.233 0.054
3593.7 1.164 0.063 1.188 0.058 1.212 0.054 1.235 0.049
3609 1 1.173 0.049 1.195 0.045 1.218 0.042 1.241 0.039
3620.7 1.181 0.040 1.201 0.036 1.224 0.035 1.246 0.032
3632.3 1.189 0.031 1.208 0.029 1.230 0.028 1.252 0.026
3647.7 1.200 0.023 1.218 0.020 1.239 0.021 1.260 0.020
3701.7 1.236 1.251 1.268 1.285

3802.0 1.275 1.286 1.299 1.311

3902.3 1.297 1.306 1.316 1.327

3998.8 1.311 1.319 1.328 1.338

45004 1.348 1.355 1.362 1.369

5001.9 1.366 1.372 1.379 1.386

5499.6 1.377 1.383 1.389 1.397

6001.2 1.384 1.390 1.397 1.404

6498.9 1.389 1.395 1.402 1.409

6996.6 1.393 1.399 1.406 1.413

Remsberg et al[1974], Palmer and Williams[1975], and
Pinkley and Williams [1976], respectively. This indicates
that our data matches the data of Remsberg et al. more closely
than the other studies. However, it should be noted that for
the limited frequency range of Remsberg et al. [1974] our val-
ues averaged only 1.27 and 1.34 times larger than those of
Palmer and Williams [1975] and Pinkley and Williams
[1976], respectively. As can be seen from a comparison of the
optical constants at three different temperatures for 75 wt%
H,SO, (Figure 6), a linear interpolation between Palmer and
Williams' [1975] 300 K data and our 215 K data will not give
an accurate estimate of Pinkley and Williams' [1976] 250 K
data, so we did not attempt such an interpolation.

For 50 wt% H;SOy, there are significant qualitative differ-
ences between our refractive indices and those of Palmer and
Williams [1975], and the quantitative differences remain. The
region where our 215 K indices qualitatively differ most is the
region between 1000 and 1200 cm!, where there are two peaks
in the imaginary index at 300 K. At 215 K, these peaks appear
to have coalesced into one peak, a phenomenon which has
been observed previously in low-temperature infrared studies
of H,SO04 [Middlebrook et al. 1993; Anthony et al., 1995;

Clapp et al., 1997]. As aresult of this peak coalescence, our
measured imaginary index at 1070 cm™! is about twice as large
as that measured by Palmer and Williams [1975] for 50 wt%.
On average, our imaginary indices for 50 wt% H,SO, are 1.55
times larger than those measured by Palmer and Williams
[1975].

Note that a satellite-retrieved absorption optical depth in
the Rayleigh limit is directly proportional to the product of
the imaginary refractive index and the aerosol mass. Therefore
an underestimate of the imaginary refractive index will result in
an overestimate of the aerosol mass. This implies that studies
using the reflection-derived room temperature optical con-
stants may have overestimated the aerosol mass by as much as a
factor of 2 depending on the frequencies used.

There are two possible reasons for the differences in our op-
tical constants from those measured in previous studies. There
may be a real temperature dependence in the refractive indices.
Also, there may be errors in the previous measurements. A
combination of these reasons is likely to explain the differ-
ences between our study and previous studies. Palmer and
Williams [1975] and Pinkley and Williams [1976] measured
their refractive indices using a reflection technique. In a dis-



Table 3. Optical Constants of 65.3, 70.2, 75.0, and 80.0 wt% H ,SO, Solutions

TISDALE ET AL.: INFRARED OPTICAL CONSTANTS OF H,SO4 SOLUTIONS

65.3 wt% 70.2 wt% 75.0 wt% 80.0 wt%
cm’! n k n k n k n k
499.5 2.098 0.418 2.100 0.397 2.103 0.366 2.089 0.338
503.3 1.992 0.425 2.000 0.402 2.013 0.366 2.005 0.340
511.1 1.937 0.423 1.950 0.399 1.971 0.366 1.970 0.335
5149 1.931 0.421 1.946 0.398 1.969 0.364 1.970 0.335
5381 1.940 0438 1.968 0.416 2.006 0.387 2021 0.363
549.6 1.963 0.462 1.999 0.448 2.053 0.428 2.079 0413
553.5 1.973 0.477 2015 0.466 2071 0.454 2.102 0 446
561.2 1.994 0.525 2 041 0.534 2.104 0.546 2128 0.571
568.9 1.986 0.617 2.017 0.656 2.052 0.703 2038 0.738
572.8 1.953 0.667 1.968 0711 1.981 0.756 1.953 0.775
576.6 1.905 0.697 1.903 0.738 1.903 0.769 1.871 0.776
584 4 1.809 0.707 1.792 0.726 1.784 0.740 1.753 0.727
592.1 1.738 0.687 1.715 0.690 1.707 0.689 1.684 0.669
607.5 1.630 0.622 1.615 0.603 1.613 0.593 1.604 0570
6229 1.581 0.512 1.575 0.489 1.575 0.470 1.566 0.451
626.8 1.584 0.485 1.581 0.459 1.583 0.439 1574 0414
642.2 1.595 0.419 1.601 0.394 1.612 0.373 1611 0.350
653.8 1.615 0.386 1625 0.365 1.638 0.346 1.639 0.328
673.1 1.646 0.355 1.657 0.335 1.673 0.318 1.669 0.308
700.1 1.677 0.333 1.692 0.314 1.708 0.301 1.700 0.289
773.4 1.736 0.311 1.755 0297 1.766 0.282 1748 0.254
792.7 1.755 0.311 1.774 0296 1786 0.277 1.766 0.250
796.6 1.759 0.311 1.779 0295 1.792 0.275 1.772 0.239
819.7 1.784 0.316 1.808 0299 1.825 0.275 1.810 0.240
8236 1.789 0.317 1.814 0301 1832 0.276 1.820 0.231
839.0 1.815 0326 1.844 0311 1.866 0.284 1.862 0.238
854.4 1.846 0348 1.880 0334 1.910 0.306 1.914 0259
866.0 1.867 0.382 1.909 0.371 1.948 0.343 1.961 0.293
8737 1.876 0.416 1.922 0.409 1970 0.386 1.992 0.337
8814 1.868 0.454 1.920 0.462 1976 0.448 2.011 0409
889.2 1.845 0.493 1.892 0.514 1950 0517 1989 0.494
896.9 1.805 0.515 1.838 0.547 1.887 0.568 1923 0.563
900 7 1.781 0.515 1.808 0.549 1 848 0.576 1878 0581
904.6 1.761 0.506 1.779 0.543 1810 0573 1831 0584
908 4 1.746 0 494 1.754 0.528 1775 0558 1786 0573
923.9 1.734 0.434 1726 0438 1.721 0.444 1.695 0441
931.6 1.752 0.416 1.750 0.408 1.746 0.395 1.716 0.372
939.3 1.774 0.411 1.780 0.397 1.785 0.375 1762 0.337
947.0 1.796 0.417 1809 0.401 1823 0.373 1.808 0.325
958.6 1.825 0.436 1845 0.421 1.869 0.393 1.867 0341
970.2 1.844 0468 1.870 0.455 1903 0.427 1.912 0.369
985.6 1.850 0.513 1.888 0.504 1935 0.478 1.965 0421
9895 1.854 0.519 1.892 0515 1944 0.490 1.978 0439
9972 1.869 0.546 1.907 0.543 1 965 0.525 2.007 0480
1008.8 1.872 0.612 1.917 0.618 1983 0.611 2033 0.581
1028.0 1.813 0.728 1.853 0.756 1914 0.780 1958 0.775
10435 1700 0.783 1.723 0.817 1.764 0.851 1.793 0.857
1055.1 1.611 0.761 1622 0.788 1.651 0.825 1.671 0.826
10705 1.563 0.690 1567 0.704 1.584 0.721 1599 0.715
1085.9 1.571 0.663 1.588 0.659 1.618 0.664 1.647 0.649
1101.3 1.574 0670 1.607 0.672 1.656 0.689 1.698 0.689
1109.1 1.571 0.681 1.612 0.693 1.661 0.718 1.704 0.734
11322 1.531 0.737 1.567 0.777 1.599 0.834 1607 0.872
1147.6 1.463 0.773 1.479 0.822 1.493 0.877 1.481 0.897
1166.9 1.348 0.761 1.355 0.801 1.356 0.847 1.346 0.850
11939 1.244 0.672 1.239 0.714 1.231 0.757 1.227 0.762
1217.1 1.181 0.587 1.166 0.620 1145 0.660 1138 0.663
1236 4 1.156 0.494 1.137 0.518 1.114 0.547 1.105 0.549
12480 1.165 0.440 1.147 0.460 1.122 0.486 1.113 0.489
12595 1.185 0.397 1.168 0.419 1.144 0.441 1.133 0.446
12711 1.210 0.371 1.191 0.393 1.166 0.416 1.149 0.420
1282.7 1.229 0.358 1.209 0.379 1.179 0.402 1.155 0.405
1302.0 1.245 0.345 1.217 0.362 1.178 0.377 1.147 0.372
1321.3 1.247 0.325 1.213 0.333 1.172 0.333 1.139 0.314
1348.3 1.259 0.283 1.227 0.277 1.193 0.261 1169 0.227
1363.7 1.272 0.264 1.246 0.251 1.217 0.231 1.201 0.193
1398.4 1.305 0.235 1.288 0.219 1.273 0.194 1268 0.154
1456.3 1.346 0.210 1.340 0.193 1.337 0.169 1346 0.133
15219 1.391 0.190 1.392 0.175 1.397 0.155 1.411 0.126
1541.2 1.407 0.186 1.409 0.173 1.415 0.155 1.429 0.128
1579.8 1.443 0193 1.446 0.181 1.452 0.164 1.466 0.142
1595.2 1.457 0.201 1460 0.189 1.467 0.173 1479 0152
1618.3 1.473 0.223 1478 0.211 1.485 0.196 1494 0.174
1637.6 1.479 0.247 1.485 0.235 1.491 0.221 1.499 0.199
1672.4 1.469 0.288 1.472 0.283 1.477 0.267 1.479 0.236
1707.1 1.429 0.320 1.429 0.312 1.435 0.289 1.445 0.248
1726.4 1.401 0.322 1401 0.310 1.409 0.288 1.428 0.243

25,361
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Table 3. (continued)
65.3 wt% 70.2 wt% 75.0 wt% 80.0 wt%

cm’! n k n k n k n k
1757.2 1.364 0.309 1.366 0.293 1.380 0.268 1.409 0.228
1815.1 1.329 0.262 1.337 0.245 1.360 0.224 1.399 0.195
1869.1 1324 0.220 1.337 0.204 1.364 0.190 1.406 0.171
1930.8 1.337 0.183 1.353 0.173 1.381 0.164 1.422 0.154
1988.7 1.356 0.164 1.373 0.157 1.401 0.151 1.441 0.147
2054.3 1.375 0.155 1.393 0.151 1.422 0.150 1.460 0.153
2146.9 1.393 0.158 1409 0.159 1.436 0.166 1.471 0.176
2197.1 1.395 0.162 1.409 0.165 1.431 0.174 1.459 0.192
2270.4 1.392 0.160 1.404 0.160 1.421 0.168 1.439 0.181
2332.1 1.395 0.154 1.408 0.154 1.428 0.159 1.450 0.167
2397.7 1402 0.152 1.417 0.155 1.439 0.165 1.462 0.181
2548.1 1.405 0.160 1.415 0.168 1.430 0.186 1.445 0.208
2679.3 1.405 0.167 1.413 0.175 1.421 0.192 1.427 0.217
2845.2 1.386 0.188 1.388 0.200 1.387 0.219 1.379 0.239
2976.4 1.357 0.185 1.350 0.194 1.340 0.208 1.323 0.220
3026.6 1.349 0.180 1.338 0.187 1326 0.198 1.308 0.204
3092.1 1.341 0.174 1.325 0.175 1.310 0.181 1.291 0.180
32426 1.319 0.169 1.306 0.153 1.294 0.141 1.279 0.126
3350.6 1.289 0.165 1.287 0.140 1.284 0.119 1.281 0.095
3396.9 1.269 0.155 1.274 0.130 1277 0.108 1.281 0.084
34432 1.249 0.137 1.261 0.113 1.272 0.092 1.282 0.069
3485.7 1.238 0.112 1.255 0.093 1.270 0.076 1.287 0.055
3489.5 1.238 0.110 1.254 0.091 1.269 0.074 1.286 0.057
34934 1.237 0.108 1.254 0.089 1.269 0.072 1.287 0.053
3497.2 1.236 0.105 1.253 0.087 1.269 0.071 1.287 0.054
3539.7 1.234 0.078 1.253 0.064 1272 0.052 1.291 0.040
35474 1.234 0.073 1.254 0.060 1273 0.049 1.291 0.036
3586.0 1.240 0.048 1.261 0.038 1.280 0.033 1.299 0.027
35937 1.243 0.043 1.263 0.035 1.282 0.030 1.301 0.023
3609.1 1.248 0.034 1.268 0.027 1.287 0.024 1.306 0.019
3620.7 1.253 0.028 1.273 0.022 1.291 0.020 1.310 0.016
36323 1.259 0.023 1.278 0.018 1.295 0.017 1314 0.014
3647.7 1.266 0.018 1.285 0.014 1.301 0.014 1.319 0.012
3701.7 1.290 1305 1319 1.332

3802.0 1316 1.329 1.339 1.348

3902 3 1332 1.343 1.352 1360

3998.8 1.343 1.353 1.361 1.369

4500.4 1.374 1.383 1.391 1.398

5001.9 1.391 1.400 1.407 1.413

5499 6 1.402 1410 1.417 1.423

6001.2 1.409 1.417 1.425 1.430

6498.9 1.415 1.422 1.430 1.436

6996.6 1.419 1.426 1.434 1.439

cussion of their errors, Palmer and Williams [1975, p. 215]
mention that over most of the measurement range of Remsberg
et al. [1974], their values agree within their uncertainty, and
that "greater precision is usually claimed for ATR results than
we claim for results based upon measurements of reflectance at a
free liquid surface.”

Part of the difference between our measured optical con-
stants and those of Palmer and Williams [1975] and Pinkley
and Williams [1976] results from the difference in temperature
of the measurements. For example, observed shifts in the wave-
lengths of the absorption maxima, most notably the coales-
cence of the two sulfate peaks to one peak for dilute solutions

Table 4. Estimated Errors From Composition Fits and Frequency Interpolations

Percent Error From Composition Fit Percent Error From Frequency Interpolation

Mean Maximum Mean Maximum

Nominal wt% n k n k n k n k
45.2 0.1 0.6 0.6 3.1 0.1 0.5 1.0 2.0
50.0 0.1 1.3 1.0 6.4 0.1 04 0.7 1.9
55.1 0.1 0.9 05 2.1 0.1 04 0.7 14
61.6 0.1 0.8 0.7 8.1 0.1 04 0.6 15
65.3 0.1 15 0.6 2.6 0.1 04 0.7 1.5
70.2 0.1 0.8 04 12.3 0.1 0.5 0.8 1.7
75.0 0.1 0.7 0.6 2.7 0.1 0.6 1.1 22
80.0 0.1 0.5 0.3 29 0.1 0.7 1.2 2.7
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Figure 5. Our measured imaginary and real refractive indices for 50, 65, and 75 wt% H,SO4 solutions at 215
K. The k minimum curve in the plot of the imaginary refractive indices represents our estimate of the smallest
value of the imaginary index that could be measured accurately for the film thicknesses we were able to grow.

at low temperatures, are due to temperature dependences
[Middlebrook et al., 1993; Anthony et al., 1995; Clapp et ai.,
1997]. Part of the difference also must be due to errors in one
or more of the studies since our measured indices and Palmer
and Williams' [1975] indices at 300 K do not interpolate to
give Pinkley and Williams' [1976] indices at 250 K for 75
wt% H;S0,4. Because our indices agree more closely with the
indices of Remsberg et al. [1974], we believe that there are er-
rors in the reflection technique used by Palmer and Williams
[1975] and Pinkley and Williams [1976], especially at fre-
quencies where the imaginary indices, and therefore the reflec-
tance, is low. These errors at low imaginary index are reflected
by the error estimates of Palmer and Williams [1975], given
as 8k=10.03 independent of the magnitude of k. Unfortunately,
without additional studies where the optical constants are
measured at low and high temperatures with the same tech-
nique, it may be impossible to determine how much of the dif-
ference between the various optical constants is real and how
much results from errors in one or more studies.

S. Interpolation Scheme for Intermediate
Compositions

In order to allow the estimation of the optical constants for
any composition in our measurement range, we have created an
interpolation scheme. Fits to the optical constants were per-
formed as a function of concentration at each frequency where
the indices were measured. The fits were third-order polyno-
mials of the form

n[wt] = p3[wt]3+py[wt]?+p; [wt]+po (7N

k[wt] = q3[wt]3+qp[wt]?+q; [wt]+qo 8)

where wt is the wt fraction H,SOy, given as 0.45, 0.50, etc.

The fit parameters are reported in Table 5 for the same fre-
quencies listed in Tables 2 and 3. The fits for k are shown in
Figure 8 for a few frequencies corresponding to various peaks
in the spectra of H,SO, solutions.
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Figure 6. The imaginary and real refractive indices of 75 wt% H;SO, measured in this work at 215 K, meas-
ured by Remsberg et al. [1974] and Palmer and Williams [1975] at 300 K, and by Pinkley and Williams

[1976] at 250 K.

It can be seen that the peaks at 1051, 1151, and 2880 cm!
increase in intensity as the wt% H,SOy, increases, consistent
with their assignments as bands from HSOy4" ions and H,SO4
.molecules [Querry et al., 1974; Guldan et al., 1995]. In con-
trast, the peak at 3351 cm! increases with decreasing wit%
H;S04, which agrees with its assignment as the OH stretch of
H,0 [Querry et al., 1974; Guldan et al., 1995]. The peak at
1723 cm’! has a maximum in the center of the composition
range, consistent with its assignment as the v, band in H;O%
ions [Querry et al., 1974].

We consider these fits to represent a measure of the preci-
sion of our measurement technique and believe that the fits
will smooth out any bias toward higher or lower imaginary
indices for each individual composition due to film thickness
or temperature uncertainties. As a result, we recommend that
the fit parameters be used to calculate the optical constants for
a particular composition rather than interpolations between
the measured data. This will be discussed further in the next
section.

6. Errors and Model Testing

We have attempted to examine our known sources of error
where possible. It should be pointed out that there may be
other unconsidered sources of error we have not examined here.
However, the estimation of errors in our measured optical con-
stants was done in several ways, and we believe that we have
discussed the largest sources of error in our measurements.

The most significant sources of error are the assumptions
that all the spectra used in the analysis of each composition are
at the same composition and temperature, and that the coher-
ences and thicknesses are exactly known. To estimate this er-
ror, the imaginary indices needed to obtain a perfect fit to the
data were calculated for each film used in the analysis. The
percent difference in k for the film requiring the maximum ad-
justment in k was calculated for each frequency. Then, to esti-
mate the error in the real index, the real indices were recalcu-
lated from the "perfect fit" imaginary indices using the Kramers-
Kronig integral. The means and maxima of these percent differ-
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Figure 7. The imaginary and real refractive indices of 50 wt% H,SO, at 215 K (this work, solid lines) and at

300 K (Palmer and Williams [1975], dashed lines).

ences, which are due to the mismatch of the measured and cal-
culated spectra in the indices, are reported for each composi-
tion in Table 6. In Figure 9, the percent differences in the indi-
ces for 75 wt% H,SO, are shown as a function of frequency.
This plot illustrates that the rather high maximum errors re-
ported for the imaginary index are misleading in that the maxi-
mum errors generally fall in the range between 3500 and 3650
cm’l. If frequencies above 3500 cm™ are disregarded, the maxi-
mum error is less than 6.5% for all compositions except one.
The exception is 45.2 wt% H;S80,, which has a maximum error
of 10% below 3500 cm™.

Errors resulting from assumptions made in the model were
tested by changing the optical constant iteration program. It
should be noted that the assumptions were changed in these
tests, but we cannot say whether the test assumptions are bet-
ter than the assumptions made in the analysis. However, the
tests are used to further characterize our possible errors.

The first model test was to compare results obtained by scal-
ing the difference in absorbance between model and experiment
by the maximum absorbance (the normal method of analysis)
with those obtained by using the absolute difference in absor-
bance. The mean and maximum percent differences between
these two methods are reported in Table 6. Note that the mean
percent differences are lower than the differences from the spec-
tral mismatch tests discussed above.

A second test examined the effects of assuming that the
imaginary index is constant below 500 cm’l. In this test, the
imaginary index was instead assumed to extrapolate linearly to
0at 0 cm!. The percent difference in the indices for these two
scenarios is shown in Figure 9. It can be seen that the maxi-
mum estimated error in the imaginary index from this assump-
tion is less than 2.2% over the full frequency range. The next
model test looked at the effects of the assumptions made for the
imaginary index above 3650 cm'l. Instead of a exponential de-
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Table 5. Fit Parameters for n and k

Parameters for n Using Equation 7

Parameters for k Using Equation 8

cm P3 P2 P1 Po q3 92 q; Yo
499.5 -6.71971 11.38330 -5.86700 2.93678 2.86867 -7.27306 5.46773 -0.85119
503.3 -7.94224 14.20400 -7.87199 3.27804 2.78385 -7.20665 5.47926 -0.85865
511.1 -7.60649 13.98080 -7.94156 3.27071 2.33578 -6.37064 4.96435 -0.75608
514.9 -8.56518 15.89400 -9.16404 3.51435 2.39134 -6.42764 4.95951 -0.74494
538.1 -9.39795 17.95750 -10.55450 3.78386 2.19464 -5.89014 4.57424 -0.65219
549.6 -9.08943 17.79770 -10.55730 3.78988 1.73733 -4.70719 3.76174 -0.47481
553.5 -9.04499 17.80600 -10.55720 3.78489 1.97783 -4.87750 3.77252 -0.46351
561.2 -10.32610 20.10960 -11.82320 4.00763 2.70047 -5.34208 3.80575 -0.43898
5689 -14.04750 25.77700 -14.70560 4.50105 3.04297 -5.49445 4.04081 -0.52921
572.8 -14.46880 25.97620 -14.70200 4.49796 -5.10077 9.18415 -4.47709 1.09345
576.6 -10.98460 19.35240 -10.83160 3.77470 -5.87856 9.83179 -4.38902 1.00680
584.4 -8.61623 15.54400 -9.22080 3.59173 -4.16083 5.77754 -1.60524 0.44587
592.1 -7.77987 14.71690 -9.32613 3.70749 -2.57171 2.71506 0.07056 0.19258
607.5 -8.64489 17.28040 -11.50160 4.16955 -1.55001 1.62244 -0.17551 0.46586
622.9 -9.08175 17.78540 -11.49600 4.02732 -2.09075 3.46496 -2.08015 0.96649
626.8 -9.23512 17.96860 -11.48860 3.99092 -2.95540 5.11948 -3.17919 1.19279
642.2 -8.49238 16.39830 -10.21360 3.63301 -2.79795 4.97881 -3.22982 1.17818
653.8 -8.67412 16.60160 -10.16270 3.58325 -2.60434 4.84362 -3.26884 1.17508
673.1 -8.34392 15.61470 -9.24747 3.34505 -2.38215 4.68220 -3.31299 1.17899
700.1 -8.11999 14.70320 -8.28129 3.07261 -3.04963 6.00161 -4.15036 1.32783
773.4 -8.84206 14.89430 -7.47945 2.72664 -6.52382 11.89320 -7.29197 1.81489
792.7 -8.07406 13.21860 -6.26141 2.45041 -6.80271 12.16550 -7.26979 1.76042
796.6 -8.09848 13.24850 -6.25697 2.44620 -7.07512 1243710 -7.30007 1.74078
819.7 -6.92696 11.04050 -4.81833 2.14726 -7.51193 12.93670 -7.36310 1.69428
823.6 -6.90009 11.02860 -4.81791 2.15004 -8.93648 15.36260 -8.69818 1.93105
839.0 -5.81089 9.06709 -3.58298 1.90198 -8.41799 14.08970 -7.69270 1.68256
854.4 -5.70658 9.05277 -3.58028 1.90761 -7.78985 12.52810 -6.42462 1.36713
866.0 -5.39525 8.82061 -3.56082 1.92901 -8.93107 14.30270 -7.18236 1.45594
873.7 -5.06939 8.59429 -3.59809 1.96795 -9.21801 14.64460 -7.14817 1.40112
881.4 -2.95035 5.22971 -1.89173 1.69149 -9.52753 15.36190 -7.48314 1.44098
889.2 -2.48271 4.77140 -1.95344 1.77234 -8.82776 14.45550 -6.96085 1.33097
896.9 -2.24223 4.35979 -1.92279 1.81947 -8.17082 13.94060 -6.92474 1.36528
900.7 -2.25113 4.25175 -1.90606 1.83390 -7.79154 13.58860 -6.89739 1.39158
904.6 -2.39820 428211 -1.89993 1.83720 -5.89945 10.28500 -5.02695 1.04472
908.4 -2.63008 4.39698 -1.89323 1.83153 -4,58018 7.93223 -3 69776 0.80028
923.9 -3.59770 5.05302 -1.81566 1.75682 -2.66749 3.73836 -1.11329 0.30347
931.6 -5.91220 9.37119 -4.40057 2.26735 -3.28185 4.20608 -1.14976 0.27911
939.3 -5.71805 9.27445 -4.41177 2.28560 -5.69773 8.32445 -3.50538 0.72900
947.0 -5.47458 9.13063 -4.42821 2.31277 -5.99696 8.55615 -3.47890 0.70201
958.6 -5.17888 8.95677 -4.44576 2.34516 -7.78674 11.84630 -5.45358 1.10746
970.2 -4.86259 8.73444 -4.44761 2.37197 -7.94122 11.97960 -5.42050 1.10454
985.6 -4.32036 8.33869 -4.43615 2.39022 -8.21325 12.30610 -5.40639 1.07593
989.5 -4.14291 8.21839 -4.47556 2.42094 -8.24098 12.38630 -5.41611 1.06343
997.2 -1.13104 2.89876 -1.40488 1.85834 -8.15310 12.37050 -5.42453 1.07623
1008.8 -0.60821 2.46909 -1.45655 1.93433 -7.87006 12.21370 -5.41544 1.12463
1028.0 -2.62957 6.57080 -4.30917 2.55102 -4.92806 7.66721 -2.91757 0.72919
1043.5 -3.41984 7.94571 -542218 2.79902 -6.28001 10.81400 -5.14684 1.27254
1055.1 -3.39867 7.79731 -5.46827 2.79703 -5.74566 10.19480 -5.14534 1.36474
1070.5 -2.84654 6.35578 -4.43049 2.53272 -8.31126 15.36080 -8.86677 2.23468
1085.9 -1.20077 3.17491 -2.15555 1.95448 -8.10906 14.94940 -8.83898 2.30492
1101.3 -1.47216 3.67970 -2.13973 1.80912 -7.54652 14.55630 -8.93116 2.38251
11091 -1.01369 2.51544 -1.12167 1.51184 -7.31772 14.45810 -8.93701 2.37656
1132.2 -1.60928 1.91447 0.30125 0.96824 -7.46093 15.01600 -8.95446 2.24734
1147.6 0.75249 -3.36249 3.82344 0.19234 -9.03492 16.73430 -9.01846 2.03240
1166.9 2.50994 -6.12708 4.88735 0.07429 -6.92469 11.35660 -4.80312 0.97420
11939 1.80944 -3.83946 2.57110 0.70030 -6.88804 11.32780 -4.84793 0.92008
1217.1 0.83529 -1.60029 0.67771 1.18969 -4,.50708 7.01564 -2.44757 0.44280
1236.4 1.17079 -1.92641 0.57286 1.27836 -5.06380 8.32558 -3.62575 0.71552
1248.0 -0.18571 0.67462 -1.06722 1.62716 -5.33516 9.14736 -4.43345 0.91394
1259.5 -0.28732 0.77114 -1.04632 1.62111 -5.65669 10.07190 -5.28098 1.12154
1271.1 -0.59409 1.03877 -1.00419 1.58947 -5.44116 9.86191 -5.31532 1.14799
1282.7 -0.94794 1.33062 -0.95781 1.55285 -5.38566 9.80572 -5.32997 1.15273
1302.0 -0.03895 -0.84651 0.60731 1.22031 -6.89079 12.32870 -6.74765 1.40862
13213 1.06787 -3.03472 1.95884 0.96448 -7.84082 13.54220 -7.27062 1.47727
13483 2.30117 -5.02471 3.02235 0.78622 -6.30659 10.17820 -5.12543 1.04174
1363.7 2.48726 -5.13188 3.00710 0.80370 -6.40686 10.24740 -5.17396 1.05242
1398.4 2.80371 -5.31506 3.01011 0.82471 -5.55548 8.66303 -4.29005 0.88476
1456.3 3.11575 -5.47453 2.99547 0.85709 -4.95096 7.73892 -3.87980 0.81724
1521.9 3.17018 -5.41839 2.96934 0.88033 -3.33768 5.05849 -2.45525 0.56102
1541.2 2.90783 -4.94859 2.71762 0.93340 -3.22482 4.96843 -2.46939 0.57425
1579.8 2.60374 -4.48734 2.54039 0.97253 -3.04116 4.81445 -2.48645 0.60610
1595.2 2.70250 -4.76036 2.77554 0.92208 -2.99967 4.77201 -2.48427 0.61985
1618.3 2.06506 -3.67797 2.21037 1.02338 -2.93902 4.70202 -2.47451 0.64836
1637.6 1.28360 -2.39547 1.58265 1.10936 -3.42812 5.64601 -3.05455 0.78376
16724 1.21557 -2.67319 2.02612 0.94700 -5.12546 8.41929 -4.41526 1.00493
1707.1 4.47082 -8.50023 5.35771 0.31055 -6.70333 10.71410 -5.38433 1.13008
1726.4 5.74943 -10.54150 6.36525 0.13874 -5.50881 8.35529 -3.89319 0.83132
17572 6.81218 -12.08040 7.03336 0.02595 -3.58022 4.76354 -1.74853 0.41122
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Wt fraction H,SO,

Table 5. (continued)
Parameters for n Using Equation 7 Parameters for k Using Equation 8
-1
cm P3 P2 P1 Po q3 92 d do
1815.1 6.86090 -11.64880 6.49595 0.14499 -1.41799 1.08996 0.23794 0.03222
1869.1 5.76583 -9.41223 5.06203 0.42830 0.46970 -2.04275 1.91572 -0.29519
1930.8 4.79549 -7.58332 3.96866 0.64563 0.83999 -2.33011 1.86752 -0.27947
1988.7 3.75641 -5.68070 2.85143 0.87224 1.95677 -4.20398 2.90128 -0.48527
20543 3.33649 -4.94671 2.45642 0.95304 2.51462 -4.96380 3.21762 -0.53167
2146.9 2.41062 -3.42004 1.66428 1.09397 2.47499 -4.59579 2 88226 -0.45533
2197.1 170377 -2.35449 1.14313 117886 3.12713 -5.69439 3.52096 -0.58194
2270.4 050661 -0.35283 0.02151 1.38851 2.82725 -5.32140 3.39571 -0.57789
2332.1 0.26758 024717 -0.41465 1.48641 242046 -4.70992 3.09985 -053777
23977 0.13819 0.54608 -0.60691 1.52758 2.88294 -5.35702 3.41192 -0.59647
2548.1 -0.73071 2.02832 -1.51424 173245 3.11780 -5.66359 361493 -0.65546
26793 -2.60994 5.43468 -3.60233 2.16688 2.92822 -5.23455 3.31225 -0.58233
2845.2 -4.45891 8.76973 -5.71029 2.61759 0.57060 -0.86428 0.71165 -0.06945
2976.4 -4 65069 9.16485 -6 16751 277244 -1.23006 2.51907 -1.45062 0.39794
3026.6 -4.52896 8.99669 -6.16317 2.79886 -2.45756 4.87438 -2 99931 0.74210
3092.1 -4.00808 8 00504 -5.61074 2.70731 -3.50045 6.96983 -4.50950 1.11897
3242.6 -1.25046 2.46500 -1.87799 1.84352 -5.01595 10.09690 -6.97952 1.81431
3350.6 103561 -2.16592 1.42823 0.99404 -4.58141 9.08774 -6.38503 1.73113
3396.9 1.98777 -4.05762 2.79852 0.62133 -4.08360 8.06910 -5.71285 1.57884
34432 2.73412 -5 47136 3.80833 0.33792 -297246 5.81053 -4.16988 1.20699
3485.7 3.21854 -6 37206 4.45282 0.15543 -200143 3.84710 -2.79142 085045
3489.5 3.18554 -6.34032 4.45572 0.14853 -1.37803 2 68801 -2.07430 0.70053
34934 3.19557 -6.34126 4.45379 0.14653 -1.95365 372945 -2 68390 0.81261
3497.2 3.21301 -6.35408 4.45180 014750 -1.29787 2.51972 -194246 0.65911
35397 3.22176 -6.32681 4.44780 0.13352 -0.50104 0.88749 -075127 0.32874
35474 2.62881 -5.19686 3.74403 0.27687 -0.56308 0.95968 -0.74925 0.30911
3586.0 2.44754 -4.74509 3.39150 0.37079 0.49370 -1 02757 0.56499 -0.02103
3593.7 1.99316 -3.88595 2 85703 0.48256 0.20979 -0.51582 0.27734 0.02308
3609.1 2.05137 -3.94734 285418 0.49953 0.20647 -0.48339 0.27051 0.00573
3620.7 169213 -3.24572 2.39651 0.60423 0.19909 -0.45777 0.26657 -0.00633
3632.3 1.70539 -3.26955 2.39947 061421 0.20736 -0.44716 026178 -0.01526
3647.7 1.73032 -3 30906 2.40255 062947 019463 -0.41731 0.25869 -0 02770
3701.7 1.34616 -2.59447 1.90504 0.78007
38020 037163 -0.73395 068201 1.08246
3902 3 002954 -0.05203 021098 1.20979
3998 8 007116 -0.11714 022802 122542
4500.4 014876 -0.20531 0.22182 127636
5001.9 -0 14076 031885 -0.09364 1 35646
5499.6 -0.39719 079761 -0 38850 1.42686
6001.2 -0.24803 0.51121 -0.20830 1.39703
6498.9 -0.10040 0.23812 -0.04143 136858
6996.6 -0.36325 0.71679 -0.32737 142854
1.0
09F — crease in the imaginary index, two cases of a constant imagi-
r _ = a nary index were assumed, one with k=3x10-3, the other with
0.8 _ ﬁ_/a k=1x10"3. In both cases, the real indices obtained differed by
e }—‘ less than 1% from those obtained using the exponentially de-
[ .@. creasing imaginary index.
0.7¢ I:T/'/ .1 The final model test examined the assumption that we have a
= [ ;j_i_/ 0 10512cm film on the back side of the wafer which is 1% of the thickness
g 0.6F + + 11515cm” of the film on the front side. Optical constants were determined
= - - o 17225 em™ for 75 wt% H,SO, using 0.1 and 10% film thickness ratios on
E‘ 05F ) 1 the back side of the wafer for comparison with the reported
§n X A 28799 cm data. The calculated spectra from the 0.1% film thickness ratio
. 1 - . .
g 04k X 3350.6 cm determination .matct'x the‘calcu.late.d spectra near!y .1dentlcally,
= L and the determined imaginary indices were all within 1.3 % of
K s PSRN those determined using the 1% film thickness ratio. We
03F Q.- 0"” e therefore conclude that if our film thickness ratio is an overes-
C timate, the errors are much lower than some of the previous
021 sources of error. The 10% film thickness ratio gives larger dif-
0.1F
Figure 8. A plot of the variation of the imaginary refractive in-
0.0 o b e b 1 dex with wt% for a few frequencies corresponding to peaks in
04 0.5 0.6 0.7 0.8

the HySO4 spectrum. The points are the data, and the curves
are fits to the data using equation 8.
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Figure 9. A plot of the percent difference between the real and imaginary refractive indices for 75 wt% H;SO4
determined by several methods, as shown in the legend and described in the text.

ferences between the measured and calculated spectra, and the
determined imaginary indices are as much as 10% lower than
those determined using the 1% film thickness ratio, although
the mean difference was only 2% lower. However, the calcu-
lated spectra fit the measured spectra very poorly in the 4000-
7000 cm! region , indicating that the film thickness ratio is
certainly not 10% and is most likely less than 5%. Hence we
conclude that if the film thickness ratio were greater than 1%,
it would result in less than a 2% change in the imaginary re-
fractive index for most frequencies.

The interpolation between frequencies and compositions
will theoretically add error to the measured values. To quan-
tify the error from frequency interpolation, the indices calcu-
lated by interpolation were compared with the measured indi-
ces. The errors introduced are small, and the mean and maxi-

mum errors are reported in Table 4 for each composition stud-
ied. The error due to interpolation in composition can be esti-
mated by calculating the indices for each composition studied
using the fit parameters reported in Table 5. The mean and
maximum errors from the composition interpolation are listed
in Table 4 for each composition studied, and the percent error
in the indices for 75 wt% H,S0, is shown as a function of fre-
quency in Figure 9. These errors are higher than those for fre-
quency interpolation.

We conclude that the spectral matching error is larger than
all other sources of error. We therefore estimate that, in gen-
eral, our measured real and imaginary indices are accurate to
within 0.5 and 5%, respectively, for frequencies less than 3500
cm’l, One exception to this is for the imaginary indices of 45
wt% H,SO,4, which we believe are accurate to within 10%.
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Table 6. Estimated Errors From Spectral Mismatching and Error-Weighting Methods

Percent Error From Spectral Mismatch

Percent Error from Error Weighting Method

Mean Maximum Mean Maximum

Nominal wt% n k n k n k n k
452 04 6.5 1.9 144 0.2 2.8 1.0 72
50.0 0.2 29 1.3 139 0.1 1.3 1.1 10.5

55.1 0.3 23 1.7 6.5 0.2 2.0 2.0 6.5
61.6 0.3 33 1.7 7.3 0.2 1.8 13 84
65.3 0.2 1.9 1.1 6.1 0.1 0.8 0.8 5.4
70.2 0.2 2.2 0.9 21.8 0.1 0.7 07 4.7

75.0 0.3 3.1 1.3 21.5 0.1 0.6 0.6 3.1
80.0 0.3 2.2 1.5 12.2 0.1 1.3 09 10.7

The other exception is for the imaginary indices of all composi-
tions at frequencies above 3500 cm™!, which we believe are ac-
curate to within only 20%. If frequency interpolations are
used on the data, additional minimal errors can be introduced,
especially if frequency interpolations are made on the fit pa-
rameters used to calculate the indices at compositions other
than those measured. For this reason, we recommend that if the
composition fits are to be used at frequencies other than those
for which they are reported in Table 5, the fit parameters for
those frequencies be obtained from the full data set, which is
available as supplementary material through this journal.

7. Conclusions

We have determined the optical constants of sulfuric acid
solutions at 5 wt% intervals between 45 and 80 wt% H,S0,
at 215 K. The frequency ranges reported are 7000-500 cm!
and 3650-500 cm®! for the real and imaginary refractive indices,
respectively. These low-temperature optical constants are sig-
nificantly different from those measured at room temperature,
especially for compositions below 75 wt% H,SOy, and should
assist studies which rely on accurate measurements of the opti-
cal constants. An interpolation scheme has been created to al-
low calculation of optical constants at compositions between
the compositions of our measurements.

There are several sources of error in our measurements, re-
sulting in difficulties in estimating the overall error. We esti-
mate that, in general, our measured real and imaginary refractive
indices are accurate to within 0.5 and 5%, respectively, with a
few exceptions discussed in the previous section. We recom-
mend that the fit parameters determined in this study be used to
calculate the optical constants rather than using the measured
data.
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