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Attenuated total internal re¯ ection (ATR) infrared m apping m icrospectroscop y of soft samples is reviewed and investigated by using
cartridge-based germ anium hemispheres. The study dem onstrates
the use of these devices for obtaining line scans or m aps of soft
pliable surfaces over an area of approximately 100 3 100 micrometers. An experim ental determ ination of the spatial resolution by
using a cross-sect ioned polymer ® lm showed a twofold im provement
over transm ission infrared m icrospectroscop y for sample sizes at
the diffraction limit. Optical details of the devices are discussed in
the context of ATR m easurements in addition to their application
for the study of polymer laminates often encountered in industry
and forensics.
Index Headings: ATR microspectroscopy; Infrared m icrospectroscopy; Surface analysis; Polymer laminates.

INTRODUCTIO N
Attenuated total internal re¯ ection (ATR) infrared m icrospectroscopy is becoming a well-established analytical
tool due to the inherent advantages associated with its
macro counterpart and several speci® c to the micro con® guration.1±8 In addition to the ability to analyze strongly
absorbing samples with little preparation, the m icro adaptation has the added bene® ts of higher and m ore reproducible contact pressures applied to the sample and
the ability to analyze small particulates and/or spatial domains that can be part of a much larger sample. 2,4,8±10 In
comparison to normal transm ission infrared m icrospectroscopy, AT R infrared m icrospectroscopy can interrogate spatial domains that are two times smaller without
the effects associated with diffraction. 8,9 W hile conventional point probe ATR m icrospectroscopy for the study
of rigid surfaces has been demonstrated, the study of soft
pliable surfaces such as polymer laminates or tissue sections has been somewhat more problematic.
Conventional ATR microspectroscopy can be conducted on soft surfaces; however, point-by-point mapping is
experimentally dif® cult and severely limited with respect
to time. In order to obtain the contact pressure necessary
to record a spectrum, with the use of a point AT R probe,
the sample surface m ust be deform ed. Since the sample
can be elastic, there is no guarantee it will have suf® cient
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memor y to relax and allow the adjacent points to be analyzed both reproducibly and systematically. In addition,
the mobility of any surface residue on the sample may
require that the probe tip be cleansed between each spatial sampling.
To overcom e these problems, researchers have taken
several approaches. Nakano and Kawata reported on the
use of germanium hemispheres employed on a purposebuilt evanescent ® eld scanning microscope. 12,13 This particular instrum ent was confocal in that both the source
and detector were apertured to provide better spatial isolation. As shown in Fig. 1 (adapted from their work), the
sample is m ounted to the bottom of the germ anium hemisphere, and both hemisphere and sample are scanned beneath the infrared m icroscope with a piezo-electric controlled stage. Nakano and Kawata demonstrated the ability to achieve subwavelength resolution with an improvement factor of 43
relative to a norm al re¯ ection
measurem ent. One limitation associated with this geometry is that the scan length for a given m ap is limited to
approximately 100 m m . This limitation arises from increasing optical aberrations, such as astigmatism, as the
hemisphere is translated off-axis. However, the advantages of this approach include a high numerical aperture and
a m agni® cation factor equal to the refractive index of the
crystal. The magni® cation factor arises from the hemispherical geometry and the refractive index of the cr ystal.
This factor allows one to work with remote apertures that
are four times larger for a given sample, thereby circumventing problems associated with diffraction, while still
maintaining a relatively high signal throughput.8 Esaki et
al. have employed specially fabricated KRS-5 chevrons
and an infrared microscope to obtain maps of soft surfaces. 11 Figure 1, adapted from their work, shows this
geometry with the sample clamped to the inside surface
of the chevron. A spatial resolution on the order of 25
m m was obtained over several millimeters in length. This
approach has the bene® t of being able to obtain line scans
over greater lengths without off-axis aberrations, but because of its geometry, has the disadvantages of possessing no m agni® cation factor and a limited numerical aperture. A ray trace of light entering the chevron from a
conventional infrared objective (num erical aperture of
0.60) shows that the chevron limits the num erical aper-
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F IG . 1. Optical con® gurations for ATR mapping microspectroscopy
after Esaki et al. (left) and Nakano and Kawata (right).

ture to a value of approximately 0.1. In comparison, the
germ anium hemisphere enhances the num erical aperture
of the objective to a value of 2.4. The reduced numerical
aperture and nonexistent m agni® cation factor severely
limit the spatial resolution and the light throughput of the
chevron. Another disadvantage of the chevron design is
that the rays impinge upon the cr ystal face at an average
angle of 268 . Although front surface re¯ ection losses are
lower for the chevron (; 17% com pared to ; 36% for the
hemisphere) there will be a 5% difference in the transmission of s- and p-polarized light through the crystal.
For the hemisphere, the rays enter the cr ystal near normal
and thus exhibit m inimal polarization effects. Taken as a
whole, the bene® ts of the hemisphere far outweigh those
of the chevron when spatial resolution and throughput are
considered. As such, we have undertaken a study using
an approach similar to that of Nakano and Kawata, but
using a conventional infrared m apping m icroscope and
cartridge-based germanium hemispheres. We have previously reported on the use of these devices for the study
of isolated particulates and the experimental considerations for their use. 8 Major differences between the instrum ent employed in this study and that of Nakano and
Kawata include the use of a single aperture after the sample and global illumination of the sample. This con® guration circum vents the need to move the source aperture
with the hemisphere, but at the anticipated expense of
spatial resolution. Pertinent questions to be addressed include the spatial resolution of the approach and its implementation on a standard infrared microscope.
EXP ERIM ENTAL
A Perkin-Elmer Spectrum 2000 FT-IR spectrometer
coupled with an i-Series microscope was employed in
this investigation. The system utilized a 250 3 250 m m
liquid nitrogen-cooled m edium-band HgCdTe detector
and a 215 3 100 m m x-y motorized mapping stage with
incremental steps of one m icrometer. The microscope
stage and data collection were controlled with PerkinElmer’ s IMAGE (infrared m icrospectroscopy automated

graphical environment) software. Axial adjustments were
made at each sampling point to eliminate the loss in resolution from astigmatic aberrations noted by Nakano.12
The germanium cartridges employed in the investigation were obtained from Harrick Scienti® c Corporation
(Catalog #USS-AT RJ). Details on their use and modi® cation for infrared microspectoscopy have been described
in a previous publication.8
All spectra reported in this investigation are the result
of signal averaging 512 scans at 4 cm 2 1 resolution, unless
other wise noted. The approximate time to accumulate
512 scans was 7 min. Single-beam line scans were obtained by m oving the microscope stage in 5 m m increments by using an aperture size corresponding to a 6 m m
sample size. All positional displacements referred to are
those at the sample, unless noted otherwise.
A cross-sectioned piece of photographic ® lm with a
thickness of 10 m m was employed to determine the spatial resolution of the method. The ® lm was mounted onto
the cr ystal face of the hemisphere with the use of a backing plate as described previously. 8 It consisted of a large
substrate made of polyvinyl acetate (PVAc) and dye layers made of gelatin.
RESULTS AND DISCUSSIO N
Initial experiments conducted in the investigation dealt
with the alignment of the hemisphere in the m icroscope.
Since the germanium hemisphere is not visibly transparent, a means had to be developed to establish its center
at the focus of the infrared beam. This task was accomplished by preliminary m anual adjustment using the energy meter followed by the collection of a two-dimensional m ap of the hemisphere’ s face over an area of 600
3 600 m m (stage displacement). The map of the total
absorbance for single-beam spectra exhibited low absorbances (i.e., high energy throughput) in the center, which
decreased radially outward. The coordinates corresponding to the center of this map were then taken as the origin
of the hemisphere. In a procedure to make alignment easier for subsequent scans, an index mark was scribed into
the metal portion of the cartridge. With this index, one
could easily ® nd the center and focus of the hemisphere
by m oving the stage the appropriate offset distances.
Subsequent experiments were conducted to determine
how precise the positioning of the hemisphere between
background and sample scans needed to be. With the use
of a single hemisphere, a background was recorded. The
hemisphere was removed from the microscope, a sample
was m ounted, and the entire assembly was returned for
the collection of a sample scan. Figure 2 illustrates spectra of an adhesive tape applied to the hemisphere taken
by translating the hemisphere from the origin out to 10
m m. The background for these spectra was obtained with
the hemisphere positioned at the origin. The spectra in
the ® gure show rounded baselines, which are readily apparent for displacements as sm all as 3 m m from the origin. This distortion is the result of rays impinging the
cr ystal off-normal causing a so-called off-axis aberration.13 These data show that positioning of the hemisphere between background and sample scans needs to
be better than 3 m m and that background spectra must be
obtained at precisely the same off-axis position as are the
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F IG . 2. Infrared spectra of an adhesive obtained with the hem isphere
at various off-axis positions. Background obtained at origin of hemisphere.

sample spectra. Figure 3 illustrates spectra of a similar
adhesive, which have been obtained at off-axis positions
as far out as 33 m m from the origin. Background spectra
were collected at the same off-axis positions as the sample spectra. The spectra show no effects due to off-axis
aberrations as shown by the ¯ at baselines. More importantly, the signal-to-noise ratio (SNR) in each spectrum
is constant, indicating that the light is not vignetted upon
going to greater off-axis locations. Subsequent experiments demonstrated that the off-axis limit was approximately 50 m m , yielding a total range of 100 m m for the
scan length.
One problem illustrated with the spectra in Fig. 3 is
that of atmospheric compensation. Due to the lengthy
time required to load a sample and the long scan times
needed to generate a m ap, it was anticipated that atmospheric compensation would be a problem. As such, the
feasibility of using an identical sister hemisphere to accumulate background scans was established. With the use
of two hemispheres, one for the background and one for
the sample, the time between the collection of the respective spectra could be reduced signi® cantly, and background spectra could be collected at any time during a
map. Figure 4 shows a com parison of spectra taken from
a sample of adhesive tape, one with the background taken
on the same hemisphere as the sample, the other with the
background taken on the sister hemisphere. The spectra
are qualitatively the same, and the signal-to-noise ratio is
unaffected. The spectrum taken with the sister hemisphere for the background m easurement clearly demonstrates better atmospheric compensation. Although there
is a slightly sloping baseline, this effect was later taken
care of by carefully selecting matched cr ystals. Matching
the cr ystals was accom plished by m easuring the light
throughput for each crystal when positioned on-axis.
Crystals with greater than 5% difference in energy
throughput were not used.
Preliminar y line scans of a structured sample, to de326
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F IG . 3. Infrared spectra of an adhesive obtained with the hem isphere
at various off-axis positions. Background obtained at identical off-axis
positions as that of the sam ple spectra.

termine the spatial resolution of the method, yielded results that did not correspond to the visible image of the
mounted sample. Therefore, an optical ray trace of the
light path entering the hemisphere was conducted (see
Fig. 5). W hen the crystal is centered, incoming light is
normal to the surface at all angles; thus the rays converge
to the center of the hemisphere. As the hemisphere is
displaced beneath the infrared beam in the positive or
negative x-direction, the angle of refraction increases in
both cases. This increase has the effect of displacing the
beam in the positive and negative directions, respectively,
thereby allowing a m ap to be generated. The change in
the angle of light in the hemisphere, with respect to the
hemisphere/sample interface, will also affect the penetration depth of the beam into the sample. For positive displacements the penetration depth decreases while it in-

F IG . 4. Spectra collected on an adhesive with background obtained on
same hemisphere (bottom) and sister hemisphere (top).

F IG . 5. Optical ray path of light traveling through the hemisphere for
both negative and positive displacem ents.

creases for negative displacements. Table I summ arizes
characteristics that are important from the perspective of
an ATR analysis. The data show that the light beam displacement within the hemisphere is approximately one
third that of the stage displacement with the use of the
current con® guration. More important is the fact that the
scan length in the negative x direction will be limited by
the critical angle, which is, in turn, limited by the sample’ s refractive index. For an average angle of 26.58 and
a sample refractive index of 1.5, the critical angle is 228 .
This value corresponds to a beam displacement within
the hemisphere of 2 41 m m. Finally, for any map the absorbances in each spectrum m ust be normalized against
the penetration depth in order for the map to correspond
with the visible image.

Taking these considerations into account, a line-scan
of a structured sample was again attempted to determine
the spatial resolution of the method. Figure 6 shows a
thin cross section of a photographic ® lm m ounted in the
sample hemisphere, and Fig. 7 exhibits infrared spectra
extracted from a line map of the sample. The spectrum
obtained at 12 m m above the origin of the hemisphere
represents relatively pure gelatin, and at 12 m m below the
center, the spectrum shows pure PVAc. Hence, this 24
m m distance gives an indication of the spatial resolution
of the system. A more quantitative value was determined
by obtaining the peak heights of the PVAc carbonyl band
at 1746 cm 2 1 and the gelatin amide I band at 1651 cm 2 1
for all of the spectra in the line scan. These values were
plotted against the beam displacement in the hemisphere
in order to determine the spatial resolution (Fig. 8). Peak
heights were norm alized against the calculated penetration depths. With the use of a method similar to that of
Gardiner et al. (i.e., generating a step function using the
interface of the PVAc and gelatin layers and taking the
ordinate distance corresponding to 5% and 95% of the
maximum peak height), the spatial resolution determined
from this plot is 22 m m.14 A comparison of this value to
the theoretical value of 6.1 m m shows that the experimental value is greater by a factor of 3.63 .
A detailed study of diffraction effects in infrared m icroscopes by Somm er and Katon 15 has shown that employing two apertures, one to target the source on the
sample and one to target the illuminated sample onto the
detector, reduces the effects of diffraction (stray light)
compared to the use of a single aperture. This so-called
dual masking or redundant aperturing reduces light illuminating areas outside the sample of interest until the size
of the sample approaches the wavelength of the light.
Beyond this ``diffraction limit’’ , closing the apertures further (over aperturing) will increase the amount of light
falling in regions outside the sample.
Somm er and Katon have shown that, for an aperture
setting corresponding to a sample size of 8 m m , the diameter of the sample actually viewed is some 6 3 larger.15
For the ATR measurem ents with an aperture corresponding to a sample size of 6 m m, the area measured is some
3.63 larger. This improvement in spatial resolution for
the ATR measurem ent m ay seem marginal, but it is signi® cant when com pared to a transmission m easurement
conducted on samples in this size domain. The results
presented for the transmission m easurements were for a
confocal arrangement (i.e., apertures placed at both
source and sample image), whereas the ATR measurements were conducted with one aperture placed at the
sample image. This fact is also the reason the theoretical
values observed by Nakano and Kawata were not obser ved in this investigation. 12 They employed a purposebuilt confocal infrared microscope in their studies, which
required tracking of both the source and sample apertures. In addition, the aperture setting for the AT R measurem ents is 25% smaller compared to those used for the
transmission measurem ents. As such, one would expect
a larger portion of the light falling outside the sample
area. But as a result of the magni® cation factor of the
hemisphere the aperture is larger, and as such, any oversampled area caused by diffraction is reduced. 8 This m agni® cation factor and subsequent larger aperture size also
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TABLE I. ATR characteristics as a function of stage displacement.a
Stage
displacement
0.00
2 5.00
2 10.00
2 15.00
2 20.00
2 25.00
2 30.00
2 35.00
2 40.00
2 45.00
2 50.00
2 55.00
2 60.00
2 65.00
2 70.00
2 75.00
2 80.00
2 85.00
2 90.00
2 95.00
100.00
105.00
110.00
115.00
120.00
125.00
130.00
135.00
140.00
145.00
2
2
2
2
2
2
2
2
2
2
a

Angle in
hemisphere
26.50
26.34
26.18
26.02
25.86
25.70
25.54
25.39
25.23
25.07
24.91
24.76
24.60
24.44
24.29
24.13
23.97
23.82
23.66
23.51
23.35
23.20
23.04
22.89
22.73
22.58
22.43
22.27
22.12
21.97

Beam
displacement

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

0.00
2 1.56
2 3.11
2 4.65
2 6.19
2 7.72
2 9.24
10.75
12.26
13.76
15.26
16.75
18.23
19.71
21.18
22.65
24.10
25.56
27.00
28.45
29.88
31.31
32.74
34.16
35.57
36.98
38.38
39.78
41.17
42.56

Penetration
depth

Stage
displacement

Angle in
hemisphere

Beam
displacement

Penetration
depth

1.00
1.02
1.04
1.07
1.09
1.11
1.14
1.17
1.20
1.23
1.26
1.30
1.34
1.39
1.44
1.49
1.55
1.62
1.70
1.79
1.89
2.01
2.16
2.35
2.60
2.94
3.46
4.41
7.13

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145

26.50
26.77
27.03
27.30
27.57
27.84
28.11
28.38
28.65
28.92
29.19
29.47
29.74
30.01
30.29
30.56
30.84
31.11
31.39
31.66
31.94
32.22
32.50
32.78
33.06
33.34
33.62
33.90
34.19
34.47

0.00
1.56
3.14
4.72
6.30
7.90
9.50
11.11
12.73
14.35
15.99
17.63
19.28
20.94
22.61
24.28
25.97
27.66
29.37
31.08
32.80
34.54
36.28
38.03
39.79
41.56
43.34
45.14
46.94
48.75

1.00
0.97
0.94
0.92
0.89
0.87
0.85
0.83
0.81
0.79
0.78
0.76
0.75
0.73
0.72
0.71
0.69
0.68
0.67
0.66
0.65
0.64
0.63
0.62
0.61
0.60
0.60
0.59
0.58
0.57

`

All distance units are given in micrometers.
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Photomicrograph of photographic ® lm m ounted on the hemisphere.
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F IG . 7. Selected spectra obtained from a line scan of a cross-sectioned
photographic ® lm.

increase the throughput of the measurem ent. Attempts to
conduct the similar experiment in normal re¯ ection geometry failed due to the fact that the aperture size corresponding to a 6 3 6 m m sample was not suf® cient to
allow a usable signal to be passed through the instrum ent.
The bene® ts to be gained by using this method include
not only increased spatial resolution and throughput, allowing sm aller samples to be analyzed, but the ability to
analyze samples that have been traditionally dif® cult with
the use of transmission infrared microanalysis. Figure 9
illustrates infrared spectra extracted from maps obtained
on a comm ercial m ulti-layer laminate. At issue was the
identi® cation of 9 m m thick tie layer between polypropylene and polyvinylidene ¯ uoride. The lower spectrum
was recorded in transmission with an aperture corresponding to a sample size of 6 3 12 m m. The enlarged
aperture was required to get suf® cient energy through the
system. The upper spectrum was recorded on the same
sample by using identical scan param eters (e.g., coadditions, gain, etc.) but with the ATR con® guration and an
aperture corresponding to a sample size of 6 3 6 m m.
The ATR spectrum can clearly be identi® ed as ethylene/
vinyl acetate.
A comparison of the spectra shows several advantages
of using the ATR approach over that of transmission.
First, the signal-to-noise ratio in the AT R spectrum is
signi® cantly higher than that of the transmission spectrum and rem ains constant over the entire spectrum. The
SNR in the transmission spectrum decreases on going to
longer wavelengths owing to diffraction.8 From the standpoint of photometric accuracy, the absorbance of the C±H
stretch and that in the region adjacent to this feature indicate that the sample is too thick and highly scattering.
In preparation of the sample, however, the thickness employed was one in which the sample integrity could be
guaranteed. Attempts to cut thinner cross sections failed
due to the fact that the individual layers would delaminate from one another. In contrast, these problems and
their associated spectral artifacts are absent from the ATR
spectrum. Finally, a close comparison of the transmission
spectrum shows that the absorptions located at 2838,

F IG . 8. Plot of peak height for the PVAc carbonyl (1746 cm 2 1) and
gelatin amide I (1651 cm 2 1 ) as a function of displacem ent from the
origin of the hemisphere.

1453, and 1378 cm 2 1 are enhanced in the transmission
spectrum relative to the carbonyl absorption located at
1737 cm 2 1 . These absorptions arise from polypropylene,
indicating spectral contamination from the neighboring
layer and reduced spatial resolution for the transmission
measurement. Further evidence for this assignm ent comes
from a consideration of the penetration depth as a function of wavelength in the AT R m easurement. Due to the
increased penetration depth for the absorptions located at
1453 and 1378 cm 2 1 relative to the carbonyl, one would
expect these absorptions to be decreased in the transm ission spectrum when in fact the trend is reversed.
CONCLUSION
We have demonstrated that ATR m aps of sm all surfaces can be collected by using cartridge-based germanium hemispheres. The use of the devices on a conventional microscope allows one to improve the spatial resolution for sample sizes, at the diffraction limit, by a

F IG . 9. Infrared spectra of a 9 m m thick ethylene/vinyl acetate tie layer
obtained in transmission mode (bottom) and ATR mode (top).
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factor of 2, compared to normal transmission measurements. The m agni® cation factor associated with the hemisphere permits sm aller samples to be interrogated with a
reduction in the effects of diffraction. Care must be taken,
however, in the interpretation of the results since the penetration depth varies when the hemisphere is scanned to
different off-axis positions. A scan length of 100 m m is
achievable, but this length is limited by the sample’s refractive index and/or the hemisphere’ s refractive index.
We expect that the m ethod will be m ost useful for
those samples that require extremely thin cross sections
for transmission analysis. These types of samples include
multi-layer laminates m ade up of highly absorbing polymers and/or polym ers that have been opaci® ed with organic and inorganic ® llers. Laminates that fall into this
category include packaging materials and automotive ® nishes (forensics investigations). In both cases, and more
so for the latter, signi® cant sample preparation is required
with the use of a microtome or a diamond anvil cell to
achieve a suitable sample thickness. 16 Often this thickness
is a compromise between the sample’ s optical and physical properties and the laboratory’ s budget. In contrast,
the ATR method described in this report provides a suitable alternative that overcomes m any of the drawbacks
of transmission analysis for these types of samples. Future investigations will employ the two-dimensional aspects of the method that m ake it attractive for tissue samples.
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