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We present local profile measurements of inner mirrorlike and external front-end polycarbonate surfaces
at the same spot of assembled optical storage devices, a CD and a DVD, performed with a heterodyne
scanning interferometer that uses Gaussian beams. We show that the heterodyne interferometer can
reproduce the profiles of both surfaces with accurate precision. We describe a procedure for calibrating
the instrument based on the measurement of reflecting calibrated gratings. To show the advantages that
the heterodyne interferometer represents as a valuable tool for the characterization of optical disks, we
include a comparison of experimental results obtained with a confocal microscope under similar working
conditions. © 2009 Optical Society of America
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1. Introduction

As the storage capacity of optical disks increases, it is
important to improve the surface quality of both the
inner mirrorlike surface, where the data are stored,
as well as the external polycarbonate layer that cov-
ers the front end of these devices. These demanding
requirements, in turn, make more precise methods
necessary for surface profiling, especially if we take
into consideration that the front surface of optical de-
vices exhibits low reflectivity and, at the same time,
high surface quality, making difficult the task of pro-
filing this surface with far-field optical techniques.
An overall measure of a finished assembled optical
storage device should include the measurement or
the profile of both surfaces: the external polycarbo-
nate layer and the inner mirrorlike surface where
the digital information is recorded inside a finished
assembled disk. The results of measuring both pro-
files are relevant since the combination of both sur-

faces affects the performance of the finished optical
devices.

To measure the external polycarbonate layer, one
could consider different options that are commer-
cially available. Nevertheless, if one also wishes to
measure the inner mirrorlike surface with the same
setup, a reasonable option would be to use a confocal
microscope because of its inherent high depth of field
discrimination [1–8]. However, a confocal microscope
is unable to measure the profile of the front-end poly-
carbonate surface because this surface presents low
reflectivity and, at the same time, low roughness of
less than 4nm [9,10]. These two characteristics com-
bined would require a narrow pinhole detector in the
confocal microscope, thus attaining a low intensity
beam at the photodetector and producing a signal
that would be immersed in the noise. One must,
therefore, look for other options.

To overcome the limitation just described, we show
that it is possible to measure both profiles with the
same instrument: the inner mirrorlike surface as
well as the front-end polycarbonate layer. This task
can be performed easily since the only requirement is
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to adjust a screw to slightly change the position of a
focusing lens. This instrument is a heterodyne scan-
ning interferometer with two Gaussian beams and
has been recently reported [11]. To better clarify
the advantage of using the heterodyne interferom-
eter in this application, we present comparisons of
the measurements with those obtained with a confo-
cal microscope working under similar conditions.
Our results show that both instruments can be used
to record the profile of an inner mirrorlike surface
with reasonable accuracy. However, the heterodyne
interferometer gives cleaner profiles and registers
accurately the profile of the external polycarbonate
surface, whereas the confocal system is unable to re-
cord any roughness of the polycarbonate layer. As in-
dicated, this is due to the low reflectivity and low
roughness of this layer. Thus, if one wishes to use
a confocal microscope to characterize optical storage
devices, the profile of the inner surface is not well de-
fined, and it would be necessary to use a second mea-
suring device such as an atomic force microscope
(AFM) for complete characterization of the storage
device.
In Section 2 we present a brief description of the

heterodyne interferometer as well as its use and ca-
libration. In Section 3 we present our experimental
results and give our conclusions in Section 4.

2. Heterodyne and Confocal Microscopes with
Gaussian Beams

Here we provide a brief description of the optical sys-
tems, the spatially filtered confocal microscope, and
the heterodyne scanning interferometer, depicted in
Figs. 1(a) and 1(b), respectively. For the interested
reader, a detailed description of each optical system
can also be found in [11,12]. In both systems the il-
luminating light is obtained from a He–Ne laser
(λ ¼ 632:8nm), with a Gaussian intensity profile
and a semiwidth ð1=e2 Þ ≈ 0:6mm. The probe beam
consists in focusing the laser at the surface under
test by means of a 100X microscope objective with
a focal length of approximately 2mm. For easy
placement of the components, the optical path length
between the laser and the focusing lens is approxi-
mately 2m. With these conditions, the narrowest
semiwidth of the focusing spot, or optimal probe
beam, is obtained at a distance of 1 μm from the back
focal plane of the focusing lens, resulting in a semi-
width of approximately 0:65 μm; this semiwidth will
be seen to be an important parameter as described
below. For all practical proposes, both optical systems
work with unclipped Gaussian beams, allowing us to
use the Fresnel diffraction integral as described in
Refs. [11,12].

A. Description of the Optical Scanning Systems

The confocal microscope makes use of a spatial filter,
a pinhole placed in front of a photodiode [Fig. 1(a)].
The size of the pinhole represents one of the most cri-
tical parameters of the confocal microscope since it
determines sensitivity, vertical and lateral resolu-

tions, and depth of field. Because of the presence
of the polycarbonate layer in front of the inner mir-
rorlike surface of the disk, to measure the profile of
this inner surface it is necessary to select an appro-
priate pinhole size to attain the required depth of
field discrimination. However, as indicated, the pin-
hole size selected will in turn affect the lateral reso-
lution and the sensitivity of the system [12].

In the heterodyne interferometer [Fig. 1(b)], the
photodiode integrates the overall power of the two
interfering beams as it uses a photodiode with a sen-
sitive area larger than the size of the beams under
detection. Thus, depth of field discrimination does
not affect sensitivity. In this interferometer, one of
the beams, the reference beam, also called the mod-
ulating beam, is obtained from first-order diffraction
at the output of a Bragg cell [an acousto-optic

Fig. 1. (a) Spatially filtered confocal microscope and (b) hetero-
dyne microscope. BS1 and BS2, 50:50 beam splitters; L1, focusing
lens. The distance between the focal plane and the plane of the
surface under test has been exaggerated.
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medium of tellurium dioxide (TeO2) excited at
80MHz]. The second beam is obtained from the
zero-order beam at the output of the Bragg cell
and is directed by means of beam splitter BS1 to lens
L1 and focused at a short distance zp from the back
focal plane of lens L1 at the surface under test. This
beam is called the probe beam. Distance zp needs to
be adjusted accurately to obtain a linear response as
a function of the height variations of the sample un-
der measurement, as described in Subsection 2.B.
After being reflected by the surface under test, the
probe beam is modulated in its phase by the local
surface irregularities and travels back, trans-
mitted again through lens L1 and directed to the
photodetector.
The modulating beam is guided toward the photo-

detector by beam splitter BS2. The temporal fre-
quency of this beam corresponds to the sum of the
frequencies of the light and the frequency of excita-
tion of the acousto-optic cell. As depicted in Fig. 1(b),
both beams are superimposed and coherently added
at the plane of the photodetector. The electrical sig-
nal at the output of the photodiode consists of a tem-
poral sinusoidal signal whose frequency is equal to
the excitation signal of the acousto-optic cell. When
the system is appropriately adjusted, the system ex-
hibits a linear response, and the amplitude of the si-
nusoidal signal results proportional to the local
vertical height under measure. This is analytically
shown in Ref. [11].

B. Selection of Appropriate Working Conditions for
Both Optical Systems

As indicated, in the analytical formulation given in
Ref. [11] it is shown that the signal at the output
of the photodiode for the heterodyne interferometer
consists of a DC term PDC plus a time-varying signal
ðPAC cos ðωstþ φÞÞ, where ωs ¼ 2π times the excita-
tion frequency and φ is a constant phase. The AC sig-
nal is recorded by means of a narrowband or lock-in
amplifier, which measures the PAC value. As shown
in Ref. [11], amplitude PAC results as a function of
distance zp. Figure 2 shows (solid curve) that power
amplitude PAC as a function of zp. The following pa-
rameters were chosen: 100X focusing lens, 2mm
focal length, and an illuminating Gaussian beam
with a semiwidth intensity ð1=e2Þ of 0:6mm. In Fig. 2
point zp ¼ 0 corresponds to the condition of placing
the surface under test precisely at the back focal
plane of lens L1. As is shown in Ref. [11], this is
not the place of best focusing.
In Fig. 2 one can see that, to obtain a linear re-

sponse, the system must be adjusted to work in a
small region where the curve shows constant slope.
Additionally, the slope should be as high as possible.
It is also necessary to take into account the value of
the depth of field that one wishes to attain. Thus,
from Fig. 2, one can see that there are two possible
working conditions: one in a zone located around the
left of the back focal plane and a second zone at the
right. The second zone corresponds to the situation of

placing the sample a distance away from the back
focal plane of the lens. We chose the second zone
(around 1 μm away from the back focal plane), since
this zone presents the higher slope, or equivalently,
higher sensitivity. Additionally, selecting the zone
with a higher slope results in a narrower probe beam
and higher lateral resolution. This zone can be
considered to be linear because very small vertical
variations, less than 200nm, are measured when
we take experimental measurements. As indicated
above, under these working conditions the probe
beam will have a semiwidth ð1=e2Þ of approximately
0:65 μm.

According to the above description, the heterodyne
interferometer has characteristics that are similar to
a confocal microscope in terms of depth of field
and linear response, with the additional advantage
that the heterodyne microscope shows a higher
slope or higher sensitivity. Additionally, as the het-
erodyne system collects the overall beams under de-
tection, the sensitivity is highly improved, making it
suitable to profile the inner surface as well as the ex-
ternal low-reflecting surface of an optical storage
device.

3. Calibration

For illustrative purposes, a simple calibration
method was performed for both optical systems.
The method consists of using two calibrated reflec-
tive gratings, commercially available, with pitches
of 600 and 1200 lines=mm, with an average peak-
to-peak amplitude of approximately 120nm. The ca-
libration of the gratings was checked with an AFM.
The measurements of the gratings with both optical
techniques are shown in Figs. 3(a), 3(b), 4(a), and 4
(b). Only two gratings were used to calibrate the op-
tical systems because linear response was assumed.
As indicated, this was made only for illustrative
purposes. If more precision is desired, more gratings
and thus, more measurements can be taken. It can

Fig. 2. Normalized collected power for both microscopes: solid
curve, the heterodyne interferometer; dotted curve, the confocal
microscope. The operating point is selected around the value
zp ¼ 1 μm, within the range marked by the short segments on
the graph; this range corresponds to vertical amplitude variations
of less than 200nm.We used a 2mm focusing lens, an illuminating
Gaussian beam with an intensity semiwidth ð1=e2Þ of 0:6mm, and
a 1 μm pinhole.
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be noted that the measurements taken with the
heterodyne microscope are better defined and clea-
ner because of its higher sensitivity and overall beam
power collection.

A. Optical Storage Devices Measurements

Next, measurements of two commercially available
optical data storage devices, a CD and a DVD,
both without data marks, were taken across the
polycarbonate layer with both optical systems. The

Fig. 3. Measurements of a 600 lines/nm reflective grating taken
with (a) a spatially filtered confocal microscope and (b) a hetero-
dyne microscope.

Fig. 4. Measurements of a 1200 lines/nm reflective grating taken
with (a) a spatially filtered confocal microscope and (b) a hetero-
dyne microscope.

Fig. 5. CDopticaldatastoragemeasurementstakenwith(a)aspa-
tially filtered confocal microscope and (b) a heterodyne microscope.

Fig. 6. DVD optical data storage measurements taken with (a) a
spatially filtered confocal microscope and (b) a heterodyne
microscope.
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resulting profiles are shown in Figs. 5(a), 5(b), 6(a),
and 6(b). Again, it can be observed that the measure-
ments taken with the heterodyne interferometer are
better defined.
Finally, we show measurements of the profile of

the external polycarbonate layer of the optical sto-
rage devices taken with the heterodyne interferom-
eter. To perform these measurements it is only
necessary to focus the probe beam at the front sur-
face of the disk. As indicated above this requires only
the adjustment of a screw, showing the functionality
of the heterodyne system.
Figures 7(a) and 7(b) show the resulting profiles ta-

kenwith theheterodynemicroscope.As indicated, the
spatially filtered confocal microscope was not able to
show the profiles of these surfaces, as indicated,
mainly because of the low reflectivity and low rough-
ness of the polycarbonate surfaces. The maximum
peak-to-peak amplitude for both storage devices
can be seen to be approximately 8:5nm, in good agree-
ment with measurements previously reported [9,10].
To show the repeatability of the measurements we
took ten measurements at the same spot of the poly-
carbonate layers for the CD and DVD. Only one mea-
surement is shown in the graphs, as tracing more
than one measurement in the same graph would only
result in a thickened plot losing visibility of the resul-
tant amplitude distribution. Instead, we indicate in
the graph the standard deviation of the measure-
ments. Additionally, the lateral resolution is limited
by diffraction by the illuminating wavelength and
was estimated in approximately 0.7 μm.For compara-
tive purposes we measured an equivalent zone with
an AFM and obtained similar results.

We must also point out that the well-known fact
that a heterodyne system has better resolution
and sensitivity than a baseband system [7,8] has
been widely fulfilled with the additional feature of
maintaining a high depth of field discrimination,
thus proving to be a powerful, versatile, and func-
tional tool for the characterization of both layers of
interest in the same region of an assembled optical
storage device.

4. Conclusions

We have shown that the scanning two-Gaussian
beam heterodyne interferometer represents an excel-
lent tool to accurately measure the profiles of both
the inner mirrorlike reflecting surface as well as
the external polycarbonate layer at the same region
of commercially available finished optical storage de-
vices. This represents an overall characterization of
the optical storage devices, since the quality of both
surfaces affects the performance of these devices. We
have presented profile measurements of two finished
optical disks, a CD and a DVD, taken with a hetero-
dyne interferometer. We have shown experimentally
that the heterodyne interferometer can be used to re-
cord the profiles of both accurately, the inner mirror-
like surface inside the optical storage devices, as well
as the outer polycarbonate layer, due to the high
depth of field discrimination and high sensitivity
of the instrument. We presented comparisons of
the measurements with a spatially filtered confocal
microscope and showed experimentally that, as the
confocal microscope has low sensitivity in compari-
son with the heterodyne interferometer, it was not
able to measure the polycarbonate layers, mainly be-
cause of the combination of low reflectivity and low
vertical amplitudes of this layer. Since the hetero-
dyne microscope can be used to perform both
measurements accurately in the same region, it pro-
vides the possibility to be used as a standard tool for
quality control in the manufacture of optical storage
devices.

The authors thank CONACYT for partial financial
support.

References
1. T. Wilson and C. J. R. Sheppard, Theory and Practice of Scan-

ning Optical Microscopy (Academic, 1983).
2. C. Sheppard, “The spatial frequency cut-off in three-

dimensional imaging,” Optik (Jena) 72, 131–133 (1986).
3. D. K. Hamilton and T. Wilson, “Surface profile measurement

using the confocal microscope,” J. Appl. Phys. 53, 5320–5322
(1982).

4. D. K. Hamilton and T. Wilson, “Three-dimensional surface
measurement using the confocal scanning microscope,” Appl.
Phys. B 27, 211–213 (1982).

5. I. J. Cox, C. J. R. Sheppard, and T. Wilson, “Improvement in
resolution by nearly confocal microscopy,” Appl. Opt. 21, 778–
781 (1982).

6. J. F. Aguilar, M. Lera, and C. J. R. Sheppard, “Imaging of
spheres and surface profiling by confocal microscopy,” Appl.
Opt. 39, 4621–4628 (2000).

Fig. 7. Profiles of the (a) CD polycarbonate layer and (b) DVD
polycarbonate layer; the standard deviation was approximately
0:11nm.

54 APPLIED OPTICS / Vol. 49, No. 1 / 1 January 2010



7. M. Kempe and W. Rudolph, “Scanning microscopy through
thick layers based on linear correlation,” Opt. Lett. 19,
1919–1921 (1994).

8. M. Kempe, “Analysis of heterodyne and confocal microscopy
for illumination with broad-bandwidth light,” J. Mod. Opt.
43, 2189–2204 (1996).

9. T. Kakuta, S. Shinji, T. Ishida, T. Ozawa, and H. Doushita
“Optical information recording medium,” U.S. Patent
20030031954A1 (2003).

10. L. Kenneth, “Coated thermoplastic film substrate,” U.S.
patent 6,855,415 (15 February 2005).

11. J. M. Flores, M. Cywiak, M. Servín, and L. P. Juárez P., “Het-
erodyne two beam Gaussian microscope interferometer,” Opt.
Express 15, 8346–8359 (2007).

12. M. Cywiak, J. F. Aguilar, and B. Barrientos, “Low-
numerical-aperture Gaussian beam confocal system for
profiling optically smooth surfaces,” Opt. Eng. 44, 13604
(2005).

1 January 2010 / Vol. 49, No. 1 / APPLIED OPTICS 55


