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Abstract. A novel single multifunctional holographic optical element is
incorporated into a surface measurement system. As a result the system
is lightweight, compact, and simpler than conventional ones. Numerical
calculation reveals that submicron resolutions are possible both in the
horizontal and vertical directions. Finally, experimental results demon-
strate the feasibility of the approach.

Subject terms: multifunctional holographic elements; surface measurements; au-
tofocus error detection.

Optical Engineering 31(2), 363-368 (February 1992).

1 Introduction

The increasing need for noncontact surface displacement
and profile measurements that require high horizontal and
vertical resolutions has led to the development of several
electro-optical systems These systems incorporate inter-
ferometric methods, speckle techniques, 2 Moxre deﬂectom—
etry,3 trlangulauon and focus error detection.>® This last
technique is the basw principle of the confocal scanning
optlcal microscope,’ which has become widely used as an
imaging and measurement tool, especially for semi-
conductors and biological materials. In general, all the sys-
tems are cumbersome, include complex optics, and, as a
result, are costly.

We developed a novel system for surface profile mea-
surements, based on autofocus error detection. This sys-
tem’s main element is a single multifunctional holographic
optical element (MHOE). As a result, the system has only
a few optical components, is lightweight and compact, and
can offer submicron resolutions both in the horizontal and
vertical direction. Moreover, the manufacture of the system
is simpler than the present systems, which could result in
a substantial cost reduction.

2 Basic Principle of the Measuring System

The operation of our surface profile measuring system is
described with the aid of Fig. 1. A spherical wave diverging
from point L impinges on the MHOE, from which a first-
order diffracted wave converges to point S where a sample
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to be tested is located. The sample reflects the focused wave
back to the MHOE, from which a second diffracted spherical
wave converges to point P where a pinhole is located. A
detector, whose aperture is limited by the pinhole, detects
all the light passing through this pinhole. When the sample
is placed accurately at the focused spot S, the reflected
spherical wave reconstructs a nonaberrated spherical wave
converging to a small focused spot that will pass through
the pinhole. If the sample is not at the exact focused spot S,
it reflects an aberrated spherical wave, resulting in a large
aberrated spot P, most of which will be blocked by the
pinhole; the detected light levels will be lower, indicating
a focus error. By moving the sample along the z axis, using
micrometers and stepper motors (in the feedback mode),
until a maximum signal is obtained at the detector, the local
surface profile can be measured.

For the MHOE to function as described above, it is re-
corded with the arrangement shown schematically in Fig. 2.
The recording is done with two separate exposures. In the
first exposure, a spherical wave that converges to point S
interferes with a diverging spherical wave emerging from
point L. In the second exposure, the converging spherical
wave interferes with a diverging spherical wave that emerges
from point P.

3 Optical Performance Analysis

The system can be evaluated by resorting to a simple geo-
metrical analysis or to physical optics considerations. For
the evaluation, we will use Fig. 3, which is confined to the
optical part of the system. For simplicity, an on-axis con-
figuration is chosen in which the illuminating laser source
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Fig. 1 Basic surface profile measuring system.
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Fig. 2 The recording geometry for the MHOE.

and the detector pinhole are located the same distance from
the MHOE. The diameter of the MHOE is D, the diameter
of the detector pinhole is Dpj, the distance between the
MHOE and the source-pinhole plane is Rp, the distance
between the MHOE and the focused spot is Rs, and the
distance between the MHOE and the sample is R, where
Rs=Rs+A, and A is the sample displacement from the
exact focus. The basic imaging equation for such an optical
system, when the sample is at the exact focus, is given by

1 1 1
—t—==, 1
Rs Rp f M
where f is the focal length of the MHOE. When the sample
is displaced from exact focus by A, then the imaging relation
is

1 1 1
—t+==7, @)
Rs Rp f

where we assumed an ideal reflection (mirror-like) from the
sample, so the location for the new effective point source
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Fig. 3 The geometry and parameters for a simplified optical arrange-
ment.

of the reflected spherical wave becomes Rs=Rs+2A and
Rp is the image distance of this point.

From simple geometric considerations, the size of the
geometrical spot at the pinhole plane is given by

_p(Ee_
g_D<Rb 1). 3)

Inserting Rp and Rp from Egs. (1) and (2) into Eq. (3)
yields

14+2A/(Rs—f)
=D|——————-1]| . 4
¢ [ 1+ 2A/Rg @
Assuming A<<(Rs—f) (small displacement) and expand-
ing Eq. (4) by a Taylor series [retaining only the first order
in 2A/(Rs —f) and 2A/Rs, yields

_|_2Df
g_[Rs(Rs —f)]A ' )

We assume that the minimum displacement Am;n that can
be detected by such a system, is that for which the geo-
metrical spot £ is some fraction m of Dpj. The actual value
of m depends on the accuracy of the detector, the stability
of the optical system, and the signal processing used. It will
be calculated and discussed later using physical optics con-
siderations, where values smaller than one will be shown
to be reasonable. Under this assumption we get

(Rs—f)
2f

Amin=nDph f#s * , (6)
where fxs=Rs/D.

When the pinhole diameter is close to the diameter of
the diffraction-limited spot of the system, Dpr=2\f#p,
where f#p=Rp/D and \ is the wavelength of the illumi-
nation laser source; then Apiq is given by

Am=nxf#Df#s<Rs f_f ) . %)

Using low f# (f#p=f#s=1/2), A=0.5 um, Rs=2f, and
n<1, Eq. (7) yields

1
Am.in<§ pm .
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It is therefore possible to measure the surface displacements
with a submicron resolution.

The optical performance of the system can be also eval-
uated by resorting to physical optics considerations. Again,
assuming mirror-like reflections from the sample, the ar-
rangement shown in Fig. 3, and a paraxial approximation,
then the field amplitude emerging from the MHOE plane is
given by

Up=Upy-Us =circ| 2 ) -exp| =%+ —1) 2 @)
7=Upm"Ug=cIrc D Xp MRS s

where Uy =exp[i(w/\f)r?]circ(2r/D) is the transmittance
of the MHOE and Ug=exp[ —i(m/AR9r?] is the diverging
spherical wave emerging from the point distanced R from
the MHOE, with r the radial coordinate in the MHOE plane.
The intensity distribution at the pinhole plane denoted
by Ip(rp) is given by the Fresnel diffraction integral8-%:

J’D/2 ( - 2)
rUr(r)-exp| —i—r
A 7( p Ry

27, 2

D

. d , 9

Jo< \Rp r) r ®
where rp is the radius coordinate in the pinhole plane and
Jo is the zero-order Bessel function. The relative total power
that passes through the pinhole to the detector can be de-
termined by integrating the intensity distribution Ip(rp) of
Eq. (9) over the pinhole diameter D,;. The detected signal,
denoted by Pp, is proportional to the total power and is
given by

ID(rD)“R—i)

Dph/2
PDocf Ip(r)rdr . (10)
0

The values of Ip(rp) and Pp of Egs. (9) and (10) are found
by numerical integration.

As an illustration, we consider an optical system with
parameters of Rp =Rs=20 mm, f=10 mm, D =10 mm,
and A =0.5145 wm, and use Eqs. (9) and (10) to determine
the intensity distribution and the detected signal. The results
are given in Figs. 4, 5, and 6. Figure 4 shows the intensity
distribution Ip(rp), at the detector plane, for three sample
displacements A=0, 3, and 6 wm. As A increases the peak
intensity is reduced and the distribution spreads. Figure 5
shows the relative total power as a function of the sample
displacement A for four pinhole diameters D, =0.2, 2, 6,
and 10 pm. As shown, the measurement accuracy improves
as the pinhole diameter is reduced. The improvement is
significant as the pinhole diameter approaches the diffraction-
limited size of Dpp=2 wm. Below the diffraction limit, the
improvement is small. Finally, a magnified portion of the
graph in Fig. 5 for a pinhole diameter of 2 wm is shown in
Fig. 6. From this figure the minimal detectable displacement
Amin can be determined once the accuracy of the detected
signal is known. For example, if the accuracy is 1%, Amin
is about 0.5 pm.

Now, using Eq. (6) and the data from Fig. 6, we cal-
culated the fraction constant v as a function of the accuracy
of the detector. The results are shown in Fig. 7, along with
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Fig.4 The intensity distribution at the detector plane for three sample
displacements.
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Fig. 5 The detected signal as a function of sample displacement for
four pinhole diameters.

the corresponding minimal detectable displacement. As is
evident, for a typical detector accuracy of less than 5%,
then m is less than one, justifying the assumption we made
in the geometrical optic analysis.

4 Realization and Experimental Results

A single MHOE was recorded according to the procedure
described earlier and with the arrangement of Fig. 2. An
argon laser operating at a wavelength of 0.5145 wm served
as the illumination source and a bleached Agfa 8E56 pho-
tographic plate was used for recording the element. The ex-
posure energy of both the object and the reference waves
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Fig. 6 The detected signal as a function of sample displacement for
a pinhole diameter of 2 pm.
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Fig. 7 The fraction constant n and minimal detected displacement
as a function of detector accuracy.

was 200 pJ/cm?, and the resulting diffraction efficiency was
approximately 40%.

Three different geometries were used for recording three
independent MHOESs. The parameters for the first geometry,
denoted by SU1, were chosen to be D=2.3 cm, Rs=12 cm,
Rp=14 cm, Dpp=25 pm, and the distance from the laser
source L to the MHOE, denoted as Ry, was Ry =14 cm.
Thus, fgs=5.2 and fgp==6. For the second geometry, de-
noted by SU2, the parameters were chosen to match those
of SU1, except for D,,=12.5 wm. The parameters for the
third geometry, denoted by SU3, were chosen to be D=2 cm,
Rs=4 cm, Rp=3 cm, Rp=7 cm, and Dp;=5 pm. In this
case fgs =2 and fgp = 1.5. In all three geometries, the angles
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Fig. 8 The measured detected signal as a function of sample dis-
placement for the three different system geometries.

between the central ray of the spherical wave converging
to S, and the central rays of the spherical waves emerging
from P and L are +45° and —45° respectively. The spher-
ical waves emerging from P and L were constructed by
microscope objectives, whereas the spherical waves con-
verging to S were formed by high-quality focusing lenses.

The three different MHOEs were independently incor-
porated into the system shown in Fig. 1, so we could eval-
uate the system as a function of various MHOE parameters.
The sample was either a mirror or a nonpolished aluminum
plate and it was displaced with the aid of a stepper motor
having 1-pwm resolution. In each case we measured the de-
tected signal as a function of sample displacement. The
results for the three systems, each with a different MHOE,
are presented in Fig. 8. As expected, the resolution of mea-
surement is better for the system using the smaller pinhole
diameter for the detector. For example, the minimal de-
tectable displacement A, for a detector accuracy of 5%
(represented by the horizontal dashed line in Fig. 8) is about
+30 pm for SU1, about *15 pm for SU2, and about
+6 wm for SU3.

Using Eq. (6) and the experimental results for Apyin, wWe
calculated the fraction constant m for the three systems. For
the SU1 and SU2 systems, each having the same parameters
except for the different pinhole diameters, the calculated m
was the same, about 0.5, for both. This indicated that A,
is proportional to the diameter of the pinhole, as expected.
For the SU3 system, m was about 0.9. The reason for the
increase of m, in this case, is probably due to the higher
effects of system instabilities when working with lower f
numbers and smaller pinholes.

5 Possible System Modifications

For a practical system, use of a laser diode operating in near
infrared radiation, instead of a gas laser, is preferred. Un-
fortunately, available holographic recording materials are
not sensitive to infrared radiation, so it is necessary to over-
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Fig. 10 Modified system configuration.

come the aberrations caused by the wavelength shift between
the recording and the readout. For our case of a single image
point hologram, this can be done by using a readout ge-
ometry that is different from the recording geometry or by
using a computer-generated hologram. 10.11 A possible com-
pact optical system is presented in Fig. 9, using a diode
laser-detector hybrid device. Here, the diode laser and the
detector may be fabricated on the same substrate, using
VLSI technology.’

Two additional modifications improve the performance
of the surface profile measurements system. The first is
described with the aid of Fig. 10. The MHOE contains three
independent spherical focusing elements instead of only two
in the basic system. The first element focuses the light from
the laser onto the sample, while the other two elements
focus the light reflected from the sample into two detector

assemblies (D7, D) with small apertures. One of the de-
tectors is placed a short distance (typically several microns)
behind the recording focal plane, while the second detector
is placed the same distance in front of it. By comparing the
signals from the two detectors, the magnitude can be mea-
sured as well as the sign of the defocus. Moreover, differ-
ential detection can improve the electronic feedback system
and decrease the sensitivity to intensity changes of the laser.®

A second modification for the system is based on an
astigmatic error detection technique. Here an astigmatic beam
(instead of perfect spherical wave) is focused on a quadro-
detector (instead of a pinhole and a single detector).® The
MHOE is almost identical to the basic one, where the as-
tigmatic beam can be generated by using a readout geometry
different from the recording geometry or by using computer-
generated holograms.

6 Conclusions

We presented a simple and compact noncontact electro-
optical system that can measure surface profiles with a high
resolution. The simplicity of the system can be attributed
to the single low f number MHOE, which combines several
different functions in a single hologram that has low ab-
errations. The system can be further improved by using two
detector assemblies with small apertures or using astigmatic
error detection techniques.
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