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SUMMARY

We describe a generalized confocal optical microscope which measures both phase
and amplitude, separately and simultaneously. The system is based on heterodyne
inferometry, and is extremely fast and accurate. Together with the associated signal
processing and data acquisition system, it can take data at the rate of 50,000 points/s,
to an accuracy of 12 bits in amplitude and about the same in phase. The 1o phase error
is 0-1°, corresponding to a height uncertainty of 0-1 nm. Unlike most phase-sensitive
systems of this accuracy, the phase data are not differential, and we are not restricted
to small phase changes. Having phase and amplitude enables use of digital filters to
modify the coherent transfer function of the microscope in almost any way we desire
(within the bandwidth available), and in particular to double the spatial resolution of
the system without resorting to ultraviolet light or ad hoc image processing procedures
such as non-linear transformations or the introduction of additional assumptions about
the sample. In contrast to ordinary apodizing schemes involving annular pupils and
graded neutral-density filters, the digital filters used here are very easily changed to
optimize the trade-off of resolution versus ringing. Computationally efficient expres-
sions for the line-spread function and step response of a confocal microscope are
developed for use in comparisons.

INTRODUCTION

The confocal microscope is finding wide use in semiconductor metrology, biology,
and other fields, because of its excellent resolution, depth discrimination, and lack of
edge artefacts (ringing). The classical confocal microscope measures only intensity,
and like an ordinary bright-field microscope, it is rather insensitive to phase objects.
Its point-spread function (PSF) is not easily modified by the user, except to increase
or decrease the numerical aperture; although satisfactory for most purposes, it
possesses serious drawbacks from a quantitative measurement point of view, which are
discussed below.
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The confocal microscope was first considered by Minsky (1957), and since by many
others; Sawatari (1973) was the first to build a heterodyne interference microscope,
and a later version with phase sensitivity was developed by Peterson et al. (1984) at
about the time of our early work. Both of these systems are of the single-beam,
mechanically scanned type, and neither has the precision nor stability of our system.
Wickramasinghe er al. (1982) have made a scanning a.c. differential interference
contrast microscope, which measures the derivative of the phase along the scan
direction; accurate reconstruction of a profile from its derivative is difficult, however.

Our system (Jungerman et al., 1984; Hobbs et al., 1985) uses an acousto-optic Bragg
cell in a unique configuration to make an electronically scanned, two-beam, heterodyne
interference microscope, capable of measuring the amplitude and phase of the received
optical beam simultaneously and independently. It operates in a shearing mode; one
beam is stationary and the other scans. Since both beams are reflected from the sample,
any vertical vibration of the sample causes the same phase change in both beams, so
the phase difference (which is what an interferometer measures) does not change, and
no noise results. The superior stability afforded by this arrangement allows angstrom
height measurements at d.c. in ambient air. This is in sharp contrast to most inter-
ferometers, where the 1/f noise is dominant, and good sensitivity is difficult to attain.

Because this is a shearing rather than a differential system, it is not limited to small
phase shifts; it is equally accurate throughout 27 radians. As in any monochromatic-
light interferometer, phase shifts larger than 27 introduce an ambiguity, which in this
case is mitigated since depth-discrimination supplies additional height information.
The electronic scanning system is very fast, accurate, and repeatable. It is coupled to
a data acquisition system of our own design (Hobbs, 1987) which allows it to acquire
data at a pixel rate of 50kHz, with an accuracy of 0-1° of phase and 12 bits in
amplitude. This performance level does not by any means represent an upper limit to
what could be achieved with this technique.

Having both phase and amplitude, along with a good theoretical expression for the
coherent transfer function (CTF) of the microscope allows us to use simple digital
filters to eliminate the disadvantages of the type 2 (confocal) transfer function, specifi-
cally its inferior bandwidth utilization and its cusp at the origin (which causes a slow
monotonic tail off in the PSF) while maintaining control over the edge artefacts. As
will be seen, the trade-off between sharpness and edge ringing is very favourable;
improvements in edge resolution of more thana factor of two can be obtained with very
reasonable ripple and very fast settling of the step response.

It is in this regard—2n phase sensitivity, 0-1 nm height accuracy, high speed, and
completely arbitrary PSF (within the bandwidth limit)—that we claim this system to
be a true generalization of the confocal microscope.

THE AMPLITUDE POINT-SPREAD FUNCTION

In a coherently illuminated bright-field (type 1) microscope, the amplitude PSF
is simply the amplitude distribution of the illumination system, normally an Airy
pattern:

hy (x5 ) = 2nNA?jinc[ENA(x* + y*)'?], )

where jincx = J, (x)/x. This pattern corresponds to a pupil illuminated uniformly out
to a numerical aperture (NA):

H,(p, q) = circ[(p* + ¢")INA’], 2)

and is typically generated by imaging an unresolved pinhole light source on to the
sample. The classical confocal (type 2) microscope uses two pinholes, one on the
illumination side and one on the detector side of the optical system, to produce a
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microscope whose PSF is proportional to the square of the illumination pattern,
hy(x, ¥) = 4nNA*jinc?[ENA(x* + v*)'?]; 3)

by the convolution theorem, the transfer function is the self-convolution of the
type 1 microscope’s,

H,(p; ) = (2[m)[cos~"|a| — |al(1 — 6*)"]circ]a], (4)

where ¢ = 1/(2NA)/p* + ¢°, normalized for unit response at zero spatial frequency.
Since H, is real and non-negative (at least on-focus), its self-convolution H, has twice
the bandwidth. Unfortunately, the type 2 transfer function is not twice as good,
because it is roughly conical in shape (in two dimensions), has a cusp at the origin, and
thus rolls off quite steeply in the mid-frequencies. Although it is often stated that the
type 2 microscope has 1-4 times the resolution of the type 1, this is somewhat mis-
leading since this figure is the ratio of the 3-dB widths of the PSFs; the step responses
have almost the same rise interval (10-909%,), with the type 1 even being a bit sharper,
although the type 2 settles down more rapidly and exhibits much less overshoot and
ringing. It is the absence of ringing which is important in semiconductor applications,
because critical dimension measurements rely on threshold algorithms, which are
easily confused by such artefacts. In addition, pinhole-type microscopes are sensitive
only to intensity, which tends to limit their usefulness to samples with fairly strong
amplitude contrast.

The type 2 transfer function still leaves something to be desired for microscopy
applications. Although it has twice the bandwidth of the type 1, it uses its bandwidth
poorly; it rolls off quite sharply at mid-frequencies, compromising the edge response.
In addition, while avoiding the type 1’s jump discontinuity at the band edge, it exhibits
a cusp at zero frequency which leads to a slow, nearly monotonic tail in the step
response, making precise height and reflectivity measurements unnecessarily difficult
near sample discontinuities such as the edges of integrated circuit (IC) lines.

OPTICAL SYSTEM

The optical system is shown schematically in Fig. 1. A collimated, uniform beam
from a single-frequency argon-ion laser operating at 514 nm comes into a tellurium-
dioxide acousto-optic (A-O) deflector, located at the pupil of a commercial microscope
(Leitz Orthoplan). The two beams (zero- and first-order) from the A-O cell are
focused to diffraction-limited spots on the sample, with beam axes normal to the
surface. Light reflected from the two spots retraces its path, and re-emerges through
the A-O cell. Since two beams enter the cell on the return path, four receive beams
emerge, in two coaxial pairs. Within each pair, one beam comes from each spot. One
pair, consisting of the never-diffracted beam and the twice-diffracted (once on transmit
and once on receive) beam, travels back towards the laser, where minor misalignment
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Fig. 1. Schematic diagram of the optical system.
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keeps them from re-entering the laser cavity. The other two beams, namely the zero-
order transmit beam which is diffracted on receive, and the first-order transmit beam
which is undiffracted on receive, emerge from the cell at the Bragg angle; due to the
differing diffraction geometry on transmit and receive, one of these is upshifted and
one downshifted by the A—O cell drive frequency f,. These two beams are made to
interfere on a photodiode, placed at an image of the A-O cell so that the beams do not
move off the diode as they scan.

The signal from the photodiode is proportional to the squared modulus of the beam
amplitude, filtered by the frequency response of the diode circuit; since the incoming
beam has components at two frequencies, the diode output current has two d.c. terms
corresponding to the average power, plus an a.c. term at the beat frequency 2f,, whose
amplitude is the product of the optical amplitudes and whose phase is the difference
of the optical phases.

This signal is converted to a constant 60-MHz IF, filtered, and finally digitized.

The heterodyne interferometer mounts on a standard metallurgical microscope, and
allows viewing of the beams as they scan, which is very useful for alignment, focusing,
and positioning. The system could be extended to a 2-D scan without much difficulty,
by including another A-O cell and a transfer lens.

In the course of a scan, the A-O cell drive frequency varies from 50 to 100 MHz,
so that the rf photocurrent is at 100-200 MHz. Typical gas lasers have a mode spacing
of 150—-400 MHz, so care must be taken to avoid spurious signals due to the beating
of the other modes (all of which would be split by the A-O cell) getting into the IF
passband. Our instrument uses a single-frequency argon-ion laser operating at 514 nm.
A frequency-doubled, diode-pumped Nd: YAG laser (532 nm)—with its very large
mode spacing (10 GHz or so), small size, and comparatively low cost—would be a good
alternative, especially since the problem of large (109) amplitude fluctuations seems
to have been solved.

The scan size is determined by the focal length of the microscope and the deflection
angle of the A-O cell. The particular cell used here was a Matsushita EFL.D-340.

In the past, A-O deflectors have had a bad reputation for beam distortion, which has
made them somewhat unpopular in imaging applications; we have found with both
devices we have tested (the other one was a one-off from Crystal Technology) that
diffraction-limited resolution was easily obtained with pupil sizes of 3 or 4mm.

ANALOG SIGNAL PROCESSING

The photodiode is essentially a current source, sO for best sensitivity, its load
resistance should be as large as possible. Real photodiodes have a shunt capacitance
of a few picofarads at least; to achieve a 200-MHz bandwidth in an untuned circuit
requires a load resistor of at most a few hundred ohms. Better results can be
achieved with a matching network; a theorem of Bode (1945) states that in matching
a resistance—capacitance to a pure resistance, the matching gain G,, of the network
satisfies

— |, togl1 - |Gm(w)|]dws%. (5)

The photodiode matching network shown in Fig. 2 achieves a measured worst-case
return loss of 5 dB into 50Q over a 100-210-MHz bandwidth, less than 0-5 dB worse
than the Bode limit for a perfect rectangular frequency response.

Figure 3 is a block diagram of the analog signal processing subsystem. The signal
from the photodiode at 2f, is amplified, mixed with a frequency-doubled, down-
shifted version of the A—O cell drive signal to yield a constant 60-MHz IF signal,
and finally filtered, split into two highly isolated channels, and amplified to a nominal
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Fig. 2. Schematic diagram of the photodiode matching network.
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Fig. 3. Block diagram of the analog signal processing subsystem.

level of 0 dBm. The outputs go to amplitude and phase digitizers of our own design,
which are described in Hobbs (1987). These digitizers operate at a 50-kHz sampling
rate with a phase uncertainty of 0-1° (1¢) and an amplitude uncertainty of 0-29, of the
reading—essentially the performance of a good lock-in amplifier, at 500 times the
speed. The use of commercially available digitizing arrangements, such as a down-
converter followed by a lock-in amplifier, or in-phase and quadrature detection, was
rejected because such schemes lack the accuracy and/or speed to match the capabilities
of the microscope.

The A-O cell is driven by a voltage-controlled oscillator (VCO) which in turn is
controlled by computer via a digital-to-analog converter (DAC). The scan is linearized
by performing a secant-method search through the DAC code space (using a GPIB-
controlled frequency counter) to find N codes which generate N equally spaced
frequencies.

There is one somewhat subtle problem with the system as described so far. The A-O
cell’s time-bandwidth product determines the number of resolvable spots, so with a
bandwidth of 50 MHz, one must contend with a delay of about 6 us in the A-O cell.
As the frequency changes, this delay causes a large linear phase shift (amounting to
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hundreds of cycles over the scan range) between the photocurrent and the doubled
VCO signal. This large delay must be cancelled somehow if the phase sensitivity is to
be useful. At present, the phase slope is removed numerically, by forcing the average
phases of the first five and last five points in the scan to be equal; this method is
convenient, but places very stringent demands on the stability and repeatability of the
VCO. Other ways to accomplish this would be to use a bulk-acoustic wave delay line
after the frequency doubler, and then trim the null by translating the A-O cell along
the acoustic propagation direction, or to replace the VCO with a direct digital syn-
thesizer, which has the required accuracy and tuning speed.

IN-FOCUS TRANSFER FUNCTION AND PSF

Although this instrument has no pinholes, it is nevertheless of type 2. In this section,
we develop the theory for this instrument, in order to elucidate the origin of the lateral
resolution and to justify the approximations made.

Consider the instantaneous power incident on the detector, which is considered to
be infinite in extent (in practice it need only be bigger than the beam); if the input
scalar field in reciprocal space is ¥/(k), the incident power is:

d*r’ S D 4
Since the numerical aperture at the detector is small, n - k' is approximately k’. Using
Rayleigh’s theorem to transform into real space, we obtain for the photocurrent

I=R[[ & pex)P. ™
pupil
In order to get Eq. (7) into an integral over the sample surface, we use the far-field
form of the Rayleigh-Sommerfeld integral formula,

exp(ik|x — x'|) n-(x —
|x —x'|?

X)yx'yd2x. (8)

v = (fin) ||

sample

Consider the fields on the surface of a sphere of radius a. If we define angular
variables p = x/a, ¢ = y/a, then

|x— x| = (@ +x %X —2x-x)"?~a(l —x-x'[d") + O(a™"). 9)

For large a, X - X'/a < a so that this term can be dropped in the denominator; however,
this term is never small compared to unity, so it must be retained in the exponent. If
we discard the large constant phase term exp(tka)/a, then the angular spectrum is the
Fourier transform of the source distribution, multiplied by the hemispherical window
function circ[(p? + ¢*)/NA*]{/(1 — p* — ¢*). The window function arises from the
obliquity factor n - (x — x’) in Eq. (8), and from the finite range of angles available, not
from any effect of lenses. As a corollary, if we wish to calculate the scattered field when
a beam is incident on the surface, we must put in the inverse of this obliquity factor;
in most cases of interest this means that the obliquity factors cancel out, at least
approximately.

There is no general theory for what a real lens does. The unphysical ray model is
used in lens design, the thin lens (for small NA) and Fourier transformer (for large
NA) models in most imaging theory. Sometimes an extra cos'?0 apodization factor is
added for energy conservation; this seems a needless elaboration in an approximate
theory, especially since energy conservation in propagating from the source to
the detector (for a perfect reflector) is ensured anyway by the cancellation of the
obliquity factors.













































