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Reflectance Anisotropy Spectroscopy (RAS; also called RDS—Reflectance
Difference Spectroscopy) is a normal incidence reflectance technique that,
by utilizing the anisotropy of reconstructed semiconductor and metal
surfaces, has evolved into one of the most useful, new optical surface
science techniques. Using a spectroscopic range covering the visible and
near-UV part of the spectrum (250 nm to 850 nm), this technique is capable
of sensing the stoichiometry and symmetry of the uppermost atomic
monolayers of cubic semiconductors and metals. The basic principle of RAS
is that the complex reflectance anisotropy ∆r/r, caused by the reduced
symmetry at the surface of cubic crystals, is measured by a PEM-based
optical system acting as a normal-incidence phase-modulated ellipsometer.
The signals to be detected are usually of the order of |∆r/r|<10-3 and carry
information originating only from the surface region because the bulk
beneath is optically isotropic and therefore does not contribute to the
measured spectrum.
Interestingly, there are presently two rather different fields where
RA spectrometers are used in steadily increasing numbers: basic research in
academic solid-state physics departments and growth control in the
production lines of the optoelectronics industry.
(continued on page 2)

LOW-LEVEL BIREFRINGENCE

Hinds Instruments Introduces Exicor™
A Low-level Birefringence Measuring System
for Characterizing Optical Materials

Driven by the semiconductor industry’s accelerating demand for higher
quality optical components for DUV optical systems, Hinds Instruments has
developed an innovative low-level birefringence measurement system,
Exicor. As the long established leader in photoelastic modulator (PEM)
technology, we have developed a new technology based on the PEM that
offers unparalleled sensitivity in birefringence measurement.
(continued on page 4)

Figure 1: MOCVD
reactor for III-V
semiconductor
growth (Aix-200,
AIXTRON, Germany)
equipped with a RAS
real-time sensor
(LayTec, Germany) at
Hahn-Meitner-Institut,
Berlin, Germany.

Sensitivity to
atomic monolayers with
PEM based
Reflectance
Anisotropy
Sensors...

(continued from page 1)
The motivation among those in the ’basic research‘
camp to use RAS in their surface science studies is obvious:
“watching” the atoms on surfaces with light that, as
opposed to electrons, can penetrate gaseous and liquid
ambient, opens a completely new ’playground‘ that extends
beyond the traditional study of clean surfaces in an ultrahigh vacuum. On the other hand, major suppliers of
industrial metal-organic chemical vapor disposition
(MOCVD) systems equip their reactors for large-scale
optoelectronics and communication electronics production
with RAS sensors. They are capitalizing on this technique’s
demonstrated ability to measure growth rates, compositions, doping levels, interface formation and surface
reactions.

The basic optical principles of RAS
RAS measures the difference ∆r in the normal-incidence
reflectances rx and ry for light that is linearly polarized parallel
and perpendicular, respectively, to a chosen in-surface-plane
axis x of a sample [1]. Usually it is given as ∆r/r, i.e.,
normalized to the averaged reflectance r:

∆r
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=

Consequently, with the bulk dielectric function εb known,
the surface dielectric function ∆εs*d can be derived
straightforwardly from the measured RAS spectrum (Fig.2).
The spectrum of ∆ε s * d is, in contrast to the
as-measured ∆r/r spectrum, a unique property of the
reconstructed surface and as such is directly related to only
the respective surface band structure and the corresponding
surface transition matrix elements involved. This is where the
surface science potential of RAS originates. On the other
hand, tiny changes in surface
stoichiometry can have a
major impact on the surface dielectric anisotropy.
When measured in realtime, RAS gives the key
to industrial growth
monitoring and growth
control on a submonolayer level.
Figure 2:
GaAs (001) (2x4) surface
dielectric function (c) as
calculated from the
measured RAS spectrum (b)
and the respective GaAs bulk
dielectric function (a).

A typical set-up for RAS is shown in Fig. 3. The light
from a Xe arc-lamp source is focused through a polarizer
prism on a sample close to normal incidence
(typically ~5°). The reflected light is, after having traveled
through a photoelastic modulator (PEM) and an analyzer
prism, refocused on the entrance slit of a monochromator
and finally detected by, e.g., a photomultiplier. With both
the polarizer axis and the PEM axis oriented parallel with
respect to each other, only an anisotropic sample with its
optical axis oriented along 45° gives maximum modulation
through the PEM and therefore maximum modulation in the
detector output.
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For the most important case of an anisotropic surface on
an isotropic bulk material, the complex surface dielectric
anisotropy ∆εs*d (d refers to the ’thickness‘ of the surface
and usually is of the order of 1nm) can be directly derived
from the complex dielectric anisotropy by:
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Figure 3:
Optical set-up for RAS according to [2]. The diagram is from [3].
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The PEM imposes on the light that is impinging on the
detector a well-defined phase shift that oscillates with a
modulation frequency ω and having an amplitude δPEM. The
RAS signal is determined by normalizing the ac components
I1ω and I2ω of the detector output to the respective dc
component I0:

I(t)
I0

=1+Re
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2J1(δPEM)sin ωt

J1 and J2 in Eq. 3 are the Bessel functions of the first and
second kind, respectively.

Optical surface science applications
Ten years ago, the direct correlation between RAS spectra
and surface reconstruction was first verified [4]. RAS was
then predominantly considered as an optical surface
science technique that allows for the transfer of UHV-borne
knowledge about surface reconstructions and surface
electronic states into the field of surface studies in gas
phase environments. This has become an important issue,
because traditional electron based UHV surface science
techniques such as low-energy electron diffraction (LEED)
and Auger electron spectroscopy cannot be applied in a gas
phase. However, with the emergence of more sophisticated
ab-initio theoretical approaches to the surface optical
properties [5] in conjunction with recent advances in
computational power, a very detailed agreement between
experimental RAS data and its respective ab-initio
calculated counterparts has been found. In Fig. 4 an InP
(001) mixed dimer (In and P atoms) reconstruction serves as
an example. The detailed geometry of this reconstruction
(Fig. 4a) has been shown by RAS, scanning tunneling
microscope (STM), and X-ray photo-emission spectroscopy
(XPS) experimental work combined and directly compared
to ab-initio theoretical calculations [5]. The various peaks in
the experimental data (Fig. 4b), which have been measured
at 25K in order to minimize thermal broadening of the RAS
signatures [6], are present in all details as well as in the
theoretical calculation. It is from the anisotropy in the
electronic wave functions and transition matrix elements of
the surface atom’s valence electrons that these spectra
originate.

Epitaxial growth monitoring by combined
RAS/Reflectance sensors
Before one could make use of the enormous surface
sensitivity of RAS for process monitoring and control in
semiconductor production-line environments several
problems had to be solved. In basic research laboratories,
experimenters study tiny, carefully treated and positioned
pieces of crystal. However, for the production of optoelectronic and telecommunication devices the conditions are
quite different: MOCVD reactors will hold typically 5-10 large
wafers in a high temperature environment. The wafers move
on a gas-foil that rotates with varying frequency and a
considerable wobble. The growth of course takes place at the
surface being assessed by the RAS sensor, but because
semiconductor devices usually consist of many layers, the
optical signals from the surface are modified by Fabry-Perot
interferences. Therefore, it took several technical inventions
(including the PEM-based RAS set-up [2]) and the direct
combination of RAS and reflectance measurements through
sophisticated software algorithms [7] to solve these
problems.

a

b

Figure 4: RAS on InP (001):
(a) Stick and ball model of the InP (001)-(2x4) surface [8];
(b) measured (blue) and calculated (red) spectra [5,6].
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To make a long story short, all
these technical and experimental
problems have been solved and
PEM-based RAS and reflectance
sensors now serve as an important
tool in MOCVD device production.
Fig. 5 demonstrates how the
growth of the various, differently
doped layers of an heterojunction
bipolar transistor (HBT) are
monitored during epitaxy. Here
the measured spectra have been
coded in false colors in order to
visualize the time evolution of
the monitoring signals.

Summary and Outlook

Figure 5: RAS monitoring of the MOCVD growth of a GaAs/InGaP hetero-bipolar transistor (HBT).
The RAS spectra have been converted into a false-color (left side) with every single layer of the HBT
well distinguished due to the sensitivity of RAS to doping levels.

PEM based reflectance anisotropy
spectroscopy (RAS/RDS) has been
shown to be a versatile tool for studying surfaces and interfaces of cubic crystals. Because the RA spectra originate only
from the uppermost atomic layers, RAS is useful beyond
basic science applications and is well suited for growth

monitoring and growth control. Presently its fields of
application have been extended to include new materials
such as magneto-optic layers and metal surfaces.
(continued on page 6)

Hinds Instruments
Introduces Exicor™...

(continued from page 1)
The new Exicor technology provides both birefringence
magnitude and angle simultaneously, with excellent
repeatability. Exicor maps samples of various optical
materials from the UV to the infrared and displays the data in
high content 2-D and 3-D birefringence images.
Optical lithography leads the list of fields requiring Exicorlevel measurement capability. It is within the very recent past
(months) that cutting edge optical systems in semiconductor
steppers have required birefringence characterization. This is
due to the tight optical specifications required for the very
short wavelengths of DUV photolithography. In another
semiconductor application, photomask blanks and reticles
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are now routinely checked for low levels of strain induced
birefringence. The general scientific optical materials industry now also maps birefringence for quality control and to
improve yield during manufacturing.
Quantifying linear birefringence has become acutely
important for suppliers of optical components. Linear
birefringence is characterized by the relative phase shift
(measured in nanometers of retardation) of two perpendicularly polarized light waves passing through an
optical element. The increasingly stringent requirements for
low aberration optics that are used in high precision optical
instruments have mandated improved specifications and
control of birefringence at extremely low levels. Prior
technologies produce sensitivities in the nanometer range.
By optimizing PEM technology, Exicor measures the
magnitude of retardation of linear birefringence with an
unprecedented sensitivity of +/- 0.005 nm. The direction of
birefringence is measured with an accuracy of less than 1º
for retardance greater than 0.5 nm. A unique dual beam
detection system (patents pending) used in conjunction with
the photoelastic modulator provides readout of both
amplitude and angle without moving the sample. In fact
there are no moving parts in the optical system.
(continued on page 5)
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(continued from page 4)
Details of the system are described in “Review of Scientific
Instruments,” October 1999 (Wang & Oakberg, vol. 70, p.
3847), with the first commercial version, Exicor 150AT,
delivered in January 2000. Preliminary results of photomask
blank measurements were reported at the symposium on

Photomask Technology in September 1999 (Wang &
Troccolo, SPIE vol. 3873, p. 544). The significance of
birefringence measurements relating to semiconductor
photolithography was reported in the February 2000
issue of “Solid State Technology” (Wang, vol. 43(2), p.
77). In the short period of time since product introduction,
75% of the leading edge semiconductor stepper
manufacturers (directly or through their supply chain) and
over half of the major calcium fluoride and fused silica
manufacturers have adopted Exicor technology. The
technological innovation provided by Exicor was recognized
at CLEO 2000 with a New Product Award.

Birefringence Measurement Technology
PEMs are a specialized type of polarization modulator used
to analyze polarization states when very high sensitivity
and/or speed are required. These PEMs use a variety of
optical materials such as fused silica for their optical
elements. If there is birefringence in these optical elements,
they may induce artifacts in polarization measurements
made with PEMs. As a result Hinds Instruments has
historically had a strong interest in the measurement and
control of low levels of birefringence in optical materials.
Linear birefringence is a property of optical materials that
creates a difference in the speed of light for two
perpendicular polarizations of light passing through the
sample. The birefringence produces a relative phase shift
between these two polarizations. The degree of phase shift is
called retardation and is measured in nanometers.
Birefringence can either occur naturally or it can be artificially
produced (stress birefringence).
Traditional methods of measuring the magnitude of
retardation due to birefringence include viewing the optical
sample between crossed polarizers. This method has poor
sensitivity for low levels of retardation. An improvement on
this measurement uses a rotating quarter-waveplate sandwiched with the sample between the polarizers. This method
is tedious and still limited to a sensitivity of 1-2 nanometers.
Further improvement can be made using an electrooptical system with a continuously rotating waveplate,
sandwiched with the sample between polarizers. Better
sensitivity can be obtained, but the method is still limited by
problems such as the uniformity of the waveplate and noise
generated by operating rotating mechanisms.
Much higher sensitivity can be achieved by replacing the
rotating waveplate with a photoelastic modulator. The
signals produced are similar to those of the rotating
waveplate, but an advantage of the PEM is that it produces a
polarization modulation of the light beam having extremely
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high accuracy and quality (i.e. modulation purity) with no
mechanically moving parts. This is due to the resonant
character of the PEM device. Another advantage is that the
modulation is much faster, typically 50 kHz as opposed to
(at most) a few hundred Hz for a rotating waveplate. The use
of phase sensitive detection (lock-in amplifiers) produces
repeatable sensitivities as high as +/- 0.005 nanometers of
retardation.

The Exicor Product Line
The first model of this new low-level birefringence measurement instrument was the Exicor 150AT shown in the photo
(page 4). The inaugural commercial prototype was delivered
in January of this year. The 150AT meets the requirement for
characterizing small optical materials, including photomask
blanks, with very high sensitivity and repeatability. The
sample stage accommodates optical materials as large as
150 mm x 150 mm and weighing up to 7 kg.
Another important application for Exicor is characterizing
very large optical blanks used to manufacture precision
optics in DUV photolithography. For this the Exicor 350AT
was developed—accommodating sample sizes as large as
350 mm x 350 mm x 300 mm, weighing up to 25 kg. The first
system was delivered a few months ago to an optics
manufacturer in Japan. An Exicor 450AT for even larger
optical blanks is now in development.
Certain customers have unique sample requirements
which are not met by either the 150AT or the 350AT. Some
want to integrate Exicor’s birefringence measurement
technology with their own translation system or custom
software. Others do not need automatic scanning because
of very small samples. To meet these needs we produced the
Exicor MT. This is a modular version of the instrument which
consists of a source module, a detector module, and an
electronic control unit. A computer system and minimal
software can also be provided.
These products and their specifications can be viewed on
our Exicor web site, www.exicor.com. Also much of our
literature can be downloaded from the site.
Low-level birefringence characterization has suddenly
become a critical requirement for high-end optical glass
manufacturers. A technical representative from one of the
leading European lithography optical system manufacturers drove several hours to discuss his Exicor requirements with us at an unrelated chemistry show, Analytica
2000. His unsolicited observation was that where as two
years ago birefringence measurement was not a concern,
—now it has suddenly become critical.
More than ever before, the optics industries require a
means of measuring low levels of birefringence to qualify
optical components and materials. Exicor represents a major
technological breakthrough to meet this requirement with
high sensitivity, speed, and repeatability as well as
comprehensive data analysis capabilities.
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Reflectance Anisotropy Spectroscopy...
(continued from page 4)

(continued from page 1)
LayTec is a spin-off company from the Technical
University of Berlin, specializing in real-time
and in-line sensors for semiconductor epitaxy.
With its EpiRAS™ sensors LayTec recently
became the exclusive vendor of combined
reflectance/RAS sensors for AIXTRON, the
world’s leading manufacturers of MOCVD
systems. For LayTec’s customized RAS/RDS
spectrometers, ellipsometry software and
other products, please see the company’s
internet site www.laytec.de.
.
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