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Preface

These proceedings are the refereed papers presented at the symposium on "Diagnostic
Techniques for Semiconductor Materials Processing” that was held as part of the 1993 Fall
Meeting of the Materials Research Society in Boston, MA. The symposium focused on
various aspects of process diagnostics an: device processing. Diagnostic techniques which
were considered fell into two classes: invasive and non invasive. Optical characterization
techniques were the most widely applied characterization tools used in both materials and
process monitoring. Techniques such as reflectance difference, ellipsometry, reflectance,
absorption, light scattering, photoreflectance, Raman scattering and thermal wave modulated
reflectance were shown to be powerful probes of various materials properties. The materials
properties that were probed included surface stoichiometry and inorphology, etch damage,
Fermi level pinning position and thin film properties such as thickness, alloy content, and
interfacial roughness. Real time diagnostics such as ellipsometry and reflectance difference
were shown to be sensitive tools of materials properties during processing. These
technigues show promise of sophisticated feedback control of materials growth. In the area
of process diagnostics many techniques such as Langmuir probe, optical emission, mass
spectrometry, IR reflection and absorption were shown 1o be powerful tools of various
process parameters including reactive species concentrations. reaction products. and residual
gases in chamber.

The symposium brotight together participants from academic. industry. and government
laboratories. There is great interest in the development of diagnostic techniques for device
fabrication. The application of diagnostic tools utilized in research to manufacturing
environments was an underlying theme in the papers presented. As the research interest in
this area grows. further and more exciting developments are expected in integrating
processing and process diagnostics. The quality of the papers presented and the interest and
discussions that were simulated indicated that process diagnostics will continue to be an
active research and development area for semiconductor processing.

0.J. Glembocki
S.W. Pang
F.H. Pollak
G.M. Crean
G. Larrabee

May 1994
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REAL-TIME SURFACE AND NEAR-SURFACE OPTICAL DIAGNOSTICS
FOR EPITAXIAL GROWTH

D. E. ASPNES !
Department of Physics, NCSU, Raleigh, NC 27695-8702 US

ABSTRACT

Various optical diagnostics are being developed to meet new challenges in semiconductor
epitaxy. New data-analysis algorithms allow near-surface alloy compositions and interface pro-
petties to be obtained by kinetic ellipsometry (KE) without any knowledge of the underlying
sample structure. New information about growth is being obtained by surface-oriented probes
such as laser light scattering (LLS), surface photoabsorption (SPA), and reflectance-difference
(-anisotropy) spectroscopy (RDS/RAS). Examples are provided and likely directions of further
progress discussed.

OVERVIEW

The technology of.epitaxial growth is facing increasingly difficult challenges. New
materials such as wide bandgap semiconductors and epitaxial metals, more complex device
structures such as vertical cavity surface-emitting lasers, increasingly stringent tolerances on
layer compositions and thicknesses, emphasis on selective-area epitaxies for growing quantum
structures, the general trend away from simple physical to complex chemical deposition
methods, and the need to maintain satisfactory yields despite increasing economic pressures are
relentlessly moving the field toward obtaining accurate information about the sample during
growth. While the ultimate goal is closed-loop feedback control, the more modest and currently
achievable target of real-time monitoring will already allow conditions to be modified on-line to
meet composition and thickness specifications, and will provide records by which causes of
downstream failures of complex devices can be identified and eliminated.

To meet these challenges attention is being directed toward epioptics, the optical study of
surfaces and near-surface regions, to use a term recently proposed by McGilp.! Near IR—
visible—near UV surface-diagnostic techniques now in relatively common use include laser
light scattering (LLS).2"* second-harmonic generation (SHG)’ and its generalization, sum-
frequency generation,® IR absorption spectroscopy (IRAS),” surface differential reflectance
(SDR) in its normal incidence® and p-polarized Brewster-angle (surface photoabsorption
(SPA)** 12 forms, the ellipsometric equivalent of SDR,'* and reflectance-difference

(reflectance-anisotropy) spectroscopy (RDS/RAS).!4724

These approaches achieve surface sensitivity, and in some cases specificity, by using
spectral dependence to identify or symmetry to enhance the sutface contributions to the overall
optical signal. In LLS the measured property is the diffusive scattering that occurs if the surface
becomes rough. SHG deals with second-harmonic light that is generated when an intense pho-
ton beam interacts with the sample. In RDS the measured property is the sample anisotropy.
SHG and RDS are surface specific because the surface has a different symmetry from that of the
bulk. IRAS achieves surface specificity because IRAS data are obtained in spectral regions
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where the substrate is transparent. Both SDR and SPA deal quantitatively with the changes that
occur in reflectance when surface conditions are changed, although SPA achieves higher sensi-
tivity through the use of p-polarized light at pseudo-Brewster incidence. SHG, RDS, and IRAS
are true surface spectroscopies because they can obtain information about surfaces under
steady-state conditions, although most early and much recent RDS data were obtained in the
SDR mode. The current sensitivities of SDR, SPA, and RDS are now significantly better than
0.01 monolayer (ML). Although not an optical probe in the usual sense, X-ray diffraction is
now providing real-time information from another perspective.?

While surface information is necessary for understanding basic mechanisms, the impor-
tant parameters for control purposes are actually bulk properties, specifically layer thickness
and composition. Because neither is directly related to surface conditions, these quantities must
be determined by bulk-oriented probes such as spectroreflectometry (SR)* and spectroellip-
sometry (SE),2’"5 which retum information integrated over the penetration depth of light. SR
determines the scalar reflectances Rg = |rg|2, R, = |rp|2, orR = |1, |%, where 1, fp,and 1, are
the complex reflectances for s-polarized, p-polarized, and normally incident light, respectively.
SE determines the complex reflectance ratio p = rp/rs. This is often expressed as a pseudo-
dielectric function <€> = <g)> + i<g;>, which is defined as the dielectric function of the
hypothetical uniform substrate that would give the observed value of p. Although both
reflectometry and ellipsometry require optical access to the sample, problems concerning win-
dow deposits and strain can be eliminated with proper design.®

Reflectometry has long been used by the optical-coatings industry for real-time charac-
terization of thicknesses and average compositions of depositing films.3” However, much of
semiconductor technology is based on samples consisting of many layers some of which may be
only a few A thick and some of which may have graded compositions. For these systems nei-
ther reflectometry nor Fresnel analysis is adequate. Ellipsometry and minimal-data analysis
approaches must be used.

Minimal-data or virtual-interface (VI) algorithms are a new development that has
significantly advanced analytic capabilities by providing a means of determining near-surface
properties of depositing materials from optical data without any knowledge whatever of the
underlying sample structure.?®3 This eliminates the two major weaknesses of Fresnel analysis,
error propagation and instability. The implications are substantial, because it is now possible to
analyze arbitrarily thin layers, which is precisely what is needed for closed-loop feedback con-
trol. As an example of the power of this approach, the Bellcore group used VI analysis of KE
data to grow Al,Ga,_, As quantum structures with continuously graded compositions where the
composition x was regulated to within several percent by analysis of the running outermost 3 A
of depositing material. >

The epioptics field is expanding so rapidly that a complete summary is not available,
although more comprehensive reviews have been written.® To provide a perspective for
further discussion I divide the parameters associated with epitaxy into three categories: pri-
mary, secondary, and tertiary. The primary properties are layer thickness and composition,
especially near-surface composition, because if these cannot be grown to specification there is
no point in continuing. Secondary propetties are sample characteristics that are determined by
surface conditions, such as doping levels, interface widths, and spontaneous bulk ordering of




alloys. Tertiary properties are those associated with the growth environment itself, such as sam-
ple temperature, chamber pressure, types and fluences of reactants, etc. Although tertiary
parameters have rececived the most attention, the nonlinearity of chemical processes, the
extreme example of which is atomic layer epitaxy (ALE),* ensures that growth control would
not be a solved problem even if all tertiary parameters were known exactly. This will become
even more relevant when nonlinearities are exploited specifically, for example using ALE to
achieve uniformity over multiple wafers in a production reactor. Also, when thickness and
composition are controlled directly small drifts in growth conditions can be compensated as
they occur. Accordingly, primary and secondary properties are the appropriate focus here.

INTERFACES; NEAR-SURFACE COMPOSITION

Because the determining the thickness and composition of evolving layers from kinetic
data is a different problem from that of determining layer thicknesses and compositions of fabri-
cated samples, it is not surprising that alternative analytic approaches exist. VI analysis
represents an interesting case, because the determination of the properties of an outer layer
independent of any knowledge of underlying structure seems to defy conventional wisdom.

The essentials of VI analysis can be understood with the help of Fig. 1, which shows a
theoretical <e> trajectory for the sequential deposition of InAs and InP on an InP substrate that
already contains a buried dielectric discontinuity from a previously deposited InAs layer. The
trajectory consists of a piecewise combination of approximately exponential spirals each of
which would converge on the dielectric function €, of the overlayer if deposition were to con-
tinue until the film was optically thick. If the dielectric responses of the materials involved are
not too different, any given <e> spiral can be is defined to good accuracy by any point on it and
its focus. (For r; and ry, spirals are exactly definable in this way with no restrictions on the
dielectric responses.) Consequently, if the identity of the depositing material is known informa-
tion about deeper layers is not needed. In the application indicated in Fig. 1, the thickness of
the buried InAs layer can be determined by the offset between the two spirals formed by deposi-
tion of InP. This approach has been used recently to quantitatively analyze the amount of As
exchanged with P on (001) InP upon exposure to As.>?

The method by which &, (and therefore composition) of the outermost layer can be deter-
mined by VI analysis is more subtle, but can be understood by recognizing that at any given
wavelength the substrate can communicate with the surface through only the transmitted and
back-reflected modes. In a reflectance or ellipsometric measurement where only ratios are
important, this means that for any wavelength the entire history of the sample is summarized in
a single complex parameter, which can be viewed as the reflectance r, of a virtual interface v
within the material. If the deposition rate is known, €, and r, can both be determined exactly
from r or r, if either are known at the start and finish of layer deposition.>® In the limit of zero
thickness, or more generally for data acquired continuously during deposition, this condition
reduces to a knowledge of the value and thickness derivative of r, or rp,. For p or <e> the
analysis is not exact, since 1 and 1, generally involve different values of r,. However, if one
assumes that the values of r, for both r; and r,, arise from the same virtual substrate, an approxi-
mate analytic solution can be obtained.*® For epitaxy the virtual substrate approximation
(VSA) is accurate to better than 0.1%.
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Fig. 1. Calculated <e> trajectory for sequential deposition of InAs and InP on an InP substrate
containing a buried dielectric discontinuity.

Fig. 2. Compositional data for a 200-A-wide parabolic quantum well grown by closed-loop
feedback control. Top: data and target values; middle: difference; bottom: control voltage
(after ref. 30).

The VI method is structurally quite different from the Fresnel approach, which makes use
of only the most recent values of 1y, 1, or p together with sample properties determined from
previous iterations. The weakness of Fresnel analysis is its feed-forward character, or use of
previously established sample parameters, which makes it extremely sensitive to cumulative
error.

An example of an application of VI analysis is given in Fig. 2, which shows real-time
data pertaining to the growth of a 200-A-wide Al,Ga, -, As parabolic quantum well where the
compositions shown at the top were determined from a VSA analysis of <e> data acquired at
0.65 s intervals.*® The target composition is the solid curve. Discrepancies relative to target
values, shown in the middle, were cotrected automatically by having the computer adjust the
flow of the Al-containing species, triisobutyl aluminum (TIBAI), to the growth surface. The
control voltage is shown at the bottom. The results are noteworthy not only because they are
the first (and so far only) example of closed-loop feedback control of epitaxy, but also because
x was determined by analysis of the running outermost 3 A of depositing material.*

More generally, if the VSA is valid but neither composition nor deposition rate are
known, five parameters must be determined. This requires the second derivative (curvature) to
be established as well, which usually requires measurements over some 10s of A. In fact,
without knowing the convergence point of a spiral it is not possible to determine its scale and
therefore €, because the magnitude of the first derivative is needed in the VI calculation. If the
VSA is not valid then all 7 parameters must be determined by cutve fitting, as has also recently
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been noted by Urban and Tabet.*!

IIL. SURFACE ANALYSIS

The development of all optical surface-analysis probes has taken a common path, which
begins with kinetic studies at a single wavelength, progresses to spectral kinetic measurements,
then (if the technique permits) advances to detailed spectral analyses of surfaces under steady-
state conditions. LLS is in stage 1, SPA is now moving into stage 2, and RDS/RAS is in stage 3.
As the sensitivity of SHG and Raman scattering is still improving and samples at growth tem-
perature are not sufficiently transparent to allow conventional multiple-internal-reflection
IRAS, 1 discuss only the first three.

A. LLS

While LLS has long been used as a means of visually assessing surface morphology dur-
ing molecular beam epitaxy (MBE) growth, recent applications are more quantitative. Pidduck
et al. used LLS to investigate step flow in Si CVD.? Horikoshi et al. used LLS to detect the
onset of Ga droplet formation in GaAs homoepitaxy, thereby identifying when saturation cover-
age had been achieved.’

Celii et al. recently used LLS to determine the critical thickness of In,Ga,-,As layers
grown on GaAs, taking advantage of the connection between surface roughness and misfit
dislocations.® The Celii et al. data are shown in Fig. 3. The sample consisted of a superlattice
of 46 A layers of Ing 1¢Gag g4 interleaved with 170 A thick layers of GaAs on a GaAs substrate.
Growth proceeded pseudomorphically up to the sixth layer, when the surface began to roughen
as shown by the increase of scattered light. Roughness continued to increase during subsequent
growth. TEM micrographs showed that the associated dislocations were forming ridges 8-10 A
high in the (110) direction. A similar anisotropy in the relaxation of InP films deposited on
GaAs on Si was studied by Acher et al. using RDS.'’

B. SPA

Another experimentally simple approach that has seen widespread application is SPA.
Most work has involved single-wavelength kinetic studies, but spectral data has recently been
reported.!! 2 Not surprisingly, spectral information increases diagnostic power substantially.

A kinetics application illustrating control possibilities for ALE is shown in Fig. 4.!® This
figure shows the SPA response of an AsHj-saturated (001) GaAs surface that is exposed to
trimethylgallium (TMG) at different temperatures during OMCVD at approximately 4-6 kPa
pressure. The 470 °C data exhibit a well-defined plateau, indicating self-limiting growth.
Differences of substrate temperatures of only 20 °C are difficult to measure on an absolute scale
but are clearly seen here. This allows ALE conditions to be established precisely. Kobayashi et
al. also demonstrated a correlation between the change in SPA signal during H, purging and the
sheet hole density, showing a connection between surface conditions and dopant incorporation.
This was interpreted as being due to attached methyl groups. '®




490’C

» 470°C
—; ascrc
T wr .
&
< - Y ol Self - iwtgtion
[ 4
14 ¢
a5
Creowth Tume (mn)

[¢] 10 20 30 40 50
TMG ftow guration (s}

Fig. 3. LSS data for the Ing 14Gag g4 As superlattice shown in the inset. Misfit dislocations gen-
erated when the critical thickness is reached at the onset of the sixth InGaAs layer cause
increased scattering (after ref. 4).

Fig. 4. SPA data obtained by exposing an AsHj-stabilized (001) GaAs surface to TMG during
OMCVD at several substrate temperatures as indicated (after ref. 10).

An example of an SPA application involving spectral measurements is given in Fig. 5.2
These data were obtained by exposing a AsHj-stabilized (100) GaAs substrate in an OMCVD
growth environment to GaCl and triethylgallium (TEG). The TEG was used to generate a refer-
ence spectrum for a Ga-terminated surface. Because the GaCl-exposed surface exhibits essen-
tially the same spectral response for both (011) (shown) and (011) orientations of the plane of
incidence, the data indicate that the GaCl- and TEG-exposed surfaces are equivalent, possibly
even identical, and that the GaCl-exposed surface is also terminated with Ga.

C. RDS/RAS

RDS/RAS is now an established technique for obtaining information about the electronic
structure of growth surfaces and kinetic information concerning surface-reactant interactions.
Because RDS can analyze surfaces under steady-state conditions it avoids the “which-surface”
ambiguity inherent in methods such as SPA that cam pm;u acquire data by modifying the sur-
face. Recent attention has focused on the optical equivalent of RHEED oscillations,!™?! exten-
sion to phosphide-containing species,?? application to interfaces such as Si-$i0,,2 improve-
ment of theoretical treatments,*>43 and the determination of mechanisms of ALE growth.!$

The most thoroughly investigated surface to date is (001) GaAs, which was studied under
a wide range of conditions by Kamiya et al.'%!” Using RD data taken on surfaces prepared by
MBE and independently characterized by RHEED, Kamiya et al. demonstrated that (001) GaAs
surfaces in UHV and in atmospheric pressure (AP) H; were virtually identical, and identified
reconstructions that occur on (001) GaAs surfaces under OMCVD growth conditions. The
UHV — AP H, comparison data are shown in Fig. 6.!% The striking similarity shows that the
surfaces are very similar, possibly identical, in the two environments. Theoretical calculations
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Fig. 5. SPA spectra obtained by exposing an AsH;-stabilized (100) GaAs surface to GaCl and
TEG during OMCVD (after ref. 12).

Fig. 6. RD spectra for (001) GaAs surfaces prepared in UHV by MBE (dashed curves) and in
AP H,; by OMCVD (solid lines) (after ref. 16).

identified the structures near 1.9 and 2.6 eV with transitions involving Ga-Ga and As-As surface
dimers, respectively, so these features can be used to track the relative surface concentrations of
these surface species.* The OMCVD region of the As-pressure/sample temperature phase
diagram was found to be an extension of the MBE region, providing further evidence of the
essential similarity of (001) GaAs in the two environments and also showing that under typical
OMCVD growth conditions the (001) GaAs sutface is c(4x4)-like, that is, terminated by 2 outer
layers of As instead 1 as in MBE. The work also showed that these higher As coverages were a
consequence of the vastly higher As partial pressures encountered in OMCVD, which at any
given temperature push the equilibrium point to higher As coverages. Recent data obtained
during growth have confirmed these conclusions.?>2

Another process of considerable current interest is ALE. The absence of real-time data
has produced many models but no clear consensus concerning basic mechanisms. To investi-
gate this process, the Bellcore group took advantage of the cyclic nature of the process to syn-
thesize RD spectra at 150 ms intervals over a 40 s cycle consisting of a 10 s exposure to AsH;
in Hy, a 4 s exposure to Hy, a 7 s exposure to TMG in Hy, and a 19 s exposure to H,.!® The
data, shown in Fig. 7, reveal that AsH; exposure produces as expected a c(4x4) reconstruction
(spectra 3 and 36), and that this termination is hardly perturbed by initial exposure to TMG
{spectrum 39). This observation alone eliminates essentially all previous models of ALE, which




view the process as one where the (001) GaAs surface switches between single-layer coverages
of As and Ga with the latter possibly terminated by methyl radicals. Continuing TMG exposure
produces a change that is nearly linear in time, consistent with an excluded-volume mechanism.
However, although spectrum 81 at the end of the TMG phase is similar that of the (2x4) recon-
struction of Fig. 6, its details do not correspond to any reconstruction previously observed. One
possibility is that the surface is terminated by methyl radical. Another is that TMG forces a
reconstruction that is metastable and cannot be reached without the presence of TMG. Further
work is needed to resolve the issue.
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Fig. 7. RD spectra of (001) GaAs at different times during an ALE cycle. AsHj flow was ter-
minated at spectrum 36. TMG was initiated at spectrum 39 and terminated at spectrum 81.
AsH; flow was resumed at spectrurn 206 (after tef. 18).

Fig. 8. RD oscillations observed during OMCVD growth on (001) GaAs at H, and AsHj pres-
sures of 100 mbar and 70 Pa, respectively, and a sample temperature of 502 °C. TMG pressures
are as indicated (after ref. 21).

Probably the most interesting recent development is the systematic observation of rela-
tively large oscillations during OMCVD that correspond to oscillations seen with RHEED in
MBE.* An example is given in Fig. 8.2! Conditions that maximize this effect have now been
established for both low'? and high?! reactor pressures. The oscillations shown in Fig. 8 were
obtained at the photon energy of 2.65 eV, at which the contribution of surface As dimers is a
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maximum. As in RHEED, each oscillation accurately represents growth of 1 ML of material.
The mechanism giving rise to these oscillations is not understood, although it is clearly a
cooperative phenomenon involving oscillating As-As surface coverage probably between par-
tial single and double layers. Similar oscillations have been observed with tertiarybutylarsine
(TBAs).2! Deppert et al. have used these oscillations to measure growth-rate nonlinearities at
the onset of growth by low pressure OMCVD. "’

In recent analytic work, Hingerl et al. derived relations for connecting measured SPA
anisotropies to RD spectra, allowing RD databases to be used in the interpretation of SPA
results.*s These results open the possibility of more detailed analyses through a combination of
SPA and RDS.

Although not pertaining directly to epitaxial growth, Wormeester et al. recently used
ellipsometry to determine the RD response of surface states on tl : (2x1) reconstruction of (001)
Ge.2® Work on (001 surfaces of Si and Ge is important because results involving simpler
materials may stimulate further theoretical analysis of surface induced optical anisotropy
effects. Because optical anisotropies are so small, their accurate calculation represents a for-
midable theoretical challenge.*>”* However, Mortis and Matthai have recently used an ab ini-
tio pseudopotential approach to obtain the first accurate calculation of an RD spectrum of a
reconstruction on (001) GaAs, specifically the (2x4).%3

IV. FUTURE DIRECTIONS

Real-time optical characterization will clearly become increasingly important not only as
a result of further refinements but also with respect to applications to new materials systems.
Rapid data acquisition will be required for controlling growth of multinary systems. Parallel
and serial versions of rapid-scan ellipsometers have been developed and their capabilities
explored by Collins et al.?*>* and Duncan et al.’® The use of optical multichannel detection
with SPA and RDS will allow surface reconstructions in OMCVD to be assessed at a glance, as
is now done with RHEED in MBE. Since VI analysis is exact, it has made the development of
normal-incidence complex reflectometry as an alternative to SE for the real-time analysis of
very thin films much more attractive. Although the technological obstacles are {ormidable, an
added advantage is that most deposition stations already provide normal-incidence optical
access to the sample.

Growth chambers must also evolve to meet the specific needs of optical measurements.
Requirements not only include optical access to the sample through transparent, strain-free, and
deposition-free windows, but also the development of runoutcorrected and vibration-free sam-
ple mounts and manipulators as recently discussed by Maracas et al.>* Although samples are
often rotated for uniformity during growth, this may prove to be an advantage because ellip-
sometric data obtained with rotating samples will contain an RD-like component that can be
analyzed for surface coverages using standard RD databases.*®

The near-term future should also see substantial advances in capabilities and applications
of SHG, SFG, IRAS, and Raman scattering. To achieve a detailed understanding of growth
mechanisms these approaches must be developed, because the analytic capability of visible-
near UV linear optical techniques to determine surface chemistry is limited. However,
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nonlinear and IR interactions with surface species are weak, making this a genuine challenge,
but new high intensity sources such as free-electron lasers may make such measurements feasi-
ble. Approaches dealing with lateral inhomogeneity by the use of small spot sizes,?” imaging,*’
or direct analysis*® also need to be developed to deal with the increasingly important
phenomenon of selective-area epitaxy.
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Abstract

We briefly review the optics of ellipsometry, followed by discussions of a series of
example applications of the technique including single films on a substrate; muitilayer
stacks common to silicon integrated circuit fabrication; flat panel display materials, and in
situ semiconductor growth and deposition control.

Ellipsometric Fundamentals

There are several common optical configurations for ellipsometers, including use
of retardation modulators, and rotating polarizers.] The configuration shown in Figure 1
has a fixed polarizer, sample, and rotating polarizer (analyzer). »3 A monochromatic,
linearly polarized, coilimated light beam is incident on the material of interest at an oblique
angle of incidence. Typically this angle is 65° to 75° measured from the sample normal.
Figure 2 shows why it is highly advantageous to have both spectroscopic and variable
angle capability. The sensitivity for accurate measurement of an unknown material
parameter such as layer thickness or alloy fraction is highly dependent on both angle of
incidence and wavelength.

Oetector Polarizer
/ Computer Controlied
VGA / Angle \
"
= Aralyzer
Computer
Electronic
Control
00 QOO0 { 7 Monochromator

1 .
} )r B light source

Figure 1: Variable angle of incidence spectroscopic ellipsometer.
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Figure 2: Change in calculated deita for a 1.0 % change in the AlGaAs alloy fraction for
the sample shown. Note the strong dependence of the sensitivity on both wavelength and
angle of incidence.

Ellipsometers measure a complex number p=tany exp(jA) and data are often
expressed in terms of y and A (or tany and cosA). p=r“,/r$ where ry, and rg are the
complex Fresnel reflection coefficients derived from solving Maxwell's’ equations of
electrodynamics at the interface between two optically distinguishable media.] The
Fresnel coefficients are functions of the angle of incidence, the complex optical index of
refraction of the materials in the sample, and the layer thicknesses in multilayer materials.

Because the Fresnel coefficients for multilayered media contain a large number of
algebraic terms the desired optical constants and layer thicknesses can not be soived for
directly from the measured p as a function of angle and wavelength.! Instead, a model for
the physical structure needs to be constructed, based on best estimates of the nature and
dimensions of the actual sample. That model is the basis for calculating predicted y and A
spectra. Next, experimental y and A data are acquired, and a comparison between
experimental and calculated y and A is made. We use a biased estimator for this
comparison, given as

N-1 ¢ M2 ¢ M2
(v'-y7) (4 -A")

BE =
; 0’2,' * azv

where C and M signify calculated and measured respectively, and o; are the standard
deviations of the measurements.

The set of parameters is next found which minimizes the biased estimator, using
the Levinberg-Marquardt algorithm in a regression analysiss. The resulting set of
parameters is then examined to determine the physical realism of the values. For example,
if a layer thickness was known to be near 15mn and the regression resulted in a value of
250nm then the reasonableness of the originally assumed model must be re-examined.
That is, the technique is modei dependent. Luckily there are a huge number of examples
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where the results are reasonable, and parameter values found to be in excellent agreement
with the same parameters obtained from other techniques6. These methods include cross
sectional transmission electron microscopy and Rutherford Backscattering, for example.

The advantages of ellipsometric materials analysis are that it is non-destructive,
rapid, non-invasive (even photoresists are not "exposed” by the light beam), and that it
works in a variety of ambients including air, vacuum, and even under liquids. Additionally
ellipsometry is submonolayer sensitive.

Examples
A. Transparent Thin Films.

To illustrate the monolayer sensitivity of spectroscopic ellipsometry, Figure 3
shows an "environmental chamber” in which dry, high purity air is passed through a "baby
oil" bubbler to deposit an extremely thin film of oil on an iridium metal substrate. Iridium
will be used as the mirror surface by NASA on its X-ray telescope to be launched in 1999.
Mirror contamination detection is a concern. The baby oil experiments were preliminary,
to demonstrate the high sensitivity of ellipsometry to hydrocarbon contamination.

Sample

From Bubbler

Figure 3: Environmental chamber for contamination studies with VASE.
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Figure 4 shows the change in thickness vs time during baby oil condensation.
Notice that the changes in thickness are at a rate of about 0.05 nm per minute with & noise
level of less than an atomic monolayer.

Thickness Change of Baby Oil Vs. Time

v T

30} //*\ -

-

10r -
N 1 " " 1

1
% 20 40_ 60 80
Time in Minutes

Thickness (A)
S

Figure 4: Dynamic VASE data for baby oil contamination of a surface.

Figure 5 shows the ordinary and extraordinary branches of the index of refraction
determined ellipsometrically of a polyimide film 957 nm thick on a silicon wafer. Thus the
dispersion relations of both isotropic and anisotropic optical thin films can be determined

by ellipsometry.
2.00 | L BN T T T T
190] ]
F o -
g 1.80f g
—ordinary index
[ e extraordinary index
§ 1.70f 4
LOOF e &
1.50 . [ S U S A
400 500 600 700 800 900 1000
Wavelength in nm

Figure §: Ordinary and extraordinary indices of refraction of a 957 nm polymer film,
from analysis of VASE data.
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Another interesting experiment is shown in figure 6 where the index and extinction
coefficient of a photoresist are shown before, during and after exposure to light. The
eilipsometer used for these measurements had the monochrometer ahead of the sample
(rotating analyzer ellipsometer) and thus minimally exposed the photoresist during
measurement. Thus the dynamics of photochemical reactions can be studied.

1.90 1 - T T
~— Unexposed
= N ; minute
y ——-2 minutes i
g 1.801- - - 3 minutes
— -4 minutes
3 - — 5 minutes
3 =7 minutes
5 L7o- — 10 minutes
ﬁ : 320 ——-15 minutes 7
i
I S R =X -;--._.._‘___________T
1.60 N 1 R 1 N i o
200 400 600 800 1000
Wavelength in nm
0.15 . .
- . — Unexposed
=4 orz- B 1 minute ]
g t — =2 minutes 1
8 = - 3 minutes
% 0.09\- — -4 minutes -
(o] - - ;m::num 1
— 7 minutes
goe D 10 minutes ]
g L =15 minutes
3] 0.03£ s
0.00 i N 1 .
200 600 800 1000
Wavelength in nm

Figure 6: Photoresist optical constants as a function of UV light exposure, as obtained
from analysis of VASE data. Note the bleaching of the absorption peaks below ~460 nm.

A final note in this section is that the index of refraction and thickness of very thin
films are often correlated variables®. Thus neither can be uniquely determined when both
are unknown. The thicker the film the generally lower is the correlation of these
parameters. Thus ellipsometry can determine both n and thickness for films thicker than a

19




few tens of nm. Separation of n and t is not possible by normal incidence reflectance
measurements for films of any thickness. Another way to decorrelate n, k, and the film
thickness is to combine ellipsometry with optical transmission?. In this way film thickness,
optical constants, and vertical index grading profiles can often be determined uniguely.
This is illustrated in figure 7 where the index of indium tin oxide (ITO) vs depth is plotted.
Additionally ellipsometry plus transmission permits measurement of the dispersion of the
index of refraction and extinction coefficient, as seen in figure 8. Note the basic optical
bandgap absorption starting near 300 nm (~4eV), as well as the Drude edge optical
absorption in the near infrared. The Drude edge is determined by the number of free
carriers and the effective mass of these carriers and is thus related to the electrical
conductivity. Thus ellipsometry provides a quick non-destructive optical measurement of
the electrical conductivity of these transparent conductors.

20 I v T v T v —
_———l__‘—'—__-’———J——
=
5 1.8} -
h3t
Come
Q
5 16F .
g —
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L.
14 P N 1 . . 1 X
-50 0 50 100 150 200

Distance from Substrate in nm

Figure 7: Depth profile of the index of refraction at 500 nm of an indium tin oxide (ITO)
film on BK7 glass, obtained from simultaneous analysis of VASE and transmission data.
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Figure 8: Optical constants of indium tin oxide (ITO) obtained from analysis of VASE
and transmission data for an ITO film on BK7 glass.

B. Films for Semiconductor Circuits.

There are numerous materials used in mtegrated Cll’CUlt manufacture for which
ellipsometry is highly effective as an analytical tool”> 10, 11 These include: 1) Natural
and thermal oxide thicknesses; 2) Poly-silicon nucrostructure including amorphous
siicon fraction along with fayer thickness and surface roughness. 3) Metallization
including titanium and titanium nitride. Figure 9 shows a comparison of ellipsometrically
determined thicknesses for a semiconductor structure with thicknesses determined by
callbrated cross sectional transmission electron microscopy. Excellent agreement is
found’. Note that ellipsometry non-destructlvely determined five layer thicknesses and
the void fraction in the poly-si layer, a total of six variables.

Layer thickness (nm VASE XTEM
Silicon dioxide (native) 5.4 nm 5.0 nm
Silicon Nitride 15.2 nm 16.0 nm
Silicon Dioxide 32.1 nm 33.0 nm
Poly-Si: 96% c-Si, 323.4nm 320.0 nm
4% voids

Silicon Dioxide 31.6 nm 30.9 nm
Silicon Substrate Substrate

Figure 9: Comparison of ellipsometrically determined thicknesses for a semiconductcr
structure with thicknesses determined by calibrated cross sectional transmission electron
microscopy.
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C. Patterned Flat Panel Display Structures.

Figure 10 shows the index of refraction dispersion of a ZnS:Mn electroluminescent
layer in a stack consisting of SiOxNy/ZnS:Mn/SiOXNy/Pmemed ITO/glass. Along with
the index of refraction, the Cauchy coefficients representing dispersion in the SiOyNy
layers (and thus the x-value) as well as the thicknesses of the four layers were determined.
Thus spectroscopic ellipsometry can be very effectively used for diagnostics on
commercially important flat-panel display multilayer materials. Mapping of properties
over the area of the panel can also be done.

240 —

235

2.30

225

Index of refraction ‘n’

220

215 A 1 R I I | A o R
500 600 700 800 900 1000
Wavelength in nm

Figure 10: ZnS:Mn Index of refraction, from VASE analysis of patterned four layer
sample containing a one micron ZnS:Mn film.

D. Control of Superlattice Growth by Molecular Beam Epitaxy (MBE).

A final example of applications of spectroscopic ellipsometry is the monitoring and
control of depositions. Shown in figure 11 is an ellipsometer that takes data
simultaneously at 44 wavelengths in a fraction of a second. Examples of its use include
MBE and metal organic chemical vapor deposition (MOCVD) crystal growth, electron
cyclotron resonarnce (ECR) etching and deposition, and sputtering. In all of these,
monolayer sensitivity (and in some cases control of the deposition) have been
demonstrated. Figure 12 shows the y parameter acquired at 44 visible wavelengths vs
time during growth of a four period superiattice of AlAs/GaAs. As the growth took 600
seconds and data were acquired twice per second, there were 52,800 data points acquired!
The user can select out those most important for determining the desired physical
parameters, which in the case shown was layer thickness. Thickness control was
implemented using the ellipsometrically determined thickness vs time to open and close




o

shutters during the deposition. The nominal thicknesses of 1.50 nm (AlAs) and 20.0 nm
(GaAs) were achieved with 90 percent confidence limits of 0.1 nm (AlAs) and 0.45 nm
(GaAs) being typical.

areust
10 Xenon arc lamp
Sawple fined tber optic
L

ﬁ‘{/// it stoge >"'""° lens

Figure 11: 44 Wavelength ellipsometer.

Growth of 15A AlAs / 200A GaAs 4 period S.L.

Psi in degrees

Figure 12: Spectral VASE data as a function of time, acquired during MBE growth of
AlAs/GaAs superlattice, four periods.




lusion:

Applications of spectroscopic ellipsometry have advanced rapidly in the past
several years due to the ever increasing speed of computers, and due to the parallel
development of data analysis software and new approaches to problem solving. In this
brief review we have chosen to illustrate the power of ellipsometry in solving various
materials problems of industrial importance such as hydrocarbon contamination of
surfaces, photoresists, integrated circuit materials, flat panel display multilayer structures,
and in situ real time process control. In addition to these commercial applications there
are numerous impressive advances being made in the more fundamental science aspects
using spectroscopic ellipsometry®.
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ABSTRACT

Brewster Angle Reflectance Differential Spectroscopy (BARDS) has been proposed as an
optical method for real-time characterization of the growth of thin films. BARDS is based on
changes in the reflectivity, Ry, of parallel (p)-polarized light incident at, or near, the Brewster
angle of the substrate material. Changes in R are sufficiently large to monitor layer growth, and
to determine the thickness and the optical constants of the deposited film. In this paper we extend
the method to multilayer film deposition. The derivative properties of R are correlateu with
differences in the optical constants of the two materials, and with the sharpness of their int=rface.
We present spectra for Si0O2/Si3N4/SiO/Si, demonstrating some of these aspects of this new
and effective approach to in-situ monitoring.

I. INTRODUCTION

During the last decade, with increasing use of thin film deposition techniques, the need for
in-situ growth monitoring has resulted in the development of various characterization methods.
Due to the nondestructive character and the real- umc application, optical probe techmques such
as refleciance-difference s ‘Pectroscopy (RDS)1:2, surface photo-absorption (SPA) dynamic
optical reflectivity (DOR)* and Brewster angle reflectance spectroscopy (BARS)3 have been
developed for in-situ characterization of the growth of thin films. For a transparent substrate a
well defined Brewster angle exists where the reflection coefficient, ry, of the component of the
incident light polarized paralie! to the plane of incidence, vanishes. FPor an absorbing substrate,
the Brewster angie law has to be modified from the condition Rp = 0 to a reflectance minima
condition dR, / d¢ = 0. This definition of the Brewster angle is then also called the pseudo-
Brewster or first Brewster angle. It hus been shown that the Brewster angle law can be generally
formulated as a function of the complex optical functions € =€, + i€,, which apply to
transparent as well as absorbing media®.

Compared to transparent media, the influence of the absorbing media on the Brewster angle
can be expressed as a shift in the angle g at which dR /de =0 and in an offset, i.e.

20.The reﬂecuvny Rplyy, lies in the order of 106 - 104 for weakly absorbing media
and 1ﬁcrcases up to 102 for stron absorbing media, such as metals. Assuming the growth of a
film with a certain optical dielectric function € =¢€; + i €, on a substrate, the reflected light from
the surface can be initially split in two contributions. First, a large contribution related to the bulk
properties of the substrate and second, a small contribution due to the growing film. Setting the
angle of incidence at the Brewster angle @p of the substrate, its bulk contribution is set to zero,
which allows highly sensitive detection of the initial layer growth. Changes in th: growth
conditions, such as a variation in the growth rate, density fluctuations or changes in the op:ical
function € during the growth results in a change of the slope in the monitored reflectance
spectrum or in a discontinuity in the derivative reflectance spectrum, respectively.

1I. MODEL CONSIDERATION

In the modeling of the changes in the reflectance for multilayer film growth, homogeneous
isotropic substrates and films are assumed. For monochromatic light which is parallel polarized
to the plane of incidence, no perpendicular reflectance components, 15, have to be considered as,
only the parallel reflectance components, rp, contribute 10 the reflectance amplitude. For brevity.
the index p will be dropped in the following text.
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Assuming an 'n' layer system; ambient / film 1/ ... / film n / substrate (see Fig. 1), the
reflection coefficient from the (n-1)% to the n¥t layer, r(n.1)n, , is given by:

) [ -2
£, J;f(n-l) - € SIN"QPp - Ef(n-1) y Ef, - €SI Qo

) s 2
£, \/ef(n—l) - §SINTQg + Ep(p) \/Ef,, - EySINTQgp (1a)
and reflection coefficient from the nth layer to the substrate, 1y, is given by

€\ Em - EaSIN°Qp - & | E - Esin Ty
Tns = s . 2
€y £ - Eu5in’Qy + €, Jes - €, sin“gg | (1b)
The phase factor &y, for the nth layer can be described by:

(Dn = andfn \’Efn - €, Sinz(Po . )

The thickness of the nih film is dgy, @ is the angle of incidence and €, and & are the complex
dielectric functions of the ambient and the substrate, respectively. The complex dielectric
functions of the (n-1)* and nth films are indexed by €g,.; and €5, respectively. Figure 1 shows
the reflected and transmitted waves for a 2 layer ( ambient - film 1 - film 2 - substrate ) system
for a p-polarized light beam.

Tn-1jn =

The reflectance amplitude rr,, can be calculated from a 'n’ - 2x2 matrix multiplication

My Mp| [1 ra 1 np, ] i s 1  Tonm
My Myl |ra 1 [{r,e?® 2 Lne'z“” etz | a0 €250

with rr, = Mu 3)
M‘l .

Figure 2 shows the calculated change in the reflectivity for a Si02-Si3N4-SiOz multilayer
system grown on a Si substrate. The angle of incidence is chosen at 70 degrees. The chosen
wavelength is 670 nm. The derivative spectrum of the reflectivity versus film thickness is aiso
shown. This clearly reveals a discontinuity at the interface of each layer. The changes in the
slope can be used to characterize the different dielectric functions for each film.

HI. EXPERIMENT

The experimental arrangement is schematically shown in Fig. 3. A laser diode with
A=670nm and 6.5SmW power is used as light source. The parallel light beam is split into a
reference and a signal channel. The signal beam is polarized parallel to the plane of incidence,
using a Glan-Thompson polarizer, P, with an extinction ratio smaller than 10-6. The polarized
light is focused onto the sample held at an angle of 70 degrees, which is close to the Brewster
angle, @p, of the silicon substrate. The reflected intensity is detected by 4 photomultiplier tube.
PMT, and processed using a preamplifier and lock-in amplifier technique. The laser intensity is
monitored at the reference channel 1o correct light intensity fluctuations.

Thin films of Si02 and Si3N4 were deposited on a n-Si (100) substrate using remote plasma
enhanced CVD processing described elsewhere”. The flow rates for SiO; deposition were 300
sccm He flow, 15 sccm oxygen flow and 7.5 10 25 scem SiHg/Ar (10% SiHg diluted in Argon)
for growth rates of 50 A/min to 200 A/min, respectively. The flow rates for Si3N4 deposition
were 300 sccm He flow, 25 sccm SiHg4/Ar flow and 10 to 20 sccm NH3 flow introduced
through a ring 5 cm above the substrate. Substrate iemperature and process pressure were
maintained at 300 °C and 300 mtorr, respectively. The plasma was created by RF excitation at
13.56 MHz with a RF power of 400 W.
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Fig. 1: Reflection of a plane wave (p-polarized to the plane of incidence) by a two layer-film
structure between (0) ambient and (3) substrate. @y is the angle of incidence; ¢ and ¢,
are the angles of refraction; ry;, ri2 and rys are the reflection coefficients for the

interfaces.
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Fig. 2: Calculated changes in the reflectivity for SiO;-Si3N4-SiO» multlayer deposition, on top
of a Si substrate.

Fig. 3: Schematical diagram of the experimental setup; L: Laser; P: Glan Thompson polarizer;
PMT: photo multiplier tube; W and W3 are the optical ports into the growth chamber.
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1V. RESULTS AND DISCUSSION

The changes of the real-time monitored reflected intensity during the SiO; growth is shown
in fig. 4 for two different processing conditions. The $iO; films are deposited at 300°C with a
growth rate of ~100A/min. Spectrum (b) in Fig. 4 shows the changes in the reflected intensity
for SiQy growth starting with a hydrogen terminated Si (100) surface and Fig. 4 (a) shows the
changes in the reflected intensity starting with a preoxidized Si surface. The preoxidation process
involved a 60 sec He-oxygen plasma without SiH4 flow at 300°C, which oxidized the Si
surface, resulting in an uniform SiOj layer of about 6A. The SiO, deposition parameters are
identical for both spectra. The observed changes in the reflected intensity differ in the observed
slope as well as the monitored intensity maxima.

To reveal the film thickness, the growth rate and the optical constants of the deposited SiO>
layer, spectrum 4(a) is compared with a theoretical spectrum, calculated using eqgs. (1) to (4)
assuming one layer (Si0O7), ambient, €3 = 1, and Si substrate, £ = (15.20, 0.15). Figure 5
shows the experimental spectrum (as a function of thickness) compared with the theoretical
spectrum for a SiO layer. Best agreement is observed assuming a dielectric function of &=
(2.14, 0.01) with a calculated growth rate of 85A/min for the grown SiO7 film, however, two
discrepancies can be seen. First, the local minima of the experimental spectra are broadened and
second, a large difference in the resolved peak maxima compared to the theoretical model can be
observed. The broadened minima can be explained as a result of beam divergence, substrate
surface roughness and depolarization effects in the optical ports of the growth chamber. The
discrepancy in the intensity maxima is explained by the interaction of the laser beam with the RF-
plasma, which is due to absorption of the laser light by excited hydrogen in the RF-plasma. This
interaction results in a significantly lower detected intensity during the deposition process.
Therefore, a calculation of the absolute reflectivity cannot be performed. Choosing a laser
wavelength outside the absorption region eliminates this difficulty and permits the evaluation of
possible additional sources of distortions of the experimental reflectance curve in future.

1000 preoxidation

intensity / arb. units

l L Ls Ll l—r L] Ll LS LS l L LS Lg ‘ﬁ' L] Lal L3 ﬁr v LS L j
0 10 20 30 40 50
growth time [min)

Fig. 4: Real-time monitoring of the reflected intensity during SiO2 deposition, with and without
preoxidation step.
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Fig. 5: Fitting of the experimental data (fulline) for the growth of SiO2 on Si by a theoretical
curve (dashed line) with a dielectric function (2.14, 0.01) at 670 nm.
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Fig. 6: Monitored changes in the reflected intensity during a SiO; - Si3N4 multilayer deposition.
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Figure 6 shows the changes in the reflected intensity during a multilayer SiO7 - Si3Ng
growth starting with a H-terminated Si (100) surface. The SiO; was deposited with a growth
rate of about 200 A/min and the Si3N4 was deposited with a growth rate of about 55A/min. Due
to the interaction between the laser light and the applied plasma during the deposition process, a
drop in the intensity occurred while switching the deposition from the SiO; process to the Si3Ng
process. This resulted in a drop in the intensity of the reflected light. After 10 to 30 sec the
process was stabilized. The observed changes in the slope of the reflected intensity versus time
curve upon switching between SiO9 and Si3N4 deposition are related to the differences in the
growth rates and the dielectric functions of the deposited SiO; and Si3Ng4 films. If the growth
rate for each deposition process is known, the intensity spectrum as a function of time can be
converted into a film thickness scaling and the revealed changes in the slopes can be related to
the optical constants for each film.

V. CONCLUSION

BARDS allows the real-time monitoring of multilayer film growth. Theoretical calculations
show that differences in the dielectric functions for each film result in a discontinuity in the
differential spectrum. First results for SiO and Si3Ng4 film depositions show that the
information obtained by BARS can be used to obtain the film thickness, the growth rate and
optical constants of the deposited film. Results on multilayer SiO7 - Si3N4 film deposition
display changes in the slope of the monitored reflected intensity versus time curve upon
switching between SiO; and Si3Ns deposition, which are related to the differences in the growth
rates and optical constants of the deposited layers.
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ABSTRACT

This paper describcs an expansion of the capabilities of real time spectroscopic
ellipsometry (SE) that results from simultaneous measurement of a reflectance Ra
along with the two spectra in the ellipsometric angles (y,A). R, provides information
complementary to (Y, A), but until now has not been exploited in real time spectroscopic
applications. Earlier, we have developed a novel rotating-polarizer multichannel ellipsometer
for real time studies of thin film growth that utilizes a photodiode array (PDA) detector for high-
speed acquisition of (y, A) spectra. Employing this instrument with a 12.5 Hz polarizer
rotation rate, three-parameter (3-p) data sets {y(hv,t), A(hv,t), Ro(hv,t); 1.4shvsd.5 eV} can
now be obtained with a time resolution as short as 40 ms during fﬁm growth. A resilient new
analysis approach based on mathematical inversion and least-squares fitting is described to
interpret the 3-p data set. The 3-p approach has been successful in characterizing plasma-
enhanced chemical vapor deposition (PECVD) of amorphous semiconductors, and provides the
film dielectric functions and thicknesses independently at each time during film growth. Ry(hv)
exhibits deviations from the spectrum predicted in successful modeling of (y, A) spectra alone.
These deviations result from diffuse light scattering by particulates in the plasma. We show
how additional information can be extracted from the spectral dependence of the scattering loss.

INTRODUCTION AND OVERVIEW

Recently real time spectroscopic cllipsometry (SE) has been developed and applied to
better understand the processes of thin film nocleation, coalescence, and bulk growth in adverse
deposition environments [1]. The goal of this measurement is to deduce the optical properties
of one or more layers that make up the evolving thin film. From the optical propertics, we can
learn about the microstructure of the film (c.g., bond-packing density) and its electronic
characteristics (e.g., optical gaps, critical point energies). Because the optical properties of the
film evolve with thickness in the early stages of growth, data analysis here often requires
solving the classical problem in SE at each measurement time [2]. Specifically, one may need to
determine spectra in the real and imaginary parts of the dielectric function (€, €2), as well as the
film thickness d, from a single pair of spectra in the ellipsometry angles (y, A).

In this paper, we report a more general approach to solving the classical ellipsometry
problem designed for real time applications. This approach relies on deducing a third spectrum,
the reflectance R,, from measurements obtained during thin film deposition. Rp can be
acquired simultaneously with (y, A) in the same multichannel rotating polarizer ellipsometer,
and this measurement represents a natural, yet powerful, extension of the muitichannel
measurement described in detail in earlier publications [3]. In order to utilize Ry in solving the
classical problem in SE, we establish the correct film thickness as that value yielding the best
agreement between measured and calculated R, spectra. In performing such analyses,
however, we have found that the discrepancies in the measured R, spectra from the calculated
results can provide important and unique insights into plasma processes and film properties.
Thus, the importance of the threc-parameter (3-p) optical spectroscopy lies not only in its ability
to assist in analyzing the layered structure of the film, but also in characterizing such processes
as light scattering from plasma particulates or larger scale structure on the film surface.

EXPERIMENTAL DETAILS

In this study, we employed a multichannel ellipsometer {3] consisting of (i) a collimated
Xe source, (ii) a quartz Rochon polarizer assembly with an angular frequency of wg=2r(12.5)
rad/s, (iii) a high vacuum reactor with optical access at a 70° incidence angle, (iv) a fixed calcite
Glan-Taylor analyzer, (v) a prism spectrograph, and (vi) a 1024-pixel Si PDA. The detector
clements were grouped by eight; thus, 128 spectral points were collected from 1.4 10 4.5 eV.
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The array is read out four times per optical cycle, clocked by an encoder mounted on the
polarizer motor shaft. The irradiance at pixel group k of the detector (k=1,...,128) is [1):

1(hvy) = To(hvi) [1 + ax(hvy) cos2(wgt—Psy) + Bbvy) sin2(wgt-Psy)l. m

The coefficients (I, o, B) are functions of the photon energy hvy, associated with pixel group
k. The phase angle, Pgy is determined in calibration {4] and accounts for the fact that at t=0,
defined by the trigger pulse of the encoder, the polarizer is oriented at —Pgy,. Because of the
delay between reading out one pixel group and the next, Pgy=Psq+(k—1)5P, where 5P=0.16°.
The photodiode array is an integrating detector; thus the raw spectra obtained in the four
read-outs of the array can be expressed as integrals, S;(hvy) over the four quadrants (j=1,...,4)

of the optical cycle. Accuracy and precision are enhanced by averaging the S;(hvy) values
obmn:}' over an even number of optical cycles, yielding <Sj(hvy)>. (1o, o, B) in Eq. (1) can
be deduced from the average integrals, thusly:

Ik = (1/%) (<S> + <Syp> + <S3> + <Sg>) (2a)
oy = (1/2lgx) (<S1> — <Spx> — <S3> + <§4x>) (2b)
Br = (121p) (<S> + <Spp> ~ <S3p> ~ <Syp>). (2c)

From o4 and By of Eqgs. (2b-c), the two ellipsometric angles yy and Ay can be calculated [1}):
cos Ay =Py /{1-0y2)12 (3a)
tan Yy = ((1+a)/(1-05)) 2 tan A, (3b)

where tan y exp(iAy) = rp/re. In these equations, A is the analyzer angle, and rp (r) are the
complex amplitude reflection coefficients for p (s) polarized waves, which depend on hvy.

In order to utilize the dc Fourier component_ Ly, in Eq. (2a), we start with the expression,
Iok = Iogx Ray, where Ry = {Irpii%c0s2A + Irg 2sin?A). Here, Ry is the reflectance of the
sample for incident light that is linearly polarized, having its plane of vibration tilted at an angle
A with respect to the p-direction. Igog represents the sample-independent spectral response of
the optical system. Thus, Ing can be determined from known optical properties and structure
of the starting substrate. In summary, then, the spectrurhi in R, is obtained from

Rak = {low/Tok sub) {Irp subx? cOS2A + Iry gyp 512 sin?A ). )

Equations (3a-b) and Eq. (4) form the theoretical basis of the 3-p technique and connect the
measured parameters {Ig, o, B) to the processed data {(y, A), R,). The processed dama in
turn are related to the film properties {(gy, €;), d}, namely the dielectric function and thickness,
through the Fresnel coefficients, given below Eq. (3b) and in Eq. (4).

Thin films of hydrogenated amorphous silicon (a-Si:H) were prepared by rf PECVD
from pure SiHy gas at a pressure of 0.2 Torr. The substrates were Si wafers, overdeposited
with dc magnetron-sputtered Cr. The Cr was prepared under conditions optimized for a high
density and ultrasmooth surface. The substrates were mounted onto the grounded electrode and
heated to 250°C. For film growth, rf power levels from 2 W to 20 W, were applied to the
opposing electrode, yielding power fluxes at the substrate from 0.052 to 0.52 W/cm2, Each
triplet of spectra in {(y, A), Ro) was computed from a set of average waveform integrals, <Sp
(3=1....,4), acquired in 160 ms during film growth. Thus, the averaging was performed over 4
optical cycles. The repetition time for successive sets of raw spectra was also 160 ms. For
operation at 2 W and 20 W, with deposition rates of 80 lein and 530 A/min, this results in a
measurement of {(y, A), R5) every 0.2 A and 1.4 A, respectively.

RESULTS AND DISCUSSION

Figure 1 shows the evolution of the parameters [(<g;>, <€3>), SRA/R A,syb) obtained
during a-Si:H growth onto the Cr substrate at the rf plasma power of 26 W. s’ﬁ;e real and
imaginary parts of the pseudo-dielectric functions of the sample, (<g;>, <€;>), in Fig. 1 are
calculated directly from (y, A) using Fresnel's equations for a single intertzace [1]. For the
lower surface in Fig. 1, SR A=RA~RA gup: thus, SRA/R g sub= [Io(t)-Io(0)V1(0). Here Ig(v)
and Io(0) correspond to the dc component spectra forﬁle Im measured at time t during growth
and for the substrate measured prior to film growth, respectively. The goal in analyzing these
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data is to extract the true dielectric functions and the thicknesses for the one or more layers that
describe the a-Si:H film structure, as well as their time evolution.

One analysis that has been applied successfully to solve this probiem from a
microstructural has been described eartier [3), but the description will not be repeated
heze. Ituheuohlyondwnalﬁm(v.A)[a(ap.«?)]mmdeq)loyumhyu
model for the film. The ncar-substrate layer is assumed to be a high density a-Si:H maserial
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mmnlmnmlemo;—’fumd microstructure that smoothens (by ~5 A) in a coalescence
process. This analysis has boen presented in order to demonstrate the time scale of the growth
processes, and to compare the results of this analysis with those of alternative methods.
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The analysis of Fig.2 has one drawback in that the diclectric function of the nucleatin
a-Si:H film is simulated as a physical mixture of bulk material and void according to
predictions of the effective medium theory [5). 'l'hulppro‘chmghcugqsnblcm ts on
ﬂleopﬁcdplopcrﬁesorpossiblediﬂ'mncesm!l.iesmqmotpompos_monofd_lemnalm
isolated particle form. Thus, techniques that provide the diclectric function and thickness of the
film independently from each suomsivemdmmampbtofmmofmm .

Next we will describe a new analysis approach for solving this problem within the
framework of a single layer model. This approach relies on all three parameters in Fig. 1,
namely {(<gy>, <€2>), BRA/RW), and the outcome is ((3.:4). d} for the film at a specific
time in the nucleation process (i.c., when the film consists of a single layer). In the first step,
one sclects a particular set of spectra of interest collected in the nuc process (see Fig. 2).
A guess is then made for the thickness of the film at this time. Once a thickness value is
available, then the (y, A) spectra can be inverted to provide a trial diclectric function for the
film. From the trial thickness and dielectric function, and the known optical characteristics of
the substrate, a predicted reflectance spectrum can be calculated. The calculated and

experimental reflectance spectra, R,
error is calculated, namely o = (1/N)

IRAck =
s points. The above steps are xepeat&f‘for
ahecnce

and Ry, respectively, are compared and an average
AkRAkI/R , where N is the total number of
a range of initial thickness guesses. In the

ofeﬂmmku,dwcmeaﬂﬁchlessvﬂmisdnmmmmini_xﬁmog:' ]
Figure 3 demonstrates the application of this approach to the a-Si:H deposition of Figs. 1
and 2. Here, the three spectra collected at t=1.6 s just prior to coale; nce have been selected
for analysis, and a well-defined minimum in o is observed at 22 A. The dielectric function
corresponding to this thickness is presented in Fig. 4. In Fig. 3, the summation to determine
the error is restricted to the energy range below 3.0 ¢V (see discussion below).
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Fig. 3 A schematic of the procedure
used to determine the dielectric function
and thickness of ultrathin a-Si:H from the
3-p data set of Fig. 1, during nucleation
(at t=1.6 s, see Fig. 2). In this figure, a
measure of the average deviation between
the calculated and experimental reflec-
tance spectra is plotted versus a trial
choice for the film thickness. The correct
thickness value is the one that minimizes
the deviation (22 A in this.case). The
broken line shows the thickness obtained
in a two-parameter analysis that relies
solely on the pseudo-dieiectric function
of Fig. 1. In this latter analysis, the
correct thickness is chosen to ensure that
€20 at the lowest photon energies.

> 21 A (2-param.)
|+ 22 L (3-poram.)
+ 23.5 & (LRA)

1.5 2.0 25 30 35 4.0
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Fig. 4 Dielectric functions for ultra-
thin a-Si:H obtained in three different
analyses. In one case (open points), the
thickness was deduced from ellipsometric
data alone by ensuring that €5 — 0 at the
lowest photon energy. In the second
case (solid points), all three optical
parameters were employed, and the
thickness was chosen to provide the best
overall agreement between the
cxperimental and calculated reflectance
spectra. In the third case (triangles), the
linear regression analysis approach of
Fig. 2 was utilized in which the dielectric
function was simulated assuming a
mixture of bulk a-Si:H and void.
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In order 10 assess the validity of the solution identified in Fig. 3, we also performed an
alternative analysis that relies on the (v, A) [or (<g;>, <€3>)] spectra alone. In this alernative
analysis, the film thickness is chosen to ¢ that &5 vanishes below the a-Si:H band gap.
This approach leads to a film thickness of 21 .ingoodzagteemxwid\ﬂ\e}psoluﬁonofﬁg.
3. The dielectric function for the a-Si:H, deduced using this thickness ﬁnlso included in Fig.
4. The two results in Fig. 4 for film thickness solutions of 21 and 22 A reveal that a 0.5
range of thickness leads to a possible range in €; of $0.45 throughout the normal-dispersion
regime. Such relatively large variations for small differences in film thickness are characteristic
of attempts to extract the dielectric functions of ultrathin films. In spite of this, the overall shape
of & is not altered by differences in the thickness solution on the A scale.

Finally, we note that the thickness obtained in the analysis of Fig. 2 is 23.5 A. The
larger discrepancy between this value and the other two is easily understood. The best fit
dielectric function in the linear regression analysis, calculated assuming a mixture of bulk a-Si:H
and void (48 vol.%), reveals significant deviations in overall shape from those obtained in the
other analyses, as shown in Fig. 4. The 0.25 eV higher peak energics in both € and g,
obtained by the inversions with d=21-22 A, represent the carrect result and appear to be related,
not to size effects, but to excess H in the nucleating layer (in comparison with bulk material).
Excess H here has also been observed by infrared measurements of PECVD a-Si:H [6). The
higher peak energies in €; and €3 cannot be simulated assuming a mixture of bulk material and
void; however, the assumption does lead 10 the proper thickness, within a monolayer (2.5 A).

The new 3-p analysis as demonstrated in Figs. 3 and 4 provides an advantage over the
other two methods, since it requires no assumptions regarding the form of the dielectric function
of the film. A number of authors have also performed 3-p measurements either at a single
photon energy in real time or spectroscopically on static thin films [7-10]. In order to obtain the
properties of single films on known substrates, these authors have often focused on
mathematical inversion 1o extract ((€.€;), d} for the film from ((y, A), Rs]). Here, we
recognize the lower precision and accuracy of the reflectance, and the possible artifacts involved
in its measurement due to non-specular light scattering (see next paragraph). As a result, we
use this parameter solely to establish a criterion for the proper thickness; the dielectric function
is then obtained by inversion of the higher precision (y, A) spectra. It is possible that
systematic errors in R, however, may lead to an incorrect thickness and hence a distorted
dielectric function. One advantage of the spectroscopic approach is the ability to select the
spectral range of analysis to minimize systematic errors, as long as onc understands their origin.

The presence of systematic errors in R, is clear from the relatively large magnitude of the
average error in Fig. 3 for the best fit thickness of 22 A. The minimum value of 6~0.0025 in
Fig. 3 is larger than would be expected on the basis of random errors alone. The availability of
a continuous, reasonably-accurate, two-parameter [(y, A)] analysis for this deposition (sec
Figs. 2 and 4) allows us to understand the origin of the systematic emrors in R5. Namely, they
allow us to calculate the predicted reflectance of the structure Ry, based on the deduced
thickness (Fig. 2) and optical properties (Fig. 4) of the film. Thus, in the main part of Fig. 5
we plot L(t) = g (0-Tge(OV/ { [Igg+ioc(D)/2), a measure of the difference between the calculated
(c) and experimental (c) reflectance spectra, for the deposition of Figs. 1 and 2 at selected times
in the nucleation regime (lines). Positive values over the full range show that the calculated
reflectance is as much as 2.5% higher than the measured reflectance. This would be consistent
with a Joss mechanism in the experiment due to non-specular light scattering from the beam.

The observed reflectance R, was found to increase abruptly to values close to the
predicted reflectance R 5 upon extinguishing the plasma. This demonstrated that the scattering
arises from particulates in the plasma. In fact, the loss function L(t) is defined to be
proportional to the total integrated scattering, assuming L{t)<<1. The inset of Fig. 5 shows that
the scattering loss by plasma particulates obeys a A4 dependence, where A is the wavelength of
light. Thus, the loss is consistent with Rayleigh scattering from particles much smaller than A.
Such scattering does not influence the (y, A) spectra as demonstrated by the polarization-
independence of the scattering loss, measured in transmission through the plasma.

Now the limitations of the 3-p analysis of Figs. 3 and 4 can be understood in greater
detail. The parameter R, decreases as a function of time during the growth of a-Si:H on Cr due
1o the higher reflectance of the metal compared to the semiconductor; thus 3R o/R 5 ¢;,<0 in Fig.
1. As a result, any loss of reflected light due to scattering by particles in the plasma will
simulate an increase in thickness, providing that the dielectric function is fixed in the analysis. It
is for this reason that the analysis in Fig. 2 was confined to photon energies of 3.0 eV and
lower where the scattering due to particulates in the plasma is minimized.
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In spite of the apparent difficultics that the light scarttering places on the interpretation of
the 3-p data set, useful information on plasma particulates can be obtained concurrently with
ellipsometric information. For example, Fig. 6 shows the difference between the calculated and
experimental reflectance spectra at the same stage in the deposition process (221 A) for two
films of a-Si:H prepared at power levels of 2 W and 20 W. Because the magnitude of the
variations in Fig. 6 scale with the integrated scattering loss, the trends there are consistent with
common experience; namely, that the concentration of plasma particulates is minimized under
low plasma power conditions. Obviously, plasma particulates are undesirable in the preparation
of thin film materials [11], particularly in a-Si:H which is used in a wide variety of electronic
applications. The magnitude of the scattering loss allows one to assess the problem and choose
a plasma configuration and preparation conditions that minimize its occurrence.
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SPECTROSCOPIC ELLIPSOMETRY CHARACTERISATION
OF THIN FILM POLYSILICON

S. LYNCH, L. SPINELLI M. SHERLOCK, J. BARRETT AND G.M. CREAN,
National Microelectronics Research Centre, Lee Maltings, Prospect Row, Cork, Ireland.

ABSTRACT

Phase modulated Spectroscopic Ellipsometry (SE), in the spectral range from 1.5eV to
4.6eV, was employed to characterise thin film polysilicon (poly-Si) deposited by Low Pressure
Chemical Vapour Deposition (LPCVD) on Si0,/Si(100) substrates as a function of process
parameters. The LPCVD deposition temperature was varied from 550°C to 620°C for silane
pressures ranging from 100mTorr to 230mTorr. A variation in poly-Si microstructure was
observed as a function of film depth. The influence of deposition conditions on poly-Si surface
morphology was quantified using both atomic force microscopy (AFM) and SE. An increase in
the measured Raman TO phonon amplitude was observed for the 620°C sample set as a
function of increasing LPCVD process pressure.

INTRODUCTION

Polycrystalline silicon (poly-Si) is widely used in microelectronic and photovoltaic
applications {1,2]. The microstructural properties of this material are highly process
dependent. A variation in microstructure can have a significant effect on the resultant material
properties and impact process integration. Therefore, on-line fabrication process control of
deposited thin film poly-Si is essential.

To-date, a large volume of date has been published on the optical characterisation of
poly-Si [3-9]. These studies have highlighted the significant variation in optical response
observed as a function of growth technique, in particular for atmospheric and low pressure
chemical vapour deposition (LPCVD). Recently, the optical properties of fine-grain and large-
grain poly-Si have been measured using spectroscopic ellipsometry (SE) [7]. However, a lack
of experimental data exists detailing the variation in optical response as a function of
deposition process parameters. In this work, the optical response of thin-film LPCVD poly-Si
iss Einvelsitigated as a function of both process temperature and pressure using a phase modulated

technique.

EXPERIMENTAL

LPCVD deposition of poly-Si was performed in a THERMCO diffusion fumace. The
poly-Si layers, of target thickness 2000A, were deposited onto thermal silicon dioxide (layer
thickness 850A) on single crystal CZ n-type 2-4 Qcm Si(100) substrates. The LPCVD
deposition temperature was varied from 550°C to 620°C for silane pressures ranging from
100mTorr to 230mTorr with the experimental matrix detailed in table I.

SE analysis was performed in the energy range 1.5¢V (826nm) to 4.6eV (270nm) using
a Jobin-Yvon phase modulated ellipsometer at a measurement interval of 0.02eV. The beam
spot size was approximately 5x2mm at an angle of incidence of 68°.

Atomic force microscopy (AFM) was used to characterise the surface morphology of
the LPCVD poly-Si thin films as a function of deposition conditions. Image acquisition was
performed using a Park Scientific AutoProbe AFM (Model AP-100). The analysis area for each
micrograph was 4um2. Raman spectra were recorded using a Jobin Yvon micro-Raman
spectrometer at a 457.9nm laser line. The calculated laser intensity at the sample surface was
2mWcm-2,
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TableI: LPCVD poly-Si deposition parameters along with AFM surface roughness
measurements

Sample Deposition. Deposition  SiHy Deposition  Surface

No. Temperature Pressure Flow Rate Roughness
°C) (mTorr) (scmm) (A/min) A)

A 620 100 32 60 176

B 620 150 70 84 203

C 620 200 41 67 95

D 620 230 70 84 127

E 580 100 38 24

F 580 150 9 32 34

G 580 230 79 32

H 550 100 41 12

1 550 150 82 15 11

J 550 200 54 13

K 550 230 82 15

RESULTS AND DISCUSSION

The measured imaginary part of the pseudodielectric functions for the 230 mTorr series
of LPCVD samples, plotted from 2.6eV to 4.6eV, are presented in figure 1. Significant
differences are observed in the optical properties of the three samples reflecting the complex
microstructure of the poly-Si thin films as a function of LPCVD deposition conditions.

30

sample D
L ----~--sample G -
— = -sampleK
[ 1 ]
2.6 3.15 3.7 4.25
Energy (eV)

4.8

Figure 1: Measured imaginary parts of the pseudodielectric function spectra for samples D, G
and K over the spectral range 2.6eV to 4.6eV.




The measured SE spectra were analysed using the three layered optical model detailed
in figure 2. The dielectric function data employed for the poly-Si layers was fine grain poly-Si
{71 for depositions at 620°C and amorphous-Si (a-Si) {10] for deposition temperatures below
this. A fine grain poly-Si dielectric function was used as the transition temperature froin a-Si to
crystalline poly-Si occurs between 580°C to 600°C [11]. The Bruggeman effective medium
approximation was employed to model inhomogenous layers [12]. The goodness of fit between
the experimental and best fit simulated SE spectra is given by the value of x? from a least
squares fitting routine.

Calculated x? values ranged from 15.5 to 19.1, 7.5 to 16.3 and 8.4 to 9.4 for the 620°C,
580°C and 550°C sample sets respectively. The reason for poor spectral fitting can be observed
from the calculated best fit simulated SE spectrum presented in figure 3. While the interference
oscillations are well modelled, the fit is poor in the UV spectral region, i.e. the near surface of
the poly-Si layer.

a<Si + Si0 2 a-Si + void
&-Si + void
*Si &-Si + void
a-Si
Sio 2 Si0,
c-Si ¢-Si
(a) (b)

Figure 2: Three and five layered SE optical models, on c-Si substrates, for samples deposited
at 550°C and 580°C. For deposition at 620°C, a-Si was replaced by crystalline fine grain poly

Si in the models.
100 60
8o |- 4 40
60 |- - 20
w 40 | 40 &
20 - -20
o F -4 -a0
-20 1 | L 1 1 | 1 -60
1 15 2 25 3 35 4 45 S
Energy (eV)

Figure 3: Experimental (solid lines) and best fit, employing a three layer optical model,
(dashed lines) pseudodielectric function spectra for sample B.
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It was clear from the %2 values obtained from best fits to a three layer structure that a
more complex microstructural model was required. A model incorporating surface roughness
and a graded refractive index for the thin film poly-Si layer was therefore elaborated. The

; ogtimum layered structure is shown in figure 2(b). The experimental and best fit simulated
(five layered model) SE spectra for samples B and J are presented in figures 4 and 5.
80 T  E— T T - 50
60
-1 25
. 40 r -~
w { 0 w
20
-1 -25
0 —
20 1 1 1 i 1 ] 1 50
1 1.5 2 2.5 3 3.5 4 4.5 S
Energy (eV)

Figure 4: Experimental (solid lines) and best fit, employing a five layer optical model,
{dashed lines) pseudodielectric function spectra for sample B.
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Figure 5: Experimental (solid lines) and best fit, employing a five layer optical model,
(dashed lines) pseudodielectric function spectra for sample J.
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It is evident, from figures 4 and 5, that the fits in the UV spectral region are now in
good agreement with the experimental data. The extracted best fit material parameters for the
complete LPCVD sample matrix are tabulated in table II. Two distinct observations can be
made from table II; firstly that the five layer model proposed in figure 2(b) has significantly
improved x? values and secondly that the near surface region of the poly-Si structure (15% to
20% of layer thickness) is less dense than the underlying poly-Si irrespective of process
temperature as reflected in the best fit parameters for layers 3, 4 and 5. The values of x?
obtained are all close to 1 reflecting the improvement in fit observed in figures 4 and S. This
variation in microstructure, calculated from an effective optical response, is consistent with
previous optical data [8,9] and maybe ascribed to competitive poly-Si grain growth [5).

TableII:  Extracted SE parameters for five layer optical models. The second component in
the layers was void. For samples A to D, a-Si was replaced by fine grain poly-Si.

Sample Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 e

Thickness (A) Thickness (A)  Thickness (A)  Thickness(A)  Thickness A

$i02 Percentage a-Si  Percentage a-Si  Percentage a-Si  Percentage a-Si
A 848 1762, 100 176, 97 50, 80 80, 76 4.1
B 859 1763, 100 190, 90 71, 80 34, 60 1.5
C 846 1712, 100 190, 93 85, 89 72, 72 2.7
D 846 1679, 100 257, 90 15, 80 72, 70 20
E 845 1708, 100 237, 93 82, 85 21, 70 20
F 846 1378, 90 165, 86 179, 88 17, 56 2.6
G 853 1543, 100 337, 95 76, 76 93, 57 1.0
H 849 1800, 100 308, 90 52, 81 23, 72 0.7
1 850 1730, 100 347, 92 70, 82 21, 73 0.6
J 848 1531, 100 426, 90 95, 82 16, 69 0.5
K 848 1568, 100 395, 90 83, 82 18, 69 0.5

The AFM results presented in table I show surface roughness as a function of LPCVD
poly-Si deposition conditions. It is observed that the measured surface roughness is process
temperature dependent. Figure 6 shows the AFM images of the surface morphology of samples
B and 1. The difference between the two samples is striking. The AFM micrograph of the
surface of the 550°C poly-Si film is smooth with large grains whereas the 620°C poly-Si film
has a rough surface with small needle-like grains and complicated surface morphology. No
direct relationship was found between the degree of film roughness and deposition pressure for
poly-Si films deposited at 620°C.

Analysis of the best-fit material parameters for layer five, extracted from the measured
SE spectra, shows that the extracted SE data is consistent with the AFM results. In particular, it
details that as the process temperature decreases the surface of the poly-Si layers become
smoother. Thin film LPCVD poly-Si layers deposited at 620°C show a variation in poly-Si
content from 60% to 76% with large variations in layer thickness (34A to 80A). The
intermediate deposition temperature films have lower percentages of poly-Si in layer five, 56%
to 70%, and lower layer thicknesses. Deposition at 550°C is characterised by a high percentage
of poly-Si, 69% to 73%, with layer thickness less than 23A i.e. smooth surfaces. It should be
noted that the difference between the two optical models (five and three layer) was less than
5% for poly-Si layer thickness determination. Comparison with mechanical profilometry
measurements showed a maximum difference of 4% in poly-Si layer thickness for the five
layer models.




Figure 6: AFM micrographs of the surfaces of samples B and I over 1.4um?2.

The relationship between deposition pressure and calculated %2 values for the different
deposition temperatures is presented in figure 7. The variation in %2 values for the LPCVD
depositions at 550°C is small (0.5 to 0.7) indicating that the optical properties of the amorphous
poly-Si deposited at 550°C are not process pressure dependent in the range 100mTorr to
230mTorr. A similar response is observed for the 580°C series. However, 2 values vary
considerably, from 1.5 to 4.1, for poly-Si deposition at 620°C. One may therefore conclude that
the dielectric function of crystalline poly-Si deposited at 620°C is process pressure dependent.
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Figure 7: Relationship between deposition Figure 8: Raman TO phonon amplitude
pressure and x? values for the five layered as a function of process pressure for the
optical models for deposition temperatures LPCVD depositions at 620°C.

550°C, 580°C and 620°C.

In order to further elucidate the physical mechanism responsible for this variation in
calculated x? values as a function of deposition pressure Raman spectroscopy was employed.
The TO phonon amplitude as a function of deposition pressure at 620°C is shown in figure 8.
An increase in TO phonon amplitude as a function of increasing process pressure is observed.
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This is consistent with an increase in the integrated crystalline quality of the LPCVD poly-Si
thin films [4]. It should be noted that no direct relationship was found between the degree of
film roughness and deposition pressure and that this parameter will also have an influence on
the dielectric function response.

CONCLUSIONS

In this study SE, AFM and Raman spectroscopy were employed to characterise thin
film poly-Si layers as a function of both LPCVD deposition pressure and temperature. A five
layer optical model was found necessary to accurately reflect the microstructure of the LPCVD
poly-Si thin films. A continuous variation in the optical properties consistent with a variation in
poly-Si film microstructure was observed. The influence of deposition conditions on film
morphology was quantified using AFM analysis and results were found to be in good
agreement with material parameters extracted from SE analysis. Raman spectroscopy revealed
an increase in TO phonon amplitude as a function of deposition pressure for films deposited at
620°C indicating significant variation in microstructure. This was reflected in the observed
process pressure dependent dielectric function of the 620°C deposited films obtained using SE.
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CHARACTERIZATION OF POLYCRYSTALLINE SILICON MULTILAYERS
WITH THIN NITRIDE;/OXIDE FILMS USING SPECTROSCOPIC
ELLIPSOMETRY

L.M. ASINOVSKY, Rudolph Research, Flanders, NJ 07836

ABSTRACT

Spectroscopic ellipsometry has been used to characterize oxide/poly-Sifoxide with thin
nitride/oxide layer. Films were deposited on Si substrate using low-pressure chemical vapor
deposition (LPCVD) techniques. The measurements were taken at angles of incidence of 65
and 70 degrees in the wavelength range from 300 to 800 nm. The analysis of the data using
effective medium and two-dimensional Lorentz oscillator approximations identified complete
recrystallization of the poly-Si after annealing and and its transformation to u c-Si. Three
wafers taken at the sequential stages of the manufacturing process were studied. Although
parameters of the thin nitride/oxide layers are strongly correlated, reasonable estimates of
the thicknesses were found. The resnlts were consistent with the measured Auger electron
spectroscopy (AES) profiles.

Introduction.

Si0,/Si3N,/Si0; (ONO) structure is widely used in the manufacturing of the memory
devices as a dielectric insulator and surface passivation material. One of the common appli-
cation is the use of the ONO on top of the Si02/polySi/SiO; (OPO) structure deposited on
the Si substrate.

In order to characterize the properties of the ONO , it is important accurately determine
thicknesses and structure ( purity of the material ) of the sublayers. Precise determination of
these parameters is very difficult and several methods, using single-wavelength ellipsometry
of etch-beveled surface [1] or IR ellipsometry[2] , were developed. However, the former
method is destructive and the latter is difficult to implement for OPO-ONO structure.

The spectroscopic ellipsometry is increasingly used for characterization of the challeng-
ing thin film structures and its application to the OPO-ONO structure has been recently
reported[3]. Polysilicon was represented using Effective-Medium-Approximation (EMA) and
the measurement were made only on complete OPO-ONO wafer. The discrepancy of the
EMA representation can therefore result in additional errors of the ONO parameters deter-
mination. .

In this work a set of three witness wafers, taken at the sequential stages of the OPO-ONO
manufacturing process was measured using spectroscopic ellipsometry. Polysilicon optical
constants were represented using harmonic oscillator model , which yields better fit to the
model then EMA. This allowed more accurate estimate of the ONO parameters. The results
were found consistent with the Auger measurements.

Measurement and data reduction.

P-type Czochralski {100} silicon 16-25  cm wafers were used as substrates. Wafers
were thermally oxidized , poly-Si was LPCVD deposited at ~ 650°C , phosphorus ion-doped
(~ 10" i/cm3) and annealed for 2 hours at ~ 1003°C to improve stoichiometry. Silicon
dioxide and Si3N, were subsequently deposite:d with Plasma-Enhanced CVD ( PECVD).
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Rapid thermal oxidation (RTQ) in dry oxygen was used to reoxidized surface of the SizgN, A
set of three samples (witnesses), taken at the sequential stages of the technological process,
were measured ai room temperature and atmosphere (fig.2 ). Spectra were taken at two angle
of incidence (75 and 60 deg.) in the range of 300 to 800 nm in 5 nm intervals (100 points).
Rudolph Research 52000 Spectroscopic Ellipsometer was used for measuring and modeling
of the data. Auger Electron Spectroscopy depth profiling was done for the sample#3 with
1um, 3keV measuring electron beam in the 1x1mm area, sputtered by 140uA/cm? , 2keV
electron beam.

Spectroscopic ellipsometry provides cos A , tan ¥ spectra, where A and ¥ are ellipso-
metric angles that describe reflection of the polarized light from the samples. The physical
parameters of the sample are found by modeling of A, ¥ spectra and comparing it to the
measured one .The best fit to the experimental data is achieved by minimizing x*(p;.., pm)
merit function with Marquardt-Levenberg linear regression algorithm, where p;..., pn are
physical parameters to be found[4]:

- “lﬁ i [Wn °'.:e(lrn pm) Verp ) W, (Aulc(Pl"P'n)"Aexp)z]

ga

where N - number of points in the measured spectrum, W;, W, - weight coefficients, o5
and o¢ are standard deviations of the respective measured values . Standard deviations
(6pi) of the parameters p; are determined from the covariance matrix C : §p; = /Ty,
where Ci; = H3' = (' i—’:ﬁ:—,) . Fit error (FE) is used to compare the quality of the fit:
FE=x(ca — 1, a. —1).

Several approaches are used to represent optical properties of the materials. Standard
reference spectra {5] is used for Si substrate and SiQ; thermal oxide. Bruggeman EMA is
used to represent optical response of the polysilicon and oxynitride The effective refractive
index ng in this approximation can be obtained from the following equation :

Zf' 2n§-0 Z‘f'_l

where f;,n; are volume fra.ctlons and refractive mdnces of the constituents, respectively.
Harmonic (2D-Lorentz) Oscillators approximation (HOA) [7]{9] is used to represent op-
tical constants spectrum of the polysilicon ( pc— Si):

. 1 1
‘(E)‘1+2A°{E+E,+ir,'E—E,+ir,,

a=]

where ¢ = ¢, +i¢; is a dielectric function, n=4, A, = [A,|e‘®* , E, and I', are amplitude,
energy and dumping coefficient of the a — th oscillator, E is energy(wavelength) in eV.

Analysis of the results and discussion

The modeling of the samples #1, #2, #3 was done sequentially ; the film stack found
from the sample#1 was assumed unaltered and used in further analysis of samples #2 and
#3. The general pattern of the A, ¥ spectra( fig. 3) behavior is set by the OPO structure.
Addition of the relatively thin layers of Si nitride and oxide on the top, causes almost
parallel shift in vertical direction of the UV shoulder ( where poly-Si is opaque) and small
change in the wavelength position of the interference peaks. This observation emphasizes
the importance of accurate description of the underlying OPO structure and receiving of the
good fit to the measured data.




Poly-Si was first modeled using Bruggeman EMA with c-5i, a-5i, SiO; as a constituents
of the composite mixture. The modeling procedure for this type of application is described
in details elsewhere [6] and was followed. The layer was represented by two films to reflect
the presence of the roughness interface. The thicknesses of all layers and constituents volume
fractions of the poly-Si films were iterated. The results of the best fit ( fig. 1 ) suggest that
poly-Si layer was almost completely recrystallized during annealing with small concentration
(6%) of the a-Si and virtually no SiQ; or void network in the interface layer. However,
distinctive discrepancies of the fit in the UV and IR ends of the spectrum indicate that
these results must be taken very cautiously and can serve only as a raw estimate of the
real structure. The behavior of the spectrum calls for the increase of the *amorphization’
in the top part of the poly-Si - to smoothen the 365 nm peak without increase in the
absorption , unavoidably brought in by the a-Si, as it can only worsen the fit in the NIR. The
most plausible, explanation of this behavior is that EMA can not correctly represent optical
properties of the recrystallized poly-Si (#c—Si) . One of the main reasons is broadening of
the interband transition peaks due to disordering and finite crystallite size [7](8]. As a result
the effect of the micro-crystallinity is most significant in the vicinity of these critical points
(CPs) - in our case 2D CP at 365 nm, which arises from the transition along the I'-L axis
of the Brillouin zone.

It is appropriate, therefore, to apply Harmonic Oscillator (HO) representation of the
dielectric function. The model parameters of sample#l found in EMA were used with
the top poly-Si film represented by HO. The thicknesses of all films and parameters of
the oscillators were allowed to adjust .Excellent fit was achieved in the UV shoulder, but no
improvement in the IR part of the spectrum . Thicknesses of the layers almost did not change
(fig.1), but optical constants spectrum , modeled with HO , assumed characteristic for yc—Si
shape (fig.3). It is interesting to notice, that the optical constants spectrum received in HO
approximation has exactly the same behavior as previously reported spectrum(6] derived by
direct iteration on optical constants during simultaneous modeling of data taken at two AOI
on a similar sample.

It is conceivable that long-range order was not completely restored during recrystalliza-
tion process, which causes some deviation from the c-Si .To check what kind of correction of
the optical constants spectrum can bring about the improvement in the fit in the NIR range,
the HO approximation was also applied to the third layer . All parameters of the filmstack
were allowed to adjust to achieve the best fit . Discrepancy in the NIR disappear but, re-
markably, the optical constants spectra generated using HO approximation was practically
undistinguishable from reference spectrum. The only difference was the decrease on 0.01 in
absorption coefficient vs. the reference spectrum.

e o [
50, 80A [SitaSit5i0; 81A  [uc—si(HOA) 822 [uc— Si(HOA)

Poly-Si 15004 L Si+aSiJ 1410A l Si+aSi J 14137

$i0; gooh | 502 |8k [ Si0: ] a0k $i0;
I—W [ Si Substrate 1 L Si Substrate ] l_Si Subslmtd

a). b). c). d).
fig.1 Models of the samplegl : a). Nominal filmstack ; b). model#! ( EMA repre-
sentation): film#2- c-Si, film#$- 0.94 c-Si + 0.06 aSi; FE=1.78, x*=5{.6 ; c). model#2
(Combined EMA and HOA} FE=3.6,x*=43 ; d).model#3 (HOA): parameters of HO - in
Table 2, FE=3.08,x*=2.1.
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Table I: Parameters of the oscillators in HOA of sample#1(model#3)

uc-Si(HOA) Film#3 uc-Si (HOA) Film#3
E (eV) A T &(rad) | E (eV) A T (eV) ] ®(rad
3.3043 | 2.6450 | 0.169 | -0.5836 || 3.3574 | 2.5808 | 0.1024 | -0.9606
3.6469 | 9.7382 | 0.4854 | -0.5315 || 3.3968 | 8.9092 | 0.5437 | -0.534
4.2592 | 6.4137 | 0.1797 | 0.1292 || 4.3382 | 6.4845 | 0.01 | 0.0875
10.3197 | 17.3454 | 3.3609 | 0.9647 || 8.6315 | 23.1005 | 2.6473 | 0.7126

[N ] Y

koA

SiaN+5i0; | 1424044 48.6+5A

1 074 515, ] 114 52104
jc - Si(HOA) | 9% 0.7A [7, 7 "gi(ioA) | 90A uc — Si(HOA) | 90A

pc — Si(HOA) | 1405+3& | ue— Si(HOA) | 14054 pe - Si(HOA) | 14054
[_Si Substrate ] f Si Substrate J L Si Substrate ]
Sample #1 Sample# 2 Sample #3

fig.2 . Results of the modeling Samples #1- #3.

% - indicates 90% confidence interval for thickness value, which was iterated during the
modeling. Sample#1 : x*=2.1, FE=3.08 (HO parameters are in Table 1). Sample#2: x*
= 4.2, FE=0.5, Silicon Nitride EMA: 0.8424-0.002 SisN, + 0.158 Si0,. Sample#3: x*>=23.
FE=0.85.

Modeling of the sample#2 was done using results of the sample#1. Best fit was achieved
by iteration on thickness and constituents volume fractions of silicon nitride using EMA
representation (fig.2).Sample#3 was received by oxidation (RTO) of sample#2. First mod-
eling was done in the assumption that oxidation affected only two top layers and underlying
structure did not changed. Thickness and volume fractions of silicon nitride (in EMA) and
thickness of the top Si0; were used as adjustable parameter. No reasonable fit was achieved.
The growth of the oxide at the inner surface of the nitride layer reported by T.S.Chao et
al {1] can be a possible explanation. During the oxidation optical thickness is practically
invariant. This fact and the thickness of the layers makes the problem very ambiguous and
dependant upon initial values. Correlation of the parameters result in significant uncertainly
of the thickness values (fig.2), which neither further UV, nor reflectivity measurements can
improve [10] . However, correct selection of the initial approximation gives a good estimate
of the thickness of the films even with crude model of sharp interfaces. Auger profile mea-
surement gave consistent results for the thicknesses of the films, indicated presence of ~ 5%
of SiO; in the Nitride layer and ~ 5A interface layer between nitride and oxide;- this is
within margin of error due to correlation of the parameters in ellipsometric measurement.
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Conclusion

Spectroscopic ellipsometry has been used to characterize oxide/ poly-Si/oxide/nitride/oxide

(OPONO) structure on the Si substrate. Analysis of the dita taken at AOI 75° and 65° deg.
in 300-800 nm spectral range identified complete recrystallization of the poly-Si after anneal-
ing and suggested its transformation to the ue—Si. Modcling of the results using Bruggeman
EMA and HOA, showed that Harmonic Oscillators reprcsentation significantly improves the
fit and yields results consistent with the that received by direct iteration of optical constants
in modeling of Multiple Angle of Incidence data.

Finally, accurate representation of the underlying OPO structure and analysis of the

samples taken at the sequential stages of the technological process allowed to estimate thick-
nessess of the ONO sublayers.
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IN-SITU DUAL-WAVELENGTH ELLIPSOMETRY AND LIGHT SCATTERING
MONITORING OF SSi, ,Ge, HETEROSTRUCTURES AND
MULTI-QU WELLS

C.PICKERING®, D.A.O.HOPE®, W.Y.LEONG", D.J.ROBBINS® AND R.GREEF'
Defence Research Agency, St Andrews Road, Malvern, Worcs WR14 3PS, UK.
t Dept of Chemistry, University of Southampton, Southampton, SO9 5NH, UK.

ABSTRACT

In-situ dual-wavelength ellipsometry and laser light scattering have been used to monitor
growth of Si/Si,_ Ge_ heterojunction bipolar transistor and multi-quantum well (MQW) structures.
The growth rate of B-doped Sig g has been shown to be linear, but that of As-doped Si is
non-linear, decreasing with time. Refractive index data have been obtained at the growth
temperature for x = 0.15, 0.20, 0.25. Interface regions ~ 6-20A thickness have been detected at
hetero-interfaces and during interrupted alloy growth. Period-to-period repeatability of MQW
structures has been shown to be +IML.

INTRODUCTION

As the complexity of device structures increases it is becoming more important to produce
multilayer structures to a precise specification. Si; ,Ge, alloys are under investigation for
applications in heterojunction bipolar transistors (H ‘l’) and MQW far-IR detectors. These
structures require growth of very thin, strained layers with well controlied constant, cr graded,
composition and dopant profiles. Achievement of the ultimate performance of such devices may
require in-situ process control. This paper reports real-time monitoring of low-pressure vapour
phase epitaxial (LPVPE) growth of both HBT and MQW structures using in-situ dual-wavelength
ellipsometry (DWE) and laser light scattering (LLS). We have pry iously used these techniques
to optimise the growth of high quality homoepitaxial §13 layers *“ and preliminary results on
Si;_,Ge,/Si heterostructures have been reported recently.

EXPERIMENTAL

The epitaxial layers were grown on Si (001) substrates by LPVPE in a UHV-background
stainless steel reactor described previously”, growth temperatures being in the range 610-750°C.
GeH, and SiH, in ratios of 0.05-0.08:1 were used, together with H, at total pressures of ~15Pa,
to produce alloy layers with 0.15 < x < 0.25. B,Hg and AsH, were used for p- and n-type doping,
respectively. Heterostructures were usuaily grown by using a 10-20s growth interrupt at each
interface to establish correct gas ratios before switching into the growth chamber, total gas
pressure being maintained by balance H, during the interrupt.

In-situ DWE measurements were ma(fe using the 364nm (3.41eV) and 488nm (2.54eV) lines
from an Ar* laser at 70° angle of incidence, together with a rotating-analyzer system as described
previously"z. LLS measurements were made using the 488nm line from the same source beam,
the scaticred intensity (I) being monitored normal to the wafer!™. A-y (phase difference-
amplitude ratio) data at the two wavelengths were recorded once per second and I was sampled
once every 2s. The A-y data were converted, after correction for window effects, into pseudo-
xefralctive index, <«ii> = <n> + i<k>, or pseudo-dielectric fulgction, <E> = <> + iEy>,
data’. The data were fitted using a regression analysis package” which allows fitting of optical
constants, layer thicknesses and growth rates, based on ideal abrupt interfaces and the Fresnel
reflectance relations.
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RESULTS AND DISCUSSION

The two wavelengths used in DWE were chosen to have a high and low penetration depth
{~1um at A=488nm, ~0.01ym at A=364nm) to provide complementary information. Thus, the
visible wavelength provides a real-time measurement of growth rate for relatively thick layers,
while the UV wavelength gives a real-time indication of composition and microscopic surface
roughness. In addition, gives information on surface morphology, being sensitive to surface
roughness with lateral spatial wavelengths > /2. Si; ,Ge, has a tendency to grow oy Si with an
undulating surface 9 minimise the elastic strain energy due to the lattice mismatch®. LLS and
DWE have shown'™ that the delay before onset of this surface roughness decreases and its rate
of development increases as the growth temperature or Ge content increases. A
composition/growth temperature/thickness regime has been identified for the growth of smooth,
fully strained alloy layers. Thus, SijGe,, grown at 750°C shows rapid roughening (detected
after ~80A) while at 610°C layers remain smooth until thicknesses ~1500A have been
deposited” . For x ~0.15, thicker layers can be deposited even at 700°C, without roughening.

Figure 1 shows DWE traces (A only) obtained during growth of the p-type base and n-type
X emitter regions of a HBT structure. The lower penetration depth of A=364nm is evident since
A rapidly reaches a constant value representative of fi for bulk SijyGe,, while interference
fringes continue for the other wavelength. This can be seen more clearly in figure 2 which shows
extended growth of Sij ¢Gey , at 610°C. In the fit to these data, #i is allowed to be different at
each wavelength but 1s kept constant as a function of time, except for a ~10A anomalous
interface region which will be discussed in more detail later. Further constraints on the fit
parameters are imposed by the requirement that the growth rate is the same at each wavelength.
Thus, the data for the bulk of the layer are very well fitted by a model assuming growth of a
layer with constant fi at a constant rate of 1.05(+0.01)A/s. “No change in growth rate as a

function of time was detected for undoped or B-doped Si&sGeoiz. However, as can be seen in
‘ ﬁguge 1, the fringe separation for As-doped Si increases with time, indicating a decreasing growth

rate’. Growth of undoped Si produces a regular set of fringes (not shown), giving a constan
growth rate of 7.65 (+0.02)A/s at 700°C. Growth of Si:As with AsH,/SiH, ratios of 3.8 x 10"
commenced at the same rate but this decreased gradually to ~2.5A/s after about 25min. This is
believed to be due to As surface segregation and these results will be discussed elsewhere.
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constants of these interface layers.

Further information on interface regions has been obtained by studying interrupted Si, ,Ge
alloy growth. Figure 5 shows data taken during growth of Si 3sGeg, 1 & 700°C, in the form of
<z,>~<22>n'1‘ectoﬁes. The fit shown from A to E is cal for growth of a uniform allo
latyetonSi. repeated part of this deposition is also shown which was interrupted after ~60
of growth at point B. i ﬂneinterxg.i?tonlyl{zisinthegmwthclnmberandnomovemt

of the locus point (B) was resumption of the growth, the point moved to lower
<t-;2>valuesatconstantcp,wlﬁchiseqnﬁvalentwﬂub:&nningofannvembwktoﬂw
Si point. After ~10A of growth the trajectory resumes its alloy-growth direction to point C. A
further interrupt at C cause a similar Si-like growth on resumption (C-D), as shown by
comparison with the trajectory obtained during Si cap srowth (D-A) which returns to the starting
point. Figure 6 shows results of a similar growth run at 610°C interrupted at B and D. The
anomalous interface regions after resumption of growth (B-C and D-E) have been fitted here by
12-13A of a layer with the same optical constants as the Si substrate, before continuation of the
alloy layer growth (C-D and E-F). These data therefore indicate that a Si-like region is grown
first on res ion of the growth. ConﬁnnaﬁonofareducedGecontelgmbeseenin

secondary ion mass spectroscopy (SIMS) profiles through interrupted regions®. Comparison of

10,

Figure 3. DWE traces for Si growth Figure 4. A, y traces at A = 364 nm as
(from A) on Si at 610°C fonmly 10s in figure 3.

delay (B) and Si growth. Top and bottom

traces are for A = 488nm.
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figures 5 and 6 shows that this ‘homo-interface’ cffect is reduced only slightly (by ~25%) by
increasing the growth temperature from 610°C to 700°C. However, at the higher temperature,
the anomalous hetero-interface (SiGe on Si) effects, possibly related to Ge segregation, have
vhmﬂydisappmii,yagmemntwhhﬂmMBEmmﬂm,whichdmmdicawdasuong
. Thus, the homo-interface effect may have a different origin and may
be related to the different H-terminated surface environments of the Si and alloy surfaces.
Further experiments are in progress to obtain a clearer understanding of this phenomenon.
Befmeﬂipsomeuymbeappliedforpmeessmuokadmbaseisx?uhedof i at the
growth temperature as a function of composition for several wavelengths. Figure 7 shows data
obtained during a sequential deposition of Si,_ Ge, with x=0.15 (from A), 0.20 (from B), 0.25,
eachcompodﬁonbeinggmwntobeopticaﬂytﬁickaﬂ:mmresuhsmshownintenns
of <fi> which is equivalent to fi at the optically thick constant values. For the highest x,
roughening can be scen after ~4.5min gmwthasindicatedbygﬁ viation of <fi> from the fit,
due to the formation of the undulations as discussed ier™>. The values of n decrease
monotonically from 5.05 (Si) to 4.74 (x~0.15), 4.62 (x~0.20) and 4.52 (x~0.25). These valueg
are close to those expected from interpolation between results obtained by Humlicek and Garriga
at ~530°C. The excellent fits shown in figure 7 again indicate that after the initial interface
region the growth is accurately modelled by growth of a uniform layer with constant growth
rate. The growth rate can be seen from the raw data to decrease with increasing x, the fits giving

18.0
18.0}- 1
A 170 1 Figreé. <E;> - <Ey> traces
W 1 for Sii) .15 growth on Si
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deposition at 610°C of Sij, 3sGeg ;5 (from period Sij, ;Ge,, »/Si MQW (nominally
A), Siy gGey , (from B), and Sig 55Geq 2s- 20010043

values of 2.1A/s (x~0.15), 1.1A/s (x~0.20) and 0.95A/s (x~0.25). Anomalous interface regions
can again be clearly seen at the alloy interfaces (B and C), which can be fitted with ~6A thick
layers with Si-like optical constants as in the interrupted growth fits discussed earlier.

DWE has aiso been used to study the reproducibility of MQW structures. Figure 8 shows data
obtained during growth of a 10-period SijgGey,/Si MQW with nominal well and barrier
thicknesses of 100A. The more rapid decrease of A during well growth compared to the increase
during barrier growth reflects the faster growth rate of the alloy. The fit shown was obtained
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Figure 9.A,y traces for growth of 10-period Figure 10. A,y traces from figure 9 of first
Sij gGeyy /St MQW (nominally 30/400A).  two Sio.sG?B.Z welis (A-B and C-D) and
Si barrier -C).
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from the complete data set but with each period assumed to be identical, ic only one set
of i, growth rates and thicknesses was allowed to vary. The excellent fit obtained with this
assumption is an indication of the repeatability from period to period, only slight deviations being
visible towards the end of the growth. The differences in A and y values from the first period
compared to the rest are also predicted well by the model and are due to penetration of the light
into the substrate. After the first three layers the substrate is no longer ‘seen’ and the trace settles
down into a regular pattern.

Figure 9 shows DWE traces obtained during a 10-period MQW structure with nominally 30A
well and 400A barrier thicknesses as required for far-IR detector structures. Again, an excellent
fit can be seen assuming identical periods. The variability in the lower value of A at the end of
each well growth gives an indication of the reproducibility of well thickness. Variations within
+1A would produce the observed variation, assuming the composition is unchanged. Figure 10
shows an expanded fit to the first two wells and their separating barrier, showing the excellent
fit quality. Fits to the first two wells gave well and barrier thicknesses of 27A and 395A
respectively, while fits to the last two wells gave 27A and 390A. Thus, the repeatability of the
wells is within +1A and of the barriers is within +3A.

CONCLUSIONS

In-situ optical monitoring has been used to study growth of Si, ,Ge, HBT and MQW
structures. B-doped Sisteoz has been shown to have a constant growth rate but a decreasing
rate was observed for As-doped Si. Anomalous interface regions have been detected by DWE at
Sij gGe,, o/Si hetero-interfaces and during interrupted alloy growth. The repeatability of MQW
structures has been shown to be +1ML.
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REFLECTANCE ANISOTROPY AND SPECTROSCOPIC ELLIPSOMETRY
CHARACTERISATION OF WET SILICON WAFER CLEANING

1. T. BEECHINOR, P.V. KELLY AND G.M. CREAN
National Microelectronics Research Centre, Lee Maltings, Prospect Row, Cork , Ireland.

ABSTRACT

Silicon surfaces cleaned using standard wet chemical processes used in silicon device
fabrication have been characterised by two optical techniques, spectroscopic ellipsometry (SE)
and reflectance anisotropy spectrometry (RAS). Standard peroxide-based Si(100) wafer cleans
were studied by SE. It is demonstrated that the residual film on the Si surface is critically
dependent on both the sequence and type of cleaning steps performed. The sensitivity of RAS
performed on-line under an air ambient to HF etched Si(110) and 4° off axis Si(100) surfaces
is evaluated in comparison with kinetic SE data.

INTRODUCTION

Silicon surface preparation prior to fabrication process steps such as film growth or
oxidation will be one of the most critical challenges for deep submicron CMOS ULSI
technology. Increasing attention will therefore focus on Si-surface chemistry and passivation.
In particular the issue of characterisation of native and chemical oxides must be addressed. For
example, the absense or presence of an SiOy layer on a Si surface will significantly impact the
adsorption of specific metallic contaminants {1]. However tighter control of surface quality
will require the development of surface sensitive non-contact monitoring techniques.

Epioptic probes [2] offer significant potential for non-contact, surface sensitive
characterisation tools applicable to on-line monitoring of both wet and dry wafer cleaning
processes. This work focusses on the evaluation of the sensitivity of two such epioptic
techniques, spectroscopic ellipsometry (SE) and reflectance anisotropy (RA), to wet cleaned
silicon surfaces.

EXPERIMENTAL

Single crystal CZ grown n-type Si(100), Si(100) cut 4° off axis towards [110], and
Si(110) wafers were employed in this study. Table I describes the cleaning steps investigated
in this study. The RCA cleans [3] were carried out using an FSI MERCURY acid spray
processor. The HF-based cleans were carried out using immersion baths.

SE measurements were obtained using a phase modulated variable angle spectroscopic
ellipsometer having a spot size of 2x5 mm on the sample surface. SE spectra were measured at
an angle of incidence of 75° in the photon energy range from 2.0 eV to 4.5 €V in intervals of
0.02 eV, and expressed as a complex dielectric function ¢, are ¢; [4.)

RAS measurements were made using a phase modulated RA spectrometer (5] having a
spot size of 12 mm diameter normally incident on the sample surface. RA spectra were
measured in the photon energy range of 3.0 eV to 4.5 eV at an interval of 0.02 eV.
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Table I. Wet cleaning processes for silicon wafers.

——Process Description
SC1 clean step H,0,:H,0 1:5 (30s)
H;0.:H,O:NH,OH 1:10:1 (90s)
H,0,:H,0 1:5 (@30s)
SC2 cleanstep H>0,:H,0:HCl 1:5:1 (90s)
Standard RCA clean Spray SC1+100:1H,0:HF(120 s) +DI rinse+SC2
RCA"“HF last” clean Spray SC1+SC2+100:1H,0:HF(120 s)(+DI rinse)
RCA“HF last” clean Spray/HF dip SC1+SC2+10:1H,0:HF(30 s)
Dl rinse Deionised water ninse
HF eich 7:1 H,O:HF etch (30,60 90 or 120 s)
BHF etch 4:1 or 7:1 Buffered HF etch (60 's)
RESULTS AND DISCUSSION

The measured pseudo-dielectric function (€;) spectra for native oxide covered, standard
RCA cleaned and “HF-last” RCA cleaned Si(100) wafers are shown in Figure 1. Spray
cleaning was employed to process batches of three wafers in each case. SE measurements were
also made on a further batch of Si(100) wafers, where the HF-last dip was performed by
immersion without a final DI rinse. It is observed that the E; Si peak in £€;, which is
particularly sensitive to surface film thickness, increases in amplitude from the native oxide
covered surface, to the standard RCA cleaned surface, to the “HF-last™ process while the E; Si
peak height is reduced by the HF-last process

40 | T T T i T |

— AN —

30 - — native oxide \ —1
-t standard RCA _

— — — — HF last ;

w”™ 20 - =
10 L ~

= 1
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Energy (eV)

Figure 1. The imaginary part of the pseudo-dielectric function €; of native oxide covered
$i(100), standard RCA cleaned Si(100) and HF-last cleaned Si(100) with final rinse.

The measured SE spectra were analysed using two distinct optical models. Model A
assumed the surface film as a thin layer of SiO; on Si, using reference dielectric function data
for Si(100) [6), yielding an effective oxide thickness as a parameter. However, this model did
not take into account the observed dependence of the refractive index of thin silicon oxide on
film thickness [7]. A native or chemical silicon oxide modelled by a film of SiO; and a-Si has
been shown to be a more accurate representation [8]. In this present work, this model has been
expanded to a three-component homogeneous layer on c-Si(100), model B, where the layer is
composed of SiO; as major component, with a silicon suboxide (SiO) and c-Si as minor
components, 10 represent the increased refractive index and the effect of interfacial roughness,
respectively. The layer dielectric function was calculated by the Bruggeman effective medium
approximation (EMA) [9]. Fitting of SE data to optical models was performed using a least-
squares Marquardt algorithm.



Table I1. Best fit extracted material parameters for SE spectra of RCA cleaned wafers

— Process: Native Standard RCA/HF-last RCA/HF-last
i d(A) 2028 15.97 9.64 11.00
A Si(100)
x? 1.63 1.74 2.30 2.32
Layer 1 d(A) 15.42 12.86 7.17 8.47
Si0, % 7047 785 53.53 54.38
B Si0O % 1477 11.46 9.60 10.11
Si100)%  14.76 9.79 36.87 35.51
Si(100)
x2 1.51 1.67 2.18 2.08

The extracted best fit materi~1 parameters for the RCA clean matrix are presented in
table II. Three general observation. nay be made. Firstly, the effective oxide thickness after a
HF-last process is consistently s.. .er than for the standard RCA process. Secondly, model B
provides a consistently better fit wian model A, indicating that the higher refractive index layer
used to model the native oxide or residual film is a more accurate representation of the thin
oxide. In addition model B also shows that the chemical oxide produced by the standard RCA
process is of higher quality than the native oxide insofar as its best fit silicon dioxide content is
higher. Thirdly, a poorer fit is obtained for the residual film after a HF-last clean, than after a
standard RCA process.

The residual film thicknesses for the HF-last RCA cleaned wafers suggest that a simple
chemical termination of the silicon surface is not obtained. Omission of the final DI rinse in
the case of 10:1 HF dipped wafers produced similar residual film thicknesses to the spray
clean. The clearest conclusion from these results is the marked difference in the composition
of the residual film after the HF-last process. Neither model attempts to represent the hydrogen
passivation of the surface which occurs at least to some degree for HF-last RCA processes,
nor do they explicitly address interfacial roughness.

The second part of this study focussed on the HF etch step in the absence of an RCA
treatment. Figure 2(a) shows the SE measured dielectric function for a Si(100) wafer before,
immediately after a 7:1HF etch for 30 s following a DI rinse and 40 minutes after this etch, as
compared with the bare Si(100) reference dielectric function. Using model A or B above, an
effective oxide thickness significantly less than the equivalent of a monolayer is obtained. The
calculated spectra from either model differ negligibly due to the small film thickness,
indicating a chemical termination of the bare silicon surface. It is also observed from Figure
2(a) and Table I1, that the height of the E; peak is correlated to effective oxide thickness. the
highest value being for the reference data from bare Si(100) {6]. In contrast, the increase in the
E, peak appears uncorrelated to either the nature of the residual film or its thickness. The
presem;? of the film is sufficient to increase the E, peak significantly above its value for the
bare wafer.

Figure 2(b) shows the differential €; (HF etched)-g; (oxidised) SE spectra as a function
of time after the etch, highlighting the kinetic sensitivity of SE. It is obser :d that the
differential SE spectrum is remarkably stable over a period of 50 minutes after the etch.
indicating that excellent passivation is achieved with the 7:1 HF etch. This passivation is
gradually lost after a further 2 hours in an air ambient.
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Figure 3 plots the kinetics of re-oxidation via the effective oxide thickness measured
using model B to fit successive SE spectra, measured at four minute intervals, and shows the
gradual deterioration of the passivation. Figure 3 also illustrates the different effective oxide
thicknesses and kinetics of re-oxidation on Si(100) substrates cut 4° off-axis towards [011)
after 7:1HF etches of 30 s, 60 s and 90 s duration. While the native oxide on the off-axis
substrates is thicker than for the on-axis wafers, larger effective oxide thicknesses and faster
re-oxidation kinetics are deduced from SE measurements on the off-axis Si(100) substrates.
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Figure 2. (a) The imaginary part of the dielectric function €;. measured by SE from Si(100)
before, immediately after, and 40 minutes after a 7:1HF etch, compared to the bare Si(100)

reference data from ref. [6]. (b) Difference in SE €; spectra of etched and unetched Si(100).

The existence of a weak reflectance anisotropy centred on 3.45 eV has been reported
[10] for HF-etched Si(100) substrates cut 4.5° and 6" off-axis towards {011] measured under
UHYV and H;-ambient MOVPE conditions, where the hydrogen termination of the surface has
been confirmed. In this work, the reflectance anisotropy between the Si [011] and [0T1] axes
of the 90 s 7:1 HF etchsample was measured under an air ambient 5 minutes after removal of
the wafer from HF. No feature at 3.45 eV was distinguishable above the noise level. The effect
of 5 minutes exposure to an air ambient on this feature after HF etching is as yet unquantified.
However, the SE results indicate that the passivation is not as good as for the on-axis Si(100)
surface after this time.

Ear.y work on RAS revealed marked differences between the native oxidised and
buffered HF etched Si(110) surfaces [11), which possess an inherent anisotropy and
consequently large RA signal due to their 2-fold rotational symmetry. Figure 4 details the
increase in effective oxide thickness on Si(110), extracted from SE spectra using model A with
a Si(110) substrate reference file, as a function of time after a 60 s 7:1 HF etch for 60 s
following a DI rinse. Figure 5 shows the difference in the Si(110) RA spectra measured before
and after this etch. A negative peak around 3.3 eV is observed for the HF etched wafer,
consistent with the literature [11]. This peak decreases slowly over the first hour afier etching
as the effective oxide thickness measured by SE increases. A DI rinse performed after 7:1 HF
etching does not significantly alter the passivation asobserved by SE (Figure 4) or the
evolution of the peak in the differential RA spectrum with time after etching, as shown in

Figure 6.

The influence of 7:1 HF, 7:1 BHF, and 4:1 BHF etches on the passivation of the
Si(110) surface is compared in Figure 4. The BHF etch clearly produces an inferior passivation
layer and rapid re-oxidation of the surface. However, the characteristic RA feature at 3.3 eV
which appears after etching was observed to persist for 24 hours in the case of both 4:1 and 7:1
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BHF etches, as demonstrated in figure 7. It is concluded therefore that the origin of this RA
feature is not related to passivation. This RA feature decreases in amplitude over 20 hours,
coasistent with the literature, but apparently unrelated to re-oxidation.

4 T T T T
4
wvr e J
3r - ‘
& ')‘-)( ’.-"‘-wm T

~
o

T

-

b

\

.
:
i

—
-

Effective oxide thickness (A)
L=
o ~

0 10 20 30 40 S50 &0
Time after eich (socs)
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thickness with time after HF etching of
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Figure 7. Differential spectra RA(etched) - RA(oxidised) as a function of time after a 4:1 BHF
etch.

CONCLUSIONS

This work has demonstrated the sensitivity of SE spectra to native and chemically
oxidised Si(100) wafers and has provided further evidence of the need to model such ultra-thin
oxides using higher refractive index values than are found in thick oxides. The contrasting
effects of standard and HF-last RCA cleans have been demonstrated. The influence of surface
orientation on HF etching of oxidised silicon wafers has been demonstrated using SE.

It is shown using SE that buffered HF produces a substantially inferior passivation on
Si(110) which re-oxidises rapidly by comparison with the HF etched surface. Comparison of
the kinetics of the RA and SE features which appear after BHF etching indicate that they
decay on markedly different timescales, and suggests that their origins are different, although
their spectral positions are similar. Further investigation of HF and BHF etch induced RA and
SE features is required to establish their origins, and their relationship to the quality of the
silicon surface produced by wet etches, so that they may be applied in on-line epioptic
monitoring tools.
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ABSTRACT

In the fabrication of mercuric iodide room temperature radiation detectors, as in any
semiconductor process, the quality of the final device can be very sensitive to the details of the
processing steps. Each processing step can either reduce the intrinsic defects and those extrinsic
defects introduced by earlier steps, or it can introduce new defects. In mercuric iodide these
defects can act as trapping and recombination centers, thereby degrading immediate device
performance or leading to long-term reliability problems. With careful study and monitoring of
each step, the process can be modified to improve the end product. In this work we used several
techniques to study processing steps and their effects. Photoluminescence spectroscopy and
photoionization revealed defects introduced during processing. One critical step is the formation of
electrical contacts, as both the material choice and deposition method have an impact. Four point
probe sheet resistance methods were used to characterize the loss of material from the contact as it
reacted with or moved into the bulk semiconductor. Ellipsometry was used to characterize the
intrinsic optical functions of the material, and to study the effects of surface aging on these
functions. Results from this work provide suggestions for the modification and monitoring of the
detector fabrication process.

INTRODUCTION

Many diverse applications currently utilize, or could possibly utilize, nuclear radiation detection
and spectroscopy. One major field currently of interest is the close monitoring of nuclear
materials, for the verification of non-proliferation treaties, or the tracking of unauthorized,
concealed materials. Environmental monitoring and remediation is another large field that is in its
early stages. Concealed weapons and contraband detection, nuclear medicine and imaging,
industrial process gauging. and basic science also have a need for such measurements. For all of
these applications a compact, portable, low-maintenance instrument would be extremely useful.
However, traditional detectors, such as high purity germanium (HPGe) or lithium-drifted silicon
(Si(Li)), require cooling well below room temperature, necessitating a bulky apparatus that is
fragile and that requires continued attention.

The semiconductor red mercuric iodide («t-Hgly) has several properties that make it an ideal
material for room temperature use, therefore allowing the production of the desired portable
instruments (1-5]. In particular, the high atomic number of the elements (Zg=80 and Z;=53)
means that the material has a high stopping power for photon energies into the MeV range, the
relatively low electron-hole pair creation energy of 4.2eV at room temperature allows a large
response per incident photon, and the large bandgap o{ 2.13eV at 300K results in a high intrinsic
resistivity (10}4Q*cm), and low dark currents (10°'12A). Tnese properties result in a material
suitable for some of the highest resolution and sensitivity room temperature radiation detectors [6].
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The detector device structure used is usually quite simple, with thin (~250A) palladium contacts
deposited on the large faces of a Hgl? slab around lcm x lcm x Imm. The charge created by the
incident photons and separated by an applied bias is then measured by means of a system
composed of a charge-sensitive preamplifier, a spectroscopic amplifier, and a multi-channel
analyzer. These sensors are generally applied to the spectroscopic examination of x-ray and ¥-ray
emissions. Figure 1 shows an example spectrum collected with a small (Smm x Smm x 0.5mm)
Hgls detector whose design was optimized for x-rays.

Although mercuric iodide has great potential in theory, there are many practical problems that
currently limit the actual device performance achieved {7]. One primary problem is that not all
charge that is generated by incoming photons is collected at the contacts. This incomplete charge
collection effect is demonstrated by the left-side tailing of the 59.5keV peak in the spectrum of
Figure 1, as the "lost" charge results in a lower pulse height than is expected. This leads to a loss
of resolution by the broadening of peaks, and a loss of sensitivity as there are fewer counts at the
location of the photopeak. Another problem is the long term unreliability and instability of some
detectors. The spectral quality from such a detector will degrade over time, with peak height and
sharpness decreasing. Third, the material is very sensitive to mechanical handling, and can be
easily damaged. Finally, all of these factors lead to a low final yield of high quality detectors,
which means that the unit cost is prohibitive for many of the potential applications where a
compact, hand-held spectrometer would be useful.
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Figure 1. Example x-ray/y-ray spectrum from a room temperature Hgl; detector.

The underlying cause of all of these problems, of course, is the material properties. The largest
limitations are related to charge traps and recombination centers. These centers trap charges and
may release them at unpredictable times, potentially over the scale from sub-seconds to years, and
lead to the observed degradation of performance. One source of these traps is impurities that are
present in the material, either from the start, or introduced during processing. Other sources
include intrinsic defects in the crystal structure from growth or processing. The other prime
material problems are physical and chemical in nature. Red mercuric iodide has a tetragonal unit
cell, and forms a layered structure. These layers are connected at iodine planes only by weak van
der Waal bonds, and thus the material is easily delaminated. Overall, the material is simply soft,
and plastic deformation can occur under a sample's own weight, if not properly supported. The
material is also very sensitive to heating, as at around 125°C the red tetragonal a-Hgly phase




undergoes an phase transition to the yellow orthorhombic B-Hgls phase, which has inferior
detector properties. Finally, mercuric iodide is strongly reactive with many agents, and the

and iodine have sufficient vapor pressures that the surfaces of an unencapsulated sample
will degrade within hours.

All of these complications lead to the situation that mercuric iodide crystal growth and device
fabrication are non-trivial. Extreme care is required in the entire fabrication and handling process.
Therefore, processing diagnostics are useful to identify problems and point toward solutions. Off-
line procedures allow further time to fully study the process and allow for recommendations of
large-scale changes. On-line diagnostics allow for the rapid detection of problems arising during
actual fabrication, and allow for adjustments to compensate. This paper discusses measurements
that were primarily developed as cases of the former, but some of which are applicable (with some
simplifications) for on-line diagnostics.

EXPERIMENTS AND RESULTS
Photoluminescence

Photoluminescence (PL) has been shown to be a good technique for the detection and
identification of defect states in many materials. In mercuric iodide, much work has been done to
determine and understand the rich spectra found in most samples.

PL involves exciting a sample optically with above bandgap illumination, and coliecting and
measuring the resulting luminescence spectrum as the excited electrons return to lower energy
states. Generally mercuric iodide PL is done using an argon ion laser (4880A line) in CW mode,
with a power of 20mW, and the sample is cooled in liquid helium to around 4.2K. The resultant
peaks in the spectrum relate to the band edge and the defect states, or phonon replicas of these.
With these parameters, the excitation penetrates only a few micrometers, so the spectra relates to
the near-surface layers. In Hgl PL there are two regions of interest, the near band edge region of
5290 to 54104, and the deep level region of 5400 to 8500A. From the extensive characterization
that has been done previously, correlations between relative peak intensities and locations, and
associated process steps have been found for items such as impurities, sample aging, vacuum
exposure, stoichiometry changes, and contact materials [8-13].

The technique is non-destructive, except for the required thermal cycling and extra material
handling required. It can therefore be done on samples in the middle of processing, although a
simplified version would be required for real-time online measurements.
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Figure 2. Photoluminescence spectrum before and after methanol etching of a Hgl crystal
sample, showing the introduction of an impurity-related defect state at ~6700A.
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iodide in deionized water solution; howevet,infahlicaﬁonthenmplecouldalsobeeﬁedto
solvents such as methanol during cleaning and rinsing steps. The spectra here show even
though a high purity semiconductor grade methanol was used, a new defect level appears after the

etch. In particular, this level appears to be a C-related i ity defect. It has been shown in other
wmkthaetﬁswhdefeassevaelydepadeﬂlcmsulnm performance because of charge
trapping effects.

Photoionization / Pt

Another method that is useful for studying traps in mercuric iodide is photoionization (PI). In
this newly developed technique a temperature controlled sample is illuminated with photons of
increasing and the t, or photoresponse, is measured. The resultant peaks in the
spectrum as a function of wavelength, for below bandgap excitation, relate to the trap levels.
Varying the temperature gives further detailed information regarding these traps.

Figure 3 shows an example of a PI spectrum. The sample here is a piece of mercuric iodide
that was intentionally doped with copper to a concentration on the order of 10ppm before the
application of the palladium electrodes. The peak at around 2.05¢V is seen only in the Cu-doped
samples, and therefore it most likely relates to a trap introduced by the presence of this impurity.

Another parameter that can be obtained from this measurement is the barrier height of the
metal/semiconductor interface. Extrapolating the linear portion of the square root of the response
per incident photon to its zero-response value gives the barrier height, and the direction of the
current gives the type of barrier (hole/electron).

This technique can be considered non-destructive when applied to partially fabricated detectors,
as the contacts applied for the detector can be used for the PI/PR measurement. Again, the issues
are merely those of thermal cycling and materials handling, and the limitations of the time and
equipment needed for 8 measurement on-line.
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Figure 3. Photoionization spectrum of a Cu-doped Pd-contacted Hgly sample at 300K.

Four-paint Probe Sheet Resi

One area of the mercuric iodide detector fabrication that has not been fully studied is the choice
of contact material and deposition method. Given the reactive nature of mercuric iodide, it is likely
that any materials brought into contact for use as an electrode is going to change the substrate and
be changed itself. Besides the formation of new products by reaction, mobile species from the




contact can move into the bulk of the mercuric iodide, thereby introducing further charge trapping
centers.

A simple technique that can be used to characterize the quality of the contact and its interface
with the mercuric iodide is the four-point probe sheet resistance measurement [13]. Four tungsten
carbide tips in a linear arrangement are brought into contact with the sample and a known current is
injected through the outer two. The voltage measured between the inner two probes is directly
related to the resistance of the sample film, which is related to the effective thickness of the
conductive film. Monitoring this resistance versus time reveals changes in the contact film.

Copper contacts showed an exponentially increasing resistance, as expected, since copper is
known to diffuse rapidly into mercuric iodide. Figure 4 shows the more unexpected results.
Palladium and the refractory metal tungsten are generally considered relatively stable on mercuric
iodide. However, it appears that these materials move into and/or react with the mercuric iodide,
as the resistance does increase. Both do form a reaction barrier, though, as the resistance
eventually stabilizes, leading to the apparently stable contact that is generally assumed. Pd does
this rapidly, and this is why the contacts have been generally thought to be stable. The W change
is somewhat slower, but still stabilizes within a few days.

The technique is a somewhat destructive technique, as the probing mechanically damages the
extremely soft ic iodide. In fact, in order to obtain stable resistance readings, relatively
thick films (~1000A), and very careful probe tip application are required. Otherwise, the tips
simply poke through the film and measure the very high resistance of the bulk mercuric iodide.
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Figure 4. Four-point probe sheet resistance measurements of Pd and W contacts on Hgl).

One final technique was employed to study the optical functions of bare mercuric iodide.
Variable angle spectroscopic ellipsometry (VASE) can give detailed information about the dielectric
functions of the material [14]. Since the Hgla structure is anisotropic, separate functions are
required for the c-axis and a,b-axes.

Ellipsometry in general determines the ratio of complex reflectance rp to 15, with r1p and rg the
reflection coefficients of light polarized parallel to and perpendicular to the plane of incidence,
respectively. This complex ratio is traditionally determined as an amplitude and an angle.

P =T1p/ 15 = tan(y) * exp(i*A)
with A and v the calculated values. The pseudo-dielectric and optical constants are obtained from
these values by further calculations. Using variable angles of incidence and wavelengths, one can

obtain further data which gives greater information about the optical functions of the sample.
Once these functions are characterized for bare, unadulterated mercuric iodide, they can be used
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to study the effects of certain processing steps. One inevitable processing step is aging. Mercuric
iodide left exposed 10 air (or even in other ambients) exhibits a large change in the surface. This
surface degradation is know as aging. This phenomenon is possibly related to the sublimation of
materia! from the surface, since the vapor pressure of the mercury and iodine are rather high at
room temperature. Figure 5 shows the optical functions for an aging sample. These spectra show
that there is indeed a change in the optical characteristics related to aging. It is believed that this
change is caused by an increase in the amount of "voids” present in the near surface region, which
fits with the picture of material subliming away.
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Figure 5. Hglj surface aging effects, characterized by the VASE measurements, via the changes
of anisotropic refractive indices. The solid lines represent measurements right after the
10% KI etching, and the dashed and dotted lines are results, from the same sample,
measured ~20 hours and ~548 hours after the etching, respectively.

Fabrication Modificati

These measurements all lead to the conclusion that certain processing steps can be improved.
These measurements show where in the process sequence defects are introduced. Particular
changes that are suggested include the use of high purity starting materials and processirg
chemicals, the proper choice of contact material, and the minimization of material aging. Also,
some of these methods, the PL, PI, and VASE, in particular, can be simplified enough to
incorporate into real-time online diagnostic tools. With these tools, acute or chronic changes in the
amount of defects present in a detector under production could be detected, and conditions changed
before too much material, time, and effort is wasted. This could potentially increase yield enough
to lower the per unit cost to 2 point where other applications of detectors become feasible.

SUMMARY AND CONCLUSIONS

Various measurements, including photoluminescence, photoionization, four-point probe sheet
resistance, and variable angle spectroscopic ellipsometry have been conducted on mercuric iodide
samples subjected to the processing steps required for room temperature x-ray and Y-ray
spectroscopic detector fabrication. These measurements highlight the effects of different steps and
show correlations between the presence of defects and detector problems. These measurements,
therefore, suggest changes required in the processing steps. Finally, some of these techniques can
be incorporated into online fabrication diagnostics :o more rapidly correct vield proh'oms.
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PART 11

Reflectance and Light Scattering Spectroscopies
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ABSTRACT

Ion implantation, diffusion, epitaxy, oxidation and ion exchange are common processing steps
which alter the refractive index of dielectric media. These changes can be probed non-destructively
by optical methods such as infrared and ultraviolet-visible spectroscopy, and related to material
structure. An overview is given of the bilinear transform of reflectance and its use in conjunction
with Fourier spectral analysis for thickness and refractive index estimation. Closed-form solutions
are presently available for the bilinear transformed reflectance of heteroepitaxial multilayer structures,
and for materials containing graded refractive index profiles. Salient features such as positions of
interfaces and refractive index steps in multilayer media: depth and width of buried inhomogeneous
layers; and width of a transition region between layers of constant refractive index can be determined
directly. Under certain restrictive assumptions the bilinear transformed reflectance is shown to be
invertible, which allows one to determine the complete refractive index profile. Examples are
presented which illustrate the determination of thickness and refractive index of individual layers in
muitilayered structures. Specific examples include silicon-on-insulator, and II-V heteroepitaxial
structures such as InP/InGaAs/InP. Analysis of the reflectance of medium to high energy implanted
Si or GaAs allows determination of mean damage depth and standard deviation. The invertibility
of the bilinear transformed reflectance is illustrated by estimating the refractive index profile of
nitrogen implanted silicon.

INTRODUCTION

Device architectural degrees of freedom include planar dimensions, layer composition and doping
levels, as well as layer thickness. With the rapid progress in epitaxy of compound semiconductors,
complex multilayer structures can be grown to high degrees of perfection. Ternary and quaterary
-V compounds, involving several layers ranging in thickness from tens of nanometers to several
micrometers, find application in microwave active devices and opto-electronic components. Device
processing steps such as ion-implantation and thermal treatment could also result in crystal damage
or perturbation of carrier profiles and interface gradients between different layers. Consequently,
there exists a need for a rapid, non-destructive technique for the determination of the individual layer
thicknesses and refractive indices, as well as the depth and profiles of implanted ions and lattice
damage.

As a result of its inherent non-destructive nature, optically based methods abound. Reflectance
techniques such as spectroscopic ellipsometry, infrared and UV-VIS reflectance spectroscopy,
differential reflectance, electro- and photoreflectance, and inelastic light scattering techniques such
as Raman spectroscopy and photoluminescence are employed to determine composition, structure,
strain, defects, impurity levels, interface and surface roughness, barrier heights, electric field
strengths, thickness, carrier density, carrier velocity, position of carrier concentration peaks, transition
layers, etc.[1-8]

Spectroscopic ellipsometry has proved itself as a very sensitive and accurate technique for
determination of thickness and composition of thin heteroepitaxial layers during or after the growth
process. However, it suffers from the following drawbacks if multilayers are to be analyzed{4]:

- the required multi-parameter least-squares curve fit may lead to spurious solutions
- a-priori knowledge of the number of layers, layer thickness and optical constants is required.
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This paper presents a review of an optical technique based on Fourier spectral analysis of the
bilinear transformed infrared reflectance. It was initially developed for silicon-on-insulator{5] and
later refined for multilayer heteroepitaxial material[6] and inhomogeneous layers [9,10]. It is a truly
multilayer method, since there is no upper limit to the number of layers which can be resolved, and
the maximum thickness is only limited by the coherence length of the light source. The minimum
layer thickness which can be resolved is material dependent, but it generally lies between 100 nm
and 200 nm. It therefore forms an ideal complement to spectroscopic ellipsometry.

THEORY AND SIMULATIONS

Homogeneous multilayer structure: The optical reflectance pattern of multilayer media is rich in
information, but until recently it has been a rather daunting task to extract structure parameters from
it. Without an underlying theory, its Fourier spectrum seemed to be just as difficult to interpret.
Consider a layered structure consisting of an infinitely thick substrate with refractive index n, and
m layers, thickness d,, d,, ..., d,, and refractive index n,, n,, ..., n,, respectively. The layers are
numbered consecutively from the surface. Monochromatic light with wavenumber w incident from
air, suffers multiple reflections and refractions at the interfaces. In principle the resulting reflectance
for normal incidence may be calculated by either the matrix method[11] or by means of the theory
of graphs[12). We will outline a derivation based on the matrix technique[11). Each individual
layer (j) can be modelled by means of a 2 x 2 characteristic matrix M; which contains sine and
cosine terms of the phase thickness 6,, where

6, =2x w”ldl 1)

where n; is the refractive index (lossless film), and d; the thickness of the j’th layer. w = 1/A is the
wavenumber The assembly of m layers is characterized by the matrix product of all individual
characteristic matrices, leading to a matrix A. This is used to calculate an effective refractive index
n, {6]. The total reflectance is given by

(1-n,)?
(1+n)

R™(w) = (2)

Both the numerator and denominator of R™(w) contain sums of products of sines and cosines of
the phase thickness of the various layers. This implies that the Fourier spectrum of reflectance of
the multilayer contains an infinite number of Fourier terms, which makes it impractical for obtaining
thickness and other parameters. However, if the reflectance is first bilinearly transformed [13], the
discrete frequency components present in the denominator are totally removed, leaving only a well
defined number in the numerator [13]. This transform is defined by:

B™w) = -:j—:(‘% - 5 1A - Al 2ty w1 o

where A,/™(k,l = 1,2) are the elements of the matrix A.
it can be shown that the number of Fourier components is given by[6):

N =05[3" + 1] @

For example, N = 5: 14; 41 for m = 2; 3; 4, respectively.
Homogeneous multilayer structure with small refractive index steps: 1f the steps in refractive index

76



between the various layers are small (less than say 20%), only first order intcrference effects
have to be taken into consideration. Under these conditions, which is typical for I1I-V and II-
VI semiconductors, the expression for bilinear transformed reflectance becomes particularly
simple, and the number of discrete frequency components in its Fourier spectrum is reduced
to m, where m is the number of layers[6).

1
nl‘ - = » - i
o - 2B (28 ol o)
2 i=1 n, j=1

This expression pertains to a layered structurc where the layers are numbered from the surface,
and with n,,,, = n,, the substrate refractive index.

It can be seen from €q.(5) that the Fourier spectrum of B™(w) in this instance consists of a
scries of m delta functions convoluted with the Fourier transform of the data window. These
spectral peaks appear in the same sequence as the interfaces with the surface at zero frequency,
and cach of the lines corresponding to a different interface. With relatively small changes in
refractive index between layers, the spectrum is an almost scaled cross-sectional representation
of the laycred medium. The amplitudes of the spectral lines arc proportional to the steps in
refractive index between the layers. The technique of thickness estimation is illustrated by
simulated reflectance data of a 5-layer AlGaAs-GaAs structure, shown schematically in Fig.
1(a). The data are simulated in the wavelength range 0.9 tot 2.25 um below the direct band
edge. The refractive index of Al,Ga As is a function of the mole fraction x of AlAs in the
alloy, as well as the optical wavelength. Expressions for n(x, A) were obtained from the model
presented by Adachif14]. We neglected the type and doping dependence of the GaAs and
AlGaAs in the simulation. This will not affect the peak positions significantly; only the
amplitudes.

The layer parameters, starting from the front surface, are: x, = 0.3; d, = 4 ym; x, = 0.02;
d; =08 pm, x; = 0.2, d; = 0.8 um; x, = 0.1;d, = 1.3 pm, x; = 0.3; d; = 15 pm. These values
were used to calculate the reflectance as a function of inverse wavelength{6]. The reflectance
curve, shown in Fig. 1(b), was bilinear transformed over the inverse wavelength range 4450 cm™
t0 11250 cm™. The data record was corrected for dispersion, high-pass filtered, zero padded and
Fouricr transformed by the fast Fourier transform (FFT) algorithm. The resulting Fourier
power spectrum is presented in Fig. 1(c). Becausc the maximum step in refractive index is less
than 6% for x,,, = 0.3, the Fourier spectrum may be converted directly to an approximate cross
sectional view of the multilayer structure. The spectral peaks occur only at positions
corrgsponding to the interfaces, with the amplitude of the power spectral lines directly
proportional to the square of the difference in fractional change in the refractive indices of
adjacent layers.

The minimum thickness which can be resolved is determined by the resolution of the Fourier
transtorm, which in turn depends on the length of the data record. If at least one period of a
signal is required in order to determine its Fourier spectrum, then:

1

) 2r(Woye ~ Woin)

(6

where (W, - W,,;,) = available wavenumber range. For example, if n = 3.5, and (W W) =
10%m™, d,;, = 0.14 pm. w,,, is limited by dispersion and absorption, while w_,, could be
restricted by free carrier effects. The deleterious effects of dispersion may be reduced by means
of a non-linear deformation of the wavenumber axis{15].

Buried inhomogeneous refractive index profiles: Many processes involved in the fabrication of
electronic devices modify the dielectric properties of the materials, either by alteration of the
crystalline structure of semiconductors by ion-implantation, or by electrical charges produced
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by activation of dopants after annealing [16,17]. These dielectric modifications can be used to
evaluate the different manufacturing processes. In fact, several measurement methods are based on
the analysis of reflectance measurements, simulations and least-square fits [16-19). However, the
interpretation of results may get complicated when increasing the complexity of the media.
Semiconductors possessing graded refractive index profiles are typical examples, as shown in Fig.
2. We have developed analytical solutions for reflectance, bilinear transformed reflectance and
transmittance of these materials. Our formulas include first and second order effects, but in some
situations a first order approximation is adequate for facilitating the necessary computations.

The bilinear transformed reflectance for a medium with a graded refractive index was calculated
by dividing a hypothetical profile in homogeneous differential layers and treating the system as a
layered structure{20,21}. Considering that the thickness 'Ax’ of every layer tends to zero; that the
refractive index 'n’ is a function of the depth 'x’; and neglecting terms of order higher than two, the
bilinear transformed reflectance can be expressed as:
1+13  2r 1+rd

o (W) + ——2 P, (W) )

l‘fol l“ro‘ l'r°1

Bw) =

where 1, is the reflectivity coefficient between air and the surface of the material, and the functions
p; ana p,, accounting for the first and second order effects, respectively, are:

[_1 dns)

o) &

Py = 4w f n(E)dE]dx 8
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p,(W) = f_.Li'_'(ﬂf_l_.‘ﬂ'(;Qm dt dx ®
[ x

£
A dx @) de 4"”],‘"@)"”

If the refractive index change is not very large, p, (w) can be neglected. In this instance
calculations using numerical methods are very time efficient compared to the matrix method. With
this simplification some cases can be solved analytically, e.g. a gaussian refractive index profile with
a standard deviation G, where the refractive indices at the substrate and at the peak are n, and n,,
respectively, and the depth from the surface to the peak is x,. It can be shown that for {n,-n,| <<
n,, q.(7) can be approximated by:

) @ronw)

5 ]sin(-tm,r’w) 20

B(w) = B, + Kwexp[

where K is a constant dependent on G, n, and n.. Eq.(10) represents a sinusoid modulated by a
Rayleigh function, with frequency "2n,x,’ proportional to the position of the peak of the gaussian.
From eq.(10) we obtain that the maximum of the envelope occurs at w, = (4non,)”". This last
observation may be used for estimating ¢ from reflectance measurements.

In order to illustrate the validity of this theory, simulations were performed by means of eq.(7)
as well as by the matrix formulation [11]. The case of a buried gaussian refractive index profile is
analyzed. Figure 3(a) shows the bilinear transformed reflectance calculated with eqs.(3) and (7) for
this type of profile where ¢ = 0.1 pm, x, = 1.7 pm, n, = 345 and n, = 4.8. The first order
approximation as well as the second order term are shown in Fig. 3(a). Note that frequency
information (2n,x,) is produced by first order effects. Fourier spectral analysis




of the bilinear transformed reflectance (Fig. 3(b)) presents one peak centred at 1.75 um, this
value being very close to that used for x;.

For moderate refractive index changes, e.g. n,= 3.8, p, was negligible for the whole
wavenumber range used, and simulations by means of eq.(7) were more than 25 times faster
than those performed by the matrix method. The position of the maximum of the envelope did
not change significantly when changing n, between 3.6 and 3.8, allowing one to determine o in
a direct way, as it was explained in the theory.

A closed-form solution may also be obtained for the bilinear transformed reflectance of a
gaussian-shaped transition layer between a surface layer of constant refractive index and the
bulk. Although it is usually assumed that sharp interfaces exist between epitaxial layers and
substrates in either homo- or heteroepitaxial structures, high temperature processing induces
diffusion of mobile atomic species. The resulting graded refractive index profile between layers
possessing constant refractive indices may affect the optical properties significantly. Suppose
this transition region can be represented by a half-gaussian:

(x-d )

2 2

nx) =n, + u(x-d,)(n;n_)[exp -1] an

where n, is the refractive index of the layer, d, is the distance between the surface and the start
of the transition region, and u(x) is the unit step function. An approximate solution for the first
order expression of the bilinear transformed reflectance is given for this profile by:

_ (ng -1, -n)

B(w) = B, 3 [G(y)cosﬁ.—H(y)sinea] 12)
2n,
where
rl.2 +1
B, = on y = 4nonw 6, = dnnd w

13

GO) = [1.75exp(-y*/2) -0.75) exp( -y?/6.5)
H() = /nl2yexp(-y*f2)

The simulated reflectance of a material containing such a layer is presented in Fig. 4. The

following parameters were empioyed: n, = 3.87; n, = 345;x; = 1 pm; ¢ = 0.05 and 0.1 pm,
respectively. We note from Fig. 4(a) and (b) that the amplitude of the reflectance diminishes
with increasing wavenumber, as well as 0. The Fourier transforms of the bilinear transformed
reflectance of results presented in Figs. 4(a) and (b) are shown as inserts. Note that the
spectral peaks are situated at x = 1.05 ym and x = 1.06 pm, respectively. This is a few percent
larger than x, because of the finite extent of the transition region.
Profiling: The refractive index profile in processed electronic and photonic material is of
considerable interest. It may be directly related to device performance, such as in optical
waveguides, or indirectly when it is useful for quality control of processing steps. lon
implantation, diffusion, epitaxy, oxidation and ion exchange are common processing steps which
to a greater or lesser extent alter the refractive index of dielectric media. For small values of
the perturbation in the refractive index, the bilinear transformed reflectance for inhomogeneous
layers can be inverted. The normalized "ac” component of B(w) is obtained from eqs.(7) and
(8) (first order):
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For an arbitrary refractive index profile n(x) for which |n(x)-n,|<<n,:

Bg)(w) = -B(_\V)_"_Bg - f;l‘s L"%Qcos(ntan,x)dx (15)
0

If it is now assumed hypothetically that the refractive index function n(x) is symmetrical with
respect to the origin x = 0, B,. may be expressed as a Fourier transform:

dn(x)/dx

o O] L

where w = 4mn,w and m is a constant.
Eq.(16) is invertible, allowing one to obtain the unknown refractive index profile from the
measured bilinear transformed reflectance. It follows directly from eq.(16) that:

n(x) = nexp

m!’:r'{nﬁ’(m)}dxl an

If the refractive index changes are not small, higher order terms have to be considered, and
€q.(15) modified accordingly {22]:

BPw) = BOw) + %pz(w) (18)
1

where p,(w) has been defined in €q.(9).

The effect of the second order term can be eliminated from the analysis because it
contributes in most cases only to a slowly varying shift in the mean value of the oscillatory part
of the bilinear transformed reflectance, as can be seen in Fig. 3(a).

In order to investigate the validity of the theory, reflectance versus wavenumber data was
generated for buried asymmetric gaussian refractive index profiles. The reflectance curves were
obtained by sub-dividing the double gaussian profile (standard deviation ¢, for x<x,, and g, for
x>x,) into a large number of differential layers (>60), and subsequently computing the
reflectance by the matrix technique [11]. Eq.(17) was applied to the bilinear transformed data
when |n-n,}/ n, << 1. Bilinear transformed reflectance data for profiles which did not satisfy
this condition, was first processed in order to remove the second order term expressed in €gs.(9)
and (18).

Smal(l n)fractive index change: The simulated bilinear transformed reflectance for a double
gaussian profile with n, = 3.45; n, = 3.8;x, = 1.5 um; o, = 0.4 pm; 0, = 0.2 pm, is presented
in Fig. 5(a). Following the processing described by egs.(15) - (17), the estimated refractive
index profile shown in Fig. 5(b) was obtained. The discrepancy of 0.16% in the peak values
between the estimated (open circles) and the actual profile (solid line) is caused by the simple
numerical integration routine which was employed for the evaluation of the integral which
occurs in €q.(17).

Large refractive index change: Substoichiometric oxide/nitride layers may exist in as-implanted




samples, particularly for doses below the critical dose [23]. Under the correct conditions, which
depend on implant temperature, dose, and post-implant anneal, the buried layer may convert
to an insulating layer with sharp interfaces. This last case had been studied in gieat detail by
various optical techniques [e.g.5,7,24), and wiil not be addressed in the present work. Before
the high temperature anneal, it is reasonable to expect that the implanted material will contain
a mixed phase of silicon and SiN,. This will lead to material with a graded or inhomogeneous
refractive index profile which is smaller than the refractive index of silicon. The technique for
inverting the bilinear transformed reflectance in order to obtain the refractive index profile, will
now be illustrated for a hypothetical material containing a double gaussian profile with n, =
345, n, = 2.7, x, = 1.5 ym; o, = 0.4 um; 0, = 0.2 pm. The bilinear transformed reflectance
is shown in Fig. 5(c). Because the maximum change in refractive index is nearly 22%, the
second order term is not negligible. This can be seen from the asymmetry of the envelopes
defined by the maxima and minima in Fig. 5(c), respectively. After a simple digital signal
processing step which involves a cubic splines interpolation of these envelopes, the second order
term was computed and subtracted. Removal of the average value B, and by normalization with
respect to B,, lead 10 the function B,(w). Following the same procedure as before, the
estimated profile shown in Fig. 5(d) is obtained. The integration of the inverse Fourier
transform in eq.(17) was executed from the surface towards the substrate. It can be seen that
the estimated profile (open circles) approximates the real profile (solid line) quite well towards
the surface, but there is a large discrepancy on the trailing edge. The opposite is true if the
integration is carried out from the substrate towards the surface. A compromise which leads
to very satisfactory results, involves integration from both sides towards the peak.

EXAMPLES

The measurement technique will be illustrated by means of an example for each case discussed.
Heterostructure InP-InGaAs-InP: The epitaxial structure to be discussed was obtained
commercially and consisted of nominally 0.8 ym InP / 0.25 um InGaAs /2 pm InP / 5§ pm
InGaAs on an n* InP substrate. A Hitachi UV-3400 UV-VIS spectrophotometer was used
together with a 5° specular reflectance attachment to measure the reflectance pattern of the
samples in the 0.2 to 2.6 pm wavelength range.

The measured reflectance for the range 3900 - 8600 cm™ is shown in Figure 6(a). There is
a clear change in the nature of the interference pattern at approximately w = 5800 cm™. This
change in structure will be immediately apparent from the difference in Fourier spectra for the
high and low wavenumber domains. Before Fourier transformation, the reflectance is bilinear
transformed; it is compensated for dispersion by a non-linear operation on the wavenumher axis;
a splines interpolation routine is applied in order to obtain equispaced wavenumber data; it is
corrected for the baseline; and the mean value is substracted. The bilinear transformed
reflectance after dispersion compensation is shown in Figure 6(b), and the power spectral
density which was calculated from the Fourier transform, is depicted in Figure 6(c). As was
expected, four distinct peaks appear in the spectrum, and from direct measurement they are
located at optical thickness nd equal to 2.15; 4.435; 10.068 and 28.84 ym, respectively. A quick
estimate of layer thickness may be obtained by using nominal values for the refractive indices,
namely nyp = 3.1 {25}; Nyg,a, = 3.5 [26]). If the layer thicknesses are denoted by d,, d,, d, and
d,, respectively, it follows that: d,= 2.153.1 = 0.7 pm; d, = (4.435-2.15)/3.5 = 0.65 pm; d, =
(10.068-4.435)/3.1 = 1.82 pm; d, = (28.84-10.068)/3.5 = 5.36 pm. Except for the second layer
which is much thicker than expected, the experimentally determined layer thickness values agree
to within 10% with the nominal values. Better estimates may be obtained by first calculating
the actual refractive indices from the amplitudes of the spectral peaks.
Buried gaussian profile: A silicon-on-insulator (SOI) sample was prepared using a p-type 76.2
mm diameter silicon wafer of <100> orientation, 8.6 * 1.4 Q-cm resistivity (boron doped) and
a thickness of 381 = 20 um. The cleaned wafer was implanted with nitrogen (N*) to a dose
of 1.8 x 10™cm? at 160 keV. The beam current was approximately 2 mA and the implant lasted
about 2 hours. The wafer temperature was kept at about 550 °C by controlling the incident
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beam current. The Hitachi model 3400 UV-VIS spectiophotometer with a 5° specular
reflectance attachment was used to measure optical reflectance in the (.45 pm to 2.6 um range,
while a Perkin-Elmer model 1600 FTIR with a variable angle attachment set at an angle of 15°
was used to characterize the sample in the 1.3 ym to 50 pm range of the spectrum. From the
measurements in the far-infrared it was established that this sample contained a buried layer
of amorphous silicon nitride[7]. The reflectance data was transfermed to the wavenumber
domain by inverting the wavelength values, combining the two files and applying splines
interpolation to the whole data set in order to rearrange the x-valucs in equal wavenumber
intervals. The combined data set was corrected for dispersion at high wavenumbers|15};
extrapolated to zero frequency; and the effects of the absorption band of amorphous silicon
nitride removed. The final result is shown in Fig 7(a). The asymmetry in the two envelopes
connecting the maxima and minima of the bilinear transformed reflectance, respectively, is
evidence of a relatively large change in refractive index. Next, the reflectance was bilinear
transtormed (Fig. 7(b)) to remove excess frequency components [13]. This is also confirmed
by the appearance of a "low frequency” peak in the power spectrum presented in Fig. 7(c). The
large peak is located at an optical thickness nd = 1.24 pm, which, for n, = 3.45, corresponds
to a depth d = 0.36 um below the surface. This agrees well with the projected range for 160
keV nitrogen in silicon, namely R, = 0.367 pm [27].

Inhomogeneous transition layer: perimental resuits of Hubler et al.[16] will be used to
demonstrate the effect of a transition layer between a homogeneous layer and a substrate with
different refractive index. Their research group implanted <111> Si with 2.7 MeV phosphorus
to a dose of 1.74 x 10'*cm?, forming an amorphous layer in the top part of the material with
higher refractive index than the crystalline substrate and a gaussian region in between. By
means of a least-squares fit they determined a thickness d, = 2.52 pm for the amorphous layer,
and a standard deviation ¢ = 0.053 pm for the transition layer. From thc Fourier spectrum of
the bilinear transformed reflectance we determined a value d, = 2.49 pm, and from the theory
presented in egs.(12) - (13), a value o = 0.053 um. The measured and computed reflectance
are compared in Fig. 8.

Profiling: The processed bilinear transformed reflectance data pertaining to the nitrogen
implanted SOI sample will be analyzed according to the procedure set out before. After pre-
processing, and removal of the second order term p,(w) as described before, the data was scaled
with B, which depends on n, in this sample; and the mean value B, was subtracted. Finally, the
bilinear transformed reflectance B, of Fig. 7(b) was processed according to the procedure
outlined in €q.(17). The estimated refractive index profile is presented in Fig. 7(d). Asis to be
expected, the refractive index in the bulk and near the surface is approximately the same, whilc
it decreases rapidly to a value of 2.06 at a distance of 0.34 pm from the surface. Note the good
correspondence between the position of the minimum in the profile, and the position of the
large peak in the power spectrum presented in Fig. 7(c).

DISCUSSION

Reflectance measurements in the visible and near-infrared parts of the optical spectrum may
be used to determine layer thickness and refractive index steps in multilayer heteroepitaxial
structures. Under the assumptions of small refractive index steps, low absorption, coherent
reflections, and near-normal incidence, the algorithm yields an approximate cross-sectional view
of the layered medium. Since the refractive index may be calculated directly from the
amplitudes of the spectral peaks, the refractive index and composition (depending on the
refractive index model) may be obtained. Once the refractive indices of the individual layers
are known, the thickness values may be corrected in order to achieve better accuracy (< 2%).

By analyzing various regions of the reflectance pattemn, for instance at low and high
wavenumbers, respectively, it is also possible to determine the location of absorbing layers in
the multilayer st-ucture. This may be seen from the data for a four-layer structure consisting
of InP-InGaAs-InP-InGaAs on an InP substrate.




Buried gaussian profiles and buried transition layers can be analyzed by the expressions for
bilinear transformed reflectance. Under certain simplifying assumptions, simple closed-form
solutions are possible. Simulated data for both cases were analyzed by the Fourier transform
technique presented in the paper, and further confirmed by analysis of experimental data.

It has also been shown that reflectance measurements may be used to determine the shape
of buried refractive index profiles in lossless dielectric media. This paper provided the
theoretical framework required to achieve this goal. If the refractive index profile differs by a
relatively small amount from the substrate refractive index, the digital signa! processing is very
simple. It requires only the computation of the oscillatory pant of the scaled bilinear
transformed reflectance, followed by a fast Fourier transform and numerical integration. This
was demonstrated by using simulated reflectance data of a buried double gaussian profile.
Profiles with larger refractive index peaks (or valleys), are somewhat more complicated to
handle, but are not intractable. This paper presented a simple technique to remove the effects
of higher order terms, illustrating it with an example. Although the double gaussian profile in
this example has a valley which is 22% smaller than the substrate refractive index, the profile
towards the surface was estimated quite accuratcly. A procedure was also outlined for achieving
the same accuracy on the trailing edge of the profile.

Further evidence of the utility of the technique was previded by analyzing reflectance data
obtained from nitrogen implanted silicon. In this instance the change in refractive index was
roughly 40%, and the profilc was located very close to the surface. Nevertheless, the results
indicate correctly that a layer of silicon remains near the surface, and that the refractive index
decreases rapidly towards the value Si;N, at a depth of 0.34 um. The projected range for 16
keV nitrogen ions in silicon is 0.367 pm.[27}]

References

I D.K. Gaskill, J. Davis, R.S. Sillmon and M. Sydor in SPIE Proc. Modern Optical Characterization
Techniques for Semiconductors anJ Semiconducting Devices, edited by O. Glembocki, F. Pollak and
J. Song (SPIE Proc. 794, 1987).

2 G. Abstreiter, Appl. Surf. Sci. 50, 73 (1991).

3 D.E. Aspnes and A.A. Studna, Phys. Rev. B 27, 27 (1983).

4 S.A. Alterovitz, P.G. Snyder, K.G. Merkel, J.A. Woollam, D.C. Redulescu and L.F. Eastman, J. Appl.
Phys. 63, 5081 (1988).

S. P.L.. Swart and B.M. Lacquet, J. Electron. Mat. 19, 809 (1990).

6.

7

8

P.L. Swart and B.M. Lacquet, J. Electron. Mat. 19, 1383 (1990).
B.M. Lacquet and P.L. Swart, J. Electron. Mat. 20, 921 (1991).
3 G.E. Aizenberg, P.L. Swart and B.M. Lacquet, J. Electron. Mat. 21, 1033 (1992).

9. G.E. Aizenberg, P.L. Swart and B.M. Lacquet, Appl. Surf. Sci. 63, 249 (1993).

10. G.E. Aizenberg, P.L. Swart and B.M. Lacquet, J. Electron. Mat. 22, 143 (1993).

11. P. Yeh, Optical Waves in Layered Media (John Wiley & Sons, New York, 1988)

12. M.H. Dunn, Appl. Opt. 10, 1393 (1971).

13. P.L. Swart and B.M. Lacquet, J. Appl. Phys. 70, 1069 (1991).

14, S. Adachi, J. Appl. Phys. 58, R1 (1985).

15. B.M. Lacquet and P.L. Swart, J. Electron. Mat. 20, 379 (1991).

16. G.K. Hubler, P.R. Malmberg, C.N. Waddell, W.G. Spitzer and J.E. Fredrickson, Rad. Lff, 60, 35
(1982).

17. C.N. Waddell, W.G. Spitzer, G.K. Hubler and J.E. Fredrickson, J. Appl. Phys. 53, 5851 (1982).

18. G.K. Hubler, P.R. Malmberg and T.P. Smith, J. Appl. Phys. 50, 7147 (1979).

19. Y. Yu, Z. Fang, C. Lin and S. Zou, Mat. Lett. 8, 95 (1989).

20. G.E. Aizenberg, P.L. Swart and B.M. Lacquet, Optics Letters (to be published).

21. G.E. Aizenberg, P.L. Swart and B.M. Lacquet, S.A. J. of Phys. 1s, 131 (1993).

22. P.L. Swart and B.M. Lacquet, S.A. J. of Phys. 16, 118 (1993).

23. J-P Colinge, Silicon-on-Insulator Technology: Materials to VLSI (Kluwer Academic Publishers,
Boston, 1991).

24. J. Vanhellemont and H.E. Maes, Sol. State Phen. 6 & 7, 525 (1989).

2s. E.D. Palik, Handbook of Optical Constants of Solids (Academic Press, San Diego, 1985) p.503.

26. E.D. Palik, Handbook of Optical Constants of Solids II (Academic Press, Sar D ~go, 1991) p.140.

27. J.F. Gibbons, W.S. Johnson and S.W. Mylroie, Projected Range Statistics (Dowden, Hutchinson and
Ross, Stroudsburg, Penn., 1975).




— —— ———— -

INFRARED AND ULTRAVIOLET ANALYSIS OF
DUAL-ION IMPLANTED GaAs

BEATRYS M. LACQUET, GUSTAVO E. AIZENBERG AND PIETER L. SWART
Sensors Sources and Signal Processing Research Group, Faculty of Engincering, Rand
Afrikaans University, PO Box 524, Auckland Park 2006, South Africa

’

ABSTRACT

Semi-insulating <100> GaAs was implanted with 170 keV H* and P* ions at room
temperature using a PH, source. Fourier analysis of the bilinear transformed optical
reflectance data in the infrared region of the spectrum indicated the presence of two
damaged layers at different depths from the surface: (i) a deep inhomogeneous layer of low
damage produced by the protons and (ii) a thin amorphized surface layer which was
produced by phosphorus ions. The position and refractive index at the peak of the assumed
gaussian damage profile caused by the protons, as well as the standard deviation of the
profile, were estimated rapidly from the processed data. The thickness and refractive index
of the surface layer were also estimated from this analysis. The presence of the amorphized
surface layer was evident from the reflectance in the ultraviolet where shift and broadening
of the reflectance peaks associated with the Van Hove singularities, were observed.

INTRODUCTION

Ion-implantation is often used to selectively change the electrical properties of
semiconductors, and during the processing it is not always possible to measure the electrical
characteristics, especially when buried layers are formed. The process does, however, also
change the optical properties of the material and therefore the use of optical techniques as
a non-invasive probe is an attractive option. Techniques such as differential reflectance,
spectroscopic ellipsometry, modulated optical reflectance, Raman scattering, and optical
spectroscopy, have been employed in numerous situations where information regarding layer
thickness, structure, composistion and refractive index was required.[1-6] Most of these
techniques suffer from drawbacks such as non-linear least-squares curve-fit; convergence
problems, limitations in the number of layers and the thickness of individual layers, and
complex and time consuming experimental procedures. It has been shown recently that the
analysis of homogeneous layers in electronic materials which possess small refractive index
steps between layers such as heteroepitaxial layers 7], and ion implanted semiconductors,
[8,9] may readily be done by means of optical reflectometry and digital signal processing.
Most of the abovementioned problems are overcome using this technique. However, in
many situations the refractive index of the material changes as a function of depth. This
may occur as a result of radiation damage by ion-implantation, or from the charge carrier
contribution to the refractive index at long wavelengths where the carrier concentration
itself is a function of the ion implantation or diffusion profile.[10-15] Optical reflectometry
has been applied in the past in order to study these graded materials, but at the expense of
simplicity. Since no closed-form solution existed for reflectance, it required elaborate
parameter estimation procedures applied to multi-parameter models.[10-15] In this paper
we will present the characterization by optical reflectometry and signal processing
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techniques of a GaAs substrate implanted with both protons to form a buried damaged
layer, and phosphorus which creates a damaged surface layer. A very brief outline of the
theory which was used to analyze the reflectance spectra will be given, followed by the
results.

THEORY

Some processed electronic materials such as nitrogen implanted silicon or semi-insulating
GaAs implanted with protons, show refractive index changes that can be approximated by
a gaussian profile superimposed onto a background of constant refractive index. The
refractive index profile can be described by

(X‘x’)z] (l)
2 2

ny(x) = n,+(npan,)exp[— 5

where n, is the refractive index of the substrate, n, the refractive index at the peak of the
gaussian, x, and o are the physical position of the peak and the standard deviation of the
gaussian, respectively. The theory was developed on the basis that this continuous gaussian
refractive index profile can be divided into differential layers of infinitesimal thickness dx
having a refractive index n(x), and element j is found at a depth x. The bilinear
transformed reflectance{16] at a particular wavelength A is “ten given by[17]

4an | 2
> { n(&)dz]dx @2

where ry, = (1-n,)/(1 + n,) is the reflectivity coefficient between air and the surface of the
material under investigation. n, is the refractive index at the surface. The reflectance is
found by applying [18]

R(X) = BM)-1 &)
B(A)+1

In the specific case when |(n, - n,)| < <n, eq.(2) becomes in the wavenumber domain
41 on w)
B(w) = BO +Kwexp( - .‘.MJSiﬂ(&nn}pw) 4)

The constant K depends on o, n, and n,andw = 1/A. On closer inspection, one finds that
eq.(4) describes a sinusoid which is modulated by a Rayleigh function, of which the
frequency 2nx, is proportional to the peak position x,, The standard deviation of this
gaussian distribution is found by setting the derivative of eq.(4) with respect to wavenumber
equal to zero and solving for o = (4mw,n,)" with w, the wavenumber at which the peak
occurs.

The phosphorus implant causes an amorphized surface layer, which is different from
the damage caused by the proton implantation. This layer is considered to be a single layer
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on the surface with a different refractive index than the substrate.

SAMPLE PREPARATION AND MEASUREMENTS

Semi-insulating Cr-doped <100> GaAs was implanted with 170 keV protonsand 170
keV P* to a dose of 1.5 x 10'*°cm?. The incident beam, sourced from PH, gas, was 7° off
from the <100> axis to reduce channeling. The implant current was kept at approximately
1.5 wA. Annealing of radiation defects during implantation was minimized by improving
the thermal contact between sample and holder. In addition, the implantation was
interrupted and the sample allowed to cool each time the temperature,as measured by a
thermocouple at the clips holding the sample, rose to 50°C. Reflectance measurements for
500 cm™ < w < 4800 cm™ were performed using a Fourier transform infrared spectrophoto-
meter (Perkin Elmer 1600) with a 17° angle of incidence. For the wavenumber range 4800
cm! < w < 50000 cm™, the Hitachi UV-3400 UV-VIS spectrophotometer was used with a
5° angle of incidence.

DISCUSSION

The experimental reflectance spectrum is compared in Figure 1 with a theoretical curve
calculated for unimplanted GaAs. The reflectance generally increases with wavenumber
because of dispersion. The maxima at approximately 24000 cm™ and 41000 cm!' are
associated with Van Hove singularities corresponding to the A; — A, and the X; — X,
transitions, respectively.[19] In Figure 2 the data pertaining to a reduced wavenumber
range (500 cm™ to 12500 cm™) is shown. The baseline (average value) was substracted from
the reflectance curve. Two distinct oscillations are observed in this curve; a high frequency
corresponding to a thick layer, and a much lower frequency component which indicates the
existence of a thin layer near the surface. This data was then bilinear transformed, zero
padded to 4096 data points and a fast Fourier transform executed. The resulting power
density spectrum is depicted in Figure 3. It clearly shows the two expected frequency
components. The peak to the right is related to the position of the peak of the damage
produced by the implantation of protons. Using n, = 3.34 (at 400 cm™)[12), we measured
its position to be 1.52 pm, which agrees to within 1.3% with the depth value of 1.54 pm
which was interpolated from SIMS measurements by Wilson et al.[20] on GaAs implanted
with protons at room temperature. The peak to the left of Figure 3 is indicative of a
surface layer of 0.16 um thick. The mean range calculated from a TRIM simulation[21] for
GaAs implanted with 170 keV phosphorus ion is approximately 0.154 pm. This value agrees
well with the estimated thickness of the surface layer. The refractive index n., of the
surface layer was estimated to be 3.4. The estimated value was expected to be lower than
the actual value, because as observed from Figure 2, it was only possible to analyze one
cycle of the low frequency oscillation. Under this condition, a good thickness estimate can
be expected, but not an accurate value for refractive index.

Simulations performed by means of the first order approximation indicated that the
refractive index of the damaged layer produced by the implantation of protons, was lower
than the refractive index of the substrate. Figure 4 is a comparison of the measured
reflectance data and the reflectance curve calculated by eq.(2) and (3) using the following
parameters: n, = 3.34; n, = 3.26; 0, = 0.092 um; 0, = 0.2 and x, = 1.56 um. The curve
fit is not good when the refractive index at the peak of the double-gaussian is assumed to
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Fig. 1 Experimental reflectance of <