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Abstract

Compositionally graded combinatorial films have been characterized by a high throughput automated spectroscopic
reflectometer. The data from this instrument were used to map the thickness and index of refraction of the compositionally
varying films. Combinatorial films produced by dual-beam, dual-target pulsed laser deposition and characterized with the
reflectometer include the BaTiO3;—SrTiO; system on silicon (dielectric and ferroelectric films). In addition, combinatorial Au/Ni
electrical contacts on n-GaN/sapphire produced by electron-beam (e-beam) vaporization have been characterized with the
spectroscopic reflectometer. The Au/Ni/n-GaN/sapphire structures were characterized both as-deposited and after annealing at

400 °C for 60 s in flowing argon.
© 2003 Published by Elsevier B.V.
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1. Introduction

The use of combinatorial chemistry techniques for
the discovery of new materials with novel properties
for use in thin film devices [1,2] requires the devel-
opment of rapid throughput measurement techniques
to characterize the library films. This paper describes
the high throughput characterization of the optical
properties and thickness of combinatorial library
films using a custom spectroscopic reflectometry
system. This tool was first used for rapid, nondes-
tructive thickness assays of BaTiOs;—SrTiOs films
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of interest for electronic devices [3,4]. More recently,
the tool was used for high throughput optical mea-
surements of a Au/Ni combinatorial library film on
n-GalN/sapphire. GaN is of interest for optoelectronic
devices such as light emitting diodes and laser diodes
[5], and the Au/Ni(O) system is a candidate trans-
parent electrode [6,7] material for nitride-based
devices.

2. Experimental

2.1. Thin film production

The BaTiO;-SrTiO; compositionally varying
combinatorial library films were produced using a
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dual-beam, dual-target pulsed laser deposition
(PLD) system. Pulsed laser deposition is a good
prototyping tool for the study of inorganic thin
films [8]. The details of the deposition system are
described elsewhere [9]. The Au/Ni on n-GaN/sap-
phire library film was produced by e-beam vapor-
ization and is described in a separate paper in this
issue [10].

2.2. Spectroscopic reflectometry

The spectroscopic reflectometry [11] apparatus was
assembled mainly from commercially available com-
ponents. The basic instrument consists of a 400 um
(diameter) bifurcated fiber-optic probe illustrated in
Fig. 1. Light from either a quartz halogen source, with
an effective useful range of 360 nm to 2 um, or a
deuterium lamp, with an effective useful range of 200-
400 nm, is brought to the surface via one leg of the
bifurcated fiber. The other leg of the bifurcated fiber
collects the reflected light and couples the light to a
spectrometer. Two spectrometers are used to cover the
wavelength range of 180—-1000 nm. In practice the UV
source is cut off at 250 nm to prevent solarization of
the fiber-optic probe. Using a 400 um bifurcated fiber
the spatial resolution of the probe was determined to
be ~0.5 mm. The film/substrate specimen is mounted
on an XY stage for mapping the reflectivity of the
film. In practice the reflection spectra are normalized
against the reflection spectra from a sample of the
bare substrate. This removes the spectral variation
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Fig. 1. Bifurcated fiber-optic probe used for spectroscopic
reflectometry.

of both the light source and the spectrometer, but
produces a reflection spectrum relative to the sub-
strate. The absolute reflection spectrum is obtained by
multiplying the relative spectrum by a calculated
spectrum for the substrate. This correction can be
eliminated using a reflection standard. Mapping the
reflectivity on a 1 mm grid pattern takes 1-2 s per
point. The spectra are stored for later data analysis to
obtain complex index of refraction information and
thickness. The analysis algorithm of the spectra varies
by film studied and is discussed below for each
respective case. The reflection apparatus can also
be used to measure transmission of semi-transparent
films. This is accomplished by replacing the bifur-
cated fiber-optic probe with two separate fibers
aligned to each other. The film/substrate specimen
is then supported by its edges between the two fibers.
One fiber illuminates the film and the other fiber
collects the transmitted light. No reference substrate
is required and the absolute transmission of the film
is obtained.

2.3. X-ray diffraction studies

The crystal quality of Au/Ni bi-layers on GaN was
assessed by X-ray diffraction (XRD). ©@-26 scans
were collected across the combinatorial array at ambi-
ent temperature on a scanning X-ray microdiffract-
ometer equipped with general area detector using Cu
Ko radiation.

3. Results and discussion

3.1. Characterization of the thickness of
BaTiOs;-SrTiO; combinatorial films

A sample relative reflection spectrum from a
BaTiO5-SrTiO; film on silicon (at room temperature)
is shown in Fig. 2, along with the resulting fit. The
oscillations in the reflectance are caused by thin
film interference between the light reflected from
the two surfaces of the film. The periodicity of the
oscillations is proportional to the product of the index
of refraction (real part) and the film thickness. The
depth of the oscillations is determined by the respec-
tive complex indices of the film and the substrate
material. The spectra are further complicated by the
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Fig. 2. Reflection spectrum from a 317 nm thick Ba,Sr;_,TiO5
film on silicon with the data fit to a Cauchy model for the index of
refraction. The uncertainty in the reflectivity data and fit are
estimated to be 1%.

dispersion of the complex index with wavelength.
Since the film is amorphous and transparent over this
wavelength range, a Cauchy model [12] was used
for the index of refraction’s dispersion function.
When the film is crystalline, Sellmeier or other models
for the dispersion of the complex index may be
appropriate [12]. Thickness maps such as shown
in Fig. 3 were obtained for these BaTiO;—SrTiO;
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Fig. 3. Thickness map in micrometers from a compositionally
graded library film produced by PLD using BaTiO; and SrTiO;
targets.
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Fig. 4. Map of predicted BaTiO3/SrTiO; ratio based on deposition
patterns from individual BaTiO3 and SrTiO; depositions.

3.2. Characterization of the composition gradient
of BaTiOs-SrTiO; films

Thickness maps from single target BaTiO; and
SrTiO; depositions were produced. When added
together, the sum of the single target depositions
was essentially identical to the map obtained from
the dual target deposition. The composition ratio of
the dual target film was predicted by adjusting the
individual thickness maps for relative density
(assumed to be the same ratio as for bulk) to deter-
mine relative atomic fraction. The resulting com-
position map for the BaTiO3;—SrTiO;5 library film is
shown in Fig. 4. The experimental conditions of the
deposition can be adjusted to produce films with
better thickness uniformity and tailored composition
gradients [9].

3.3. Characterization of the reflectance and
thickness of n-GaN films

n-GaN films of 5 um nominal thickness deposited
on c-sapphire by hydride vapor phase epitaxy (HVPE),
were obtained from a commercial source for metalli-
zation studies [10]. These films were characterized as
received by spectroscopic reflectometry (and trans-
mission) to determine the uniformity of the film
thickness. Since the films were several micrometers
thick, the spectra contained many oscillations as illu-
strated in Fig. 5. A simple model is often used in
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Fig. 5. Reflectance spectrum (relative to sapphire) of a thick GaN
film on sapphire.

spectroscopic reflectometry to fit the spectra from a
single layer film:

4
R:A+Bcos( nnd)

A

where A and B are constants, n the real index of
refraction, d the film thickness, and A is the wave-
length. It proved difficult to model and fit the thick
n-GaN film. For this reason Fourier transform spec-
troscopy was applied to the analysis of the spectra.
The raw reflection data were converted from wave-
length space to n// space (o< energy) to obtain the
frequency proportional to d, the film thickness. Since n
is dispersive, this was included in the conversion using
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Fig. 6. Fourier transform of thick GaN film reflectance spectrum in
n/A space (o energy). Film thickness is determined by multiplying
the channel number by 106 nm.

values of n for n-GaN [13]. The resulting Fourier
transform is shown in Fig. 6, where the thickness is
proportional to channel number. Evident in the trans-
form are three peaks corresponding to the thin AIGaN
buffer layer (<300 nm), the n-GaN film (=5 pm) and
the sum of the two layers. The appearance of three
peaks is expected in a full analysis of a dual layer film
[12]. The n-GaN film was found to vary from 4.5 to
6.8 um over the 2 in. wafer.

3.4. Characterization of Au/Ni contacts on GaN

The combinatorial library film with Au/Ni contacts
[10] was mapped both in reflectivity and transmission
using the spectroscopic reflectometer. Transmission
and reflection data were taken from 250 to 1000 nm. In
some regions of the library film the transmission
spectra were taken relative to a neutral density filter
of optical density 2 (method of extension) to complete
the map of transmissivity.

Because the metal layers were very reflective the
presence of the gallium nitride film only produced
small oscillations in the reflection spectrum of the
metallized GaN. The results were difficult to model as
the Au and Ni layers have different spectral charac-
teristics and their presence dominated the spectra.
Fig. 7 shows the map of the average reflectivity in
the 450-500 nm wavelength range for the metallized
library film before and after annealing at 400 °C for
60 s in flowing argon. According to XRD, as-depos-
ited and annealed Au and Ni layers were epitaxial or
highly textured with (1 1 1) preferred orientation. The
nickel rich portion of the library film is much more
reflective than the gold rich area in the measured
wavelength range. The post-anneal map shows that
the reflectivity of Ni/Au bi-layer has increased. This is
consistent with improved crystallinity of the metals
observed by XRD: intensities of the (1 1 1) reflections
of both Au and Ni have increased two to three-fold due
to anticipated densification and restructuring of metal
layers as a result of the annealing process. The corre-
sponding transmissivity maps are consistent with
the reflectivity maps. The observed lower reflectivity
(and therefore higher transmissivity) of Au-rich com-
positions compared to Ni-rich ones at 450-500 nm
wavelengths should be taken into consideration when
designing metallization schemes for optically trans-
parent contacts.
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Fig. 7. Reflectivity maps (450-500 nm) of combinatorial Au—Ni contacts on GaN. Both Ni thickness (nm) and position (mm) are indicated on
the Y-axis. Both Au thickness (nm) and position (mm) are indicated on the X-axis: (a) before annealing and (b) after annealing.

4. Conclusions

Automated spectroscopic reflectometry is an
excellent high throughput characterization tool for
measuring film thickness and index of refraction in
compositionally varying combinatorial thin films.
Thickness maps of thin films produced with single

target PLD depositions can be used to predict the
thickness and composition of films produced with
multiple target PLD depositions. The metallization
of wide-band-gap semiconductors can be character-
ized both in reflectivity and transmission by optical
spectroscopy before and after processing. Both differ-
ences and changes in the crystallinity of the metal
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contacts can be mapped by these optical techniques
and correlate well with XRD measurements.
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