
Journal of Physics: Conference
Series

     

OPEN ACCESS

Optical thin film metrology for optoelectronics
To cite this article: Peter Petrik 2012 J. Phys.: Conf. Ser. 398 012002

 

View the article online for updates and enhancements.

You may also like
In situ characterization of Fischer–Tropsch
catalysts: a review
N Fischer and M Claeys

-

Scatterometry—fast and robust
measurements of nano-textured surfaces
Morten Hannibal Madsen and Poul-Erik
Hansen

-

Room Temperature Photoluminescence
and Raman Characterization of Interface
Characteristics of SiN/SiO2/Si Prepared
under Various Deposition Techniques and
Conditions
Woo Sik Yoo, Byoung Gyu Kim, Seung
Woo Jin et al.

-

This content was downloaded from IP address 3.131.135.101 on 06/05/2024 at 19:33

https://doi.org/10.1088/1742-6596/398/1/012002
https://iopscience.iop.org/article/10.1088/1361-6463/ab761c
https://iopscience.iop.org/article/10.1088/1361-6463/ab761c
https://iopscience.iop.org/article/10.1088/1361-6463/ab761c
https://iopscience.iop.org/article/10.1088/2051-672X/4/2/023003
https://iopscience.iop.org/article/10.1088/2051-672X/4/2/023003
https://iopscience.iop.org/article/10.1149/2.0291507jss
https://iopscience.iop.org/article/10.1149/2.0291507jss
https://iopscience.iop.org/article/10.1149/2.0291507jss
https://iopscience.iop.org/article/10.1149/2.0291507jss
https://iopscience.iop.org/article/10.1149/2.0291507jss
https://iopscience.iop.org/article/10.1149/2.0291507jss
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjssFIzJ1RRoGclOa60wB440aHun4LglVGaVWPvt-WP5wrHJNxLkvJdO-q_qPdTF2Suz7z4OTUqrzodqLUibWWCKmIc_c9TnbtMTnI2NhB5LgtC3k7Dx6H4yLZNyxNydWLPxQElxBbzJLqrYd7L0l1MYbs9OMIME8E4kqlPeac3SeOXrpBgojnlGKpwqDd37jEUdyViMDa7U32mf1UzN8czkjH-m13Wmg24sO62WrOBGVEMbgwZc1-pGVE-vWtbGjHpqcLYnhGXBnLlJzDdF82CzuppeDtiGTuAoX0szJc_Xj4zPJX0xs1WyyLHs170kX6KkEkjP2xHLMpXZI6pMTLx9tcmttIQ&sig=Cg0ArKJSzD8z9cvv1n4z&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA


Optical thin film metrology for optoelectronics

Peter Petrik1,2,3

1 Fraunhofer Institute for Integrated Systems and Device Technology, Schottkystrasse 10,
91058 Erlangen, Germany
2 Research Centre for Natural Sciences - Institute for Technical Physics and Materials Science,
Konkoly Thege Rd. 29-33, 1121 Budapest, Hungary
3 Doctoral School of Molecular- and Nanotechnologies, Faculty of Information Technology,
University of Pannonia, Egyetem u. 10, Veszprem, H-8200, Hungary

E-mail: peter.petrik@ttk.mta.hu

Abstract. The manufacturing of optoelectronic thin films is of key importance, because it
underpins a significant number of industries. The aim of the European joint research project
for optoelectronic thin film characterization (IND07) in the European Metrology Research
Programme of EURAMET is to develop optical and X-ray metrologies for the assessment
of quality as well as key parameters of relevant materials and layer systems. This work is
intended to be a step towards the establishment of validated reference metrologies for the
reliable characterization, and the development of calibrated reference samples with well-defined
and controlled parameters. In a recent comprehensive study (including XPS, AES, GD-OES,
GD-MS, SNMS, SIMS, Raman, SE, RBS, ERDA, GIXRD), Abou-Ras et al. (Microscopy
and Microanalysis 17 [2011] 728) demonstrated that most characterization techniques have
limitations and bottle-necks, and the agreement of the measurement results in terms of
accurate, absolute values is not as perfect as one would expect. This paper focuses on
optical characterization techniques, laying emphasis on hardware and model development, which
determine the kind and number of parameters that can be measured, as well as their accuracy.
Some examples will be discussed including optical techniques and materials for photovoltaics,
biosensors and waveguides.

1. Introduction
Although the development of optoelectronic materials strongly depends on accurate and reliable
metrologies, it has recently been shown that in spite of high sensitivities, large deviations
(exceeding the error bars) can be obtained between the results of elemental depth profiling
performed by different methods (see figure 1 from Ref. [1]). This fact puts emphasis on proper
modeling, calibration, and verification for all metrologies. While the agreement between the
profiles shown in figure 1 are far from being perfect, the situation is even worse taking into
account that the total amount of Ga over the whole layer has been normalized to a reference
value determined by X-ray fluorescence.

Most of the methods taking part in the study are summarized in Table 1. In the first group,
reliable optical models have to be found for the proper depth profiling. In the second group,
the sputter rate has to be calibrated - e.g. by reference measurements with ellipsometry. The
last group using cross sections consists of the mostly direct methods. However, the agreement
is not perfect in this case either. Though depth resolutions of 1 nm or even below (in case of
ellipsometry) can be reached, lateral resolution is a problem for the first two groups of Table
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1. Even for ellipsometry, the best lateral resolutions are in the range of approximately 50 µm.
The sensitivity is in most cases at or below 1 %. However, as the comparison in figure 1 reveals,
the accuracy of (and agreement between) depth profiles is worse than these specified values for
most of the methods.

From the huge field of metrologies optical techniques will be in the focus of this short review.
Examples of development of instrumentation and modeling for photovoltaics and liquid crystal
modulated waveguide sensorics will be presented.

Table 1. Measurement techniques for the determination of elemental depth distribution.
The listed parameters are typical values used in the study of Abou-Ras et al. [1]. RBS:
Rutherford Backscattering Spectrometry; ERDA: Elastic Recoil Detection Analysis; GIXRD:
Grazing Incidence X-Ray Diffraction; SNMS: Sputtered Neutral Mass Spectrometry; SIMS:
Secondary Ion Mass Spectrometry; XPS: X-Ray Photoelectron Spectrometry; AES: Auger
Electron Spectrometry; GD-OES: Glow-Discharge Optical Emission Spectrometry; TEM-EDX:
Energy-Dispersive X-Ray Spectrometry in a Transmission Electron Microscope.

Method Depth resolution Sensitivity
(nm) (at. %)

Depth profiling by modeling
Ellipsometry 1 0.2-2
RBS 10 1
ERDA 10 10−4

GIXRD 100 1
Depth profiling by sputtering
SNMS 1 0.05
SIMS 4 10−7 − 10−3

XPS 1-10 0.1
AES 10 0.3
GD-OES 3-100 10−5 − 10−3

Raman depth profiling 100 1
Depth profiling using cross section
Scanning Auger 1 3
TEM-EDX Specimen thickness 0.5
SEM-EDX Few 100 3

2. Instrumentation
Probably the most significant research field within optoelectronics is photovoltaics. Low cost and
effective manufacturing of solar panels requires large area processing, most of the steps being
thin film deposition. Taking advantage of its sensitivity, speed and non-destructive manner,
ellipsometry is an attractive tool for in line monitoring of thin film properties.

The research group of M. Fried at the MFA developed a patented mapping ellipsometry
concept for large area thin film characterizations [2–6]. The basic idea is the use of a divergent
light source. Figure 2 shows the construction (left), the schematics (middle) and the beam path
(right) of the mapping ellipsometer. This way, a large area can be illuminated, limited only
by the geometrical constraints of the deposition or monitoring chamber. In our application at
the Center for Photovoltaics Innovation and Commercialization at the University of Toledo this
area is several dm2. This new version applies a spherical mirror to collect light to the detector.
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Figure 1. Ga distributions in Cu(In,Ga)Se2 measured by different techniques. The surface is
at distance zero. The lines are guides for the eyes. The error bars are estimated individually
for each technique. Note that the differences between the different techniques are in a lot of
cases larger than the error bars [1]. The used techniques are summarized in Table 1, except for
GD-MS (Glow-Discharge Mass Spectrometry), AXES (Angle-Dependent Soft X-Ray Emission
Spectroscopy), SEM-WDX (SEM-Wavelength-Dispersive X-ray Spectrometry), and TOF-SIMS
(Time-of-Flight SIMS). [Reprinted from Microscopy and Microanalysis 17, Abou-Ras et al.,
Comprehensive comparison of various techniques for the analysis of elemental distributions in
thin films, 728 (2011). Copyright (2011) Microscopy Society of America.]
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Figure 2. Expanded beam mapping ellipsometry. The prototype, located in the Center for
Photovoltaics Innovation and Commercialization at University of Toledo (Ohio) can be seen on
the left-hand side. The working principle and the main components are shown in the middle
([1] pont source; [2] polarizer; [3] spherical mirror; [4] non collimated beam; [5] sample; [6]
cylindrical mirror; [7] corrected beam; [8] analyzer; [9] pinhole; [10] beam after pinhole; [11]
corrector-disperser optics; [12] ccd detector; [13] rectangular (narrow) aperture), whereas the
exploded drawing on the right-hand side shows the beam-guiding in the chamber and the main
components of the arrangement (see [4]).

The image on the CCD is created by a pin hole. In this spectroscopic version one index of the
CCD is the spectral information and the other index is the spatial information along a line. 2D
images can be taken by moving the sample perpendicular to that line. Note that in a roll-to-roll
production this movement is already part of the manufacturing process. This allows an easy
integration of the tool as an in line process monitor [7].

Following the first demonstration of the concept [8], there has been a remarkable progress in
the field of lable-free optical biosensor development [9–11]. These sensors utilize the fact that
the propagation of light in waveguides sensitively depend on the refractive index difference at
the waveguide surface (i.e. between the waveguide and the ambient - the latter being e.g. a
protein solution). The light is coupled into the waveguide from the substrate, using a grating.
The coupling angle sensitively depends on the above mentioned difference, which allows the
detection of refractive index changes down to 10−5. Consequently, also proteins and other
objects adsorbed to the surface can be detected with high sensitivity. In the research group
of R. Horvath a new sensor concept has been developed that avoids using moving parts by
measuring the coupling angle (see e.g. Ref. [12]), but also makes the sensor highly integrable
[13, 14]. A schematic drawing of the device is shown in figure 3. The tool utilizes two coupling
gratings, whereas one of the light beams is modulated using a liquid crystal modulator. The
phase shift sensitively depends on the refractive index, i.e. the number of molecules attached to
the surface of the waveguide.
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Figure 3. Grating coupled interferometer. The gray and black lines represent the reference and
measurement arms of the interferometer, respectively [14]. [Reprinted from Applied Physics B
97, Kozma et al., Grating coupled interferometry for optical sensing, 5 (2009). Copyright (2009)
Springer Verlag.]

3. Evaluation and modeling
The fairly large deviation between the metrologies shown in figure 1 is to a great extent a question
of proper modeling. A large part of optical techniques is indirect in a sense that derived layer
properties can only be determined if a suitable and reliable optical model exists for the structure.
The test, whether a model is acceptable is not straightforward, although a couple of rules can
be set to create reliable models (see Ref. [15] or page 2 of Ref. [16]).

The optical modeling of optoelectronic thin films is usually a complex problem for at least two
reasons: (i) the electronic band structure and the related dielectric function is strongly dependent
upon the preparation conditions, which rules out almost completely the use of reference dielectric
functions, hence requires the application of analytical models; (ii) thin films created by the most
usual (mostly deposition-related) techniques are only in exceptional cases uniform to the scale
of precision of the most sensitive optical techniques like ellipsometry. In most cases at least the
surface nanoroughness and an interface layer to the substrate have to be taken into account [16–
19]. It can be shown that the optical modeling of one of the most frequently applied transparent
conductive oxide (TCO) materials, Indium-Tin Oxide (ITO) is also a complex process [20–27],
in which special care has to be taken for the modeling of vertical non-uniformity [28]. Most
significant improvement was obtained by introducing a surface roughness layer as well as upper
and bottom sublayers [28].

ZnO is also a key material for optoelectronic applications [29], used e.g. as TCO in
photovoltaics to substitute ITO. The measurement of its optical properties is still a challenging
task [30, 31]. A typical dielectric function of a low-resistance ZnO film is shown in figure 4 as
a composition of different oscillators corresponding to excitonic and other electronic transitions
[32]. The significance of the interpretation of optical spectra lies with the fact that the optical
properties (especially at photon energies around the band gap) correlate with crucial electronic
properties as e.g. the specific resistance [30, 33]. Figure 5 reveals a fairly good correlation
between the optically measured exciton strength and the specific resistance. An even better
correlation was shown by Hwang et al. between the band gap (also studied in Ref. [30]) and
the carrier concentration for sputter deposited and annealed ZnO:Al films [33].

A possible strategy for the model-independent measurement of the dielectric function of ZnO
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Figure 4. Typical dielectric function of a sputter-deposited ZnO:Al sample with low specific
resistance from Ref. [30]. Solid line is the sum of the individual oscillators shown by the
circled, dotted, and dashed lines. The dotted and dashed lines show the discrete-exciton and
the continuum-exciton oscillators, respectively (see further details in Ref. [30]). [Reprinted from
Applied Surface Science 255, Major et al., Optical and electrical characterization of aluminium
doped ZnO layers, 8907 (2009). Copyright (2009) Elsevier.]

Figure 5. Discrete exciton strength parameter as the function of specific resistance [30].
[Reprinted from Applied Surface Science 255, Major et al., Optical and electrical characterization
of aluminium doped ZnO layers, 8907 (2009). Copyright (2009) Elsevier.]

in a wide spectral range (as for most non-zero gap materials) is to determine the layer thickness
by fitting the spectra in a relatively narrow transparent wavelength range. Under this conditions
the Cauchy model can usually be applied, neglecting the absorption (i.e. only the real part of
the refractive index will be fitted using a polynomial with fit parameters A, B, and C as follows:
n = A + B/λ2 + C/λ4, where λ denotes the wavelength). As soon as the thickness is known,
the real and imaginary parts of the refractive index (n and k) or dielectric function (ε1 and ε2)
can be determined for each wavelength independently, because two ellipsometric angles (Ψ and
∆) are measured at each angle of incidence, whereas the number of unknown model parameters
is only two: n and k. This leads to a model-independent point-by-point determination of the
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Figure 6. Imaginary part of the dielectric function of a sputter-deposited GaInZnO layer with
nominally 3 and 6 % Ga and In contents, respectively, using point-by-point determination based
on the layer thickness fitted in the transparent spectral region.

Figure 7. Typical dielectric function of a sputter-deposited GaInZnO film evaluated using the
Tauc-Lorentz model.

dielectric function as shown in figure 6. Note the good agreement between the point-by-point
(figure 6) and the oscillator (figure 4) approach. By checking the effect of whether the proper
layer thickness was chosen, or most importantly, the effect of layer thickness to the results, the
ε2 spectrum of figure 6 was found to be stable. In case of Si oscillations may appear when using
a wrong layer thickness [34].

To analyze the band gap region, (or more specifically: to obtain numerical gap parameters)
the Tauc-Lorentz model can also be used, though in a limited spectral range (see figure
7). This model can be used to fit the decay of ε2 at the band edge, assuming a quadratic
behavior. The equation of the Tauc-Lorentz model can be obtained by multiplying the quadratic
near-edge Tauc function [35, 36] by a Lorentz oscillator [37], which finally takes the form
k = A(E −Eg)2/(E2 −BE +C), where E denotes the photon energy, A, Eg, B, and C are the
amplitude, gap, strength, and broadening parameters. From this model the energy of the band
gap and the amplitude of the excitonic oscillator at the band egde can directly be determined.

Waveguides are basic building blocks of potential integrated optic amplifiers and lasers, also
applied in biosensors mentioned above. Ion implantation is a tool with remarkable capabilities
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Figure 8. Depth position of the waveguiding layer determined by ellipsometry and SRIM
(Stopping and Range of Ions in Matter) [39]. [Reprinted from IEEE Photonics Journal 4,
Bányász et al., MeV Energy N+-Implanted Planar Optical Waveguides in Er-Doped Tungsten-
Tellurite Glass Operating at 1.55 µm, 721 (2012). Copyright (2012) IEEE.]

also for waveguide fabrication [38, 39]. Waveguides prepared by 3.5-MeV N+ implantation
into Er:Te glasses have been demonstrated by Banyasz et al. [39], characterized by M-line
spectroscopy and ellipsometry. A fluence-dependent change of refractive index in the range of
0.04-0.09 have been revealed by ellipsometry in a waveguide layer approximately 2.5 micron
below the implanted Er:Te glass surface. A three-layer model, consisting of (1) a surface
nanoroughness layer, (2) a non-damaged surface layer (with a thickness of about 2.5 micron)
and (3) a buried waveguide layer in the stopping region of the ions (as verified by the SRIM
[Stopping and Range of Ions in Matter] program [40]) was used with Cauchy parametrizations in
layers (2) and (3). The surface roughness layer was an effective medium mixture of the ambient
and the underlying non-damaged Er:Te glass with a volume fraction fixed at 50 %. The position
of the buried waveguide layer determined by ellipsometry is depicted in figure 8 together with
the N+ distribution calculated by SRIM.

4. Conclusions
It was shown in this brief review that modeling, calibration and verification is still a
crucial issue for reliable metrology. Examples have been presented for the improvement of
instrumentation and modeling for a couple of optical techniques and materials. The demand
for the characterization of layers and structures with ever increasing complexity requires the
construction of complicated optical models with numerous fit parameters. However, the
importance of the verification of results has to be pointed out.
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[27] Tejo-Cruz C, Mendoza-Galván A, López-Beltrán A M and Garcia-Jimenez M 2009 Thin Solid Films 517

4615
[28] Lohner T, Kumar K J, Petrik P, Subrahmanyam A and Bársony I Analyses of optical thickness and refractive

index of magnetron sputtered ito thin films: comparison of reflectometry and variable angle spectroscopic
ellipsometry techniques unpublished
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