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ABSTRACT: Ultrathin layers of hydrogenated amorphous silicon (a-Si:H) are of high interest in today’s photovol-
taics. A reliable characterization (layer thickness, optical constants) of such layers is essential for process control and
development. Spectral ellipsometry is a fast and non-destructive method for analyzing thin layers. A common analy-
sis procedure for ellipsometric data fails in case of ultrathin a-Si:H layers with thicknesses below 15 nm. For evalua-
tion of such a-Si:H layers a new analysis procedure has been introduced. The procedure has been applied success-
fully to layers of a thickness down to 5 nm, verified by reflection and transmission measurements as well as trans-

mission electron microscopy.
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1 INTRODUCTION

Ultrathin hydrogenated amorphous silicon (a-Si:H)
layers with thicknesses below 15 nm have several appli-
cations in today’s photovoltaics. Representative exam-
ples are front side passivation of silicon solar cells [1] or
hetero-junction solar cells (HIT) [2]. To develop such a-
Si:H-based devices a reliable characterization is essential
for determining layer thickness and optical properties of
the a-Si:H layer. In general, the optical properties of a-
Si:H are influenced by deposition parameters, e.g. sub-
strate temperature [3]. Especially in case of ultrathin lay-
ers optical properties can also be affected by the layer
thickness [4]. A fast and non-destructive standard method
for determining layer thicknesses and optical properties
(refractive index n, absorption k) is ellipsometry. Since
ellipsometry is not a direct measurement, layer thickness
and optical constants have to be fitted to the measured
ellipsometric data using optical models. The choice of
the optical model and especially the choice of suitable
starting values for the respective model parameters have
a crucial impact on the fit validity. Therefore an analyz-
ing procedure is required which offers suitable start val-
ues for analyzing ellipsometric data of ultrathin a-Si:H
layers with unknown optical properties.

A common procedure for evaluation of ellipsometric
data of thin a-Si:H layers fails in case of ultrathin layers
(<15 nm). This work presents an analyzing procedure for
characterization of ultrathin ¢-Si:H layers with unknown
optical properties using spectral ellipsometry and com-
mon optical models for data evaluation.

2  EXPERIMENTAL

The a-Si:H layers were deposited using a radio fre-
quency (13.56 MHz) parallel plate PECVD reactor with a
mixture of SiH, and H, as precursor gases. Shiny etched
FZ silicon wafers were used as substrate material. Before
deposition, the FZ Si samples were wet-chemical cleaned
using a HNOs/H,O dilution followed by an HF etch. The
a-Si:H layers were deposited directly on the FZ Si sub-
strate as well as on a 105 nm thick thermally grown SiO,
layer.

A spectral ellipsometer (J. A. Woolam) with a spec-
tral range of 250-1000 nm was used for ex situ ellip-
sometry measurements. Each sample was measured at

three angles of incidence (65°, 70°, 75°) to have suffi-
cient ellipsometric data for modeling. Furthermore 40
spectra were taken and averaged for every ellipsometric
data measurement to improve the signal to noise ratio.
Data acquisition and analysis was performed using
WVASE32 software (version 3.650).

TEM studies for layer thickness reference measure-
ment were performed using a FEI Titan 80-300 system at
an accelerating voltage of 300 kV.

Reflection and transmission measurement were
performed using a spectrophotometer (Cary 500i) with a
spectral range of 250-2500 nm in order to have a refer-
ence measurement for the optical constants.

3 ANALYZING PROCEDURE

3.1 Used Optical Models

Ellipsometry measures the phase change of a polar-
ized light beam due to the reflection at the coated surface
of the sample. This change in phase is characterized by
the ratio of the total reflection coefficients [5]:
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where R, and R; are the Fresnel reflection coefficients for
light polarized parallel and perpendicular respectively to
the plane of incidence. In ellipsometry the measured
quantities are expressed in y and 4. y characterizes the
amplitude and 4 the phase of the reflected light beam.

In order to calculate the desired values (e.g. layer
thickness, optical constants) from the measured data, a
suitable optical model has to be applied. For amorphous
semiconductors several models exists [4, 6-8]. In the pre-
sent work the widely accepted Tauc-Lorentz (TL) model
[8] is applied, a specific model for amorphous semicon-
ductors based on the Tauc relation [9]. In ellipsometry
the optical properties are often represented by the dielec-
tric function ¢ = ¢; + 1 &5, which is directly linked to » and
k, the refractive index and the extinction coefficient. The
complex part of the dielectric function for the TL model
is given by
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Fig. 1: Refractive index n,, and extinction coefficient
kyer of amorphous silicon according to Ref. 10.

where ©O(x) is the Heaviside function. The real part is
calculated by integrating the Kramers-Kronig relation
given by

g
4

where P is the Cauchy principal part of the integral. In
both expressions E,, 4, Ey, C and ¢,() are treated as in-
dependent fit parameters. E, can be interpreted as the
optical band gap according to the definition of Tauc et al.
[9].

Besides the a-Si:H layer, the crystalline silicon (c-Si)
and the thermal grown SiO, layer have to be modeled for
the evaluation of the ellipsometric data. Since both mate-
rials are optically well known, they are modeled by using
tabulated data for n and k according to Ref. 11.
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3.2 Procedure for Analyzing Thin a-Si:H Layers

A reasonable optical model has several fit parameter.
In case of the TL model there are six independent fit pa-
rameters including the layer thickness. Since their start
values for fitting can have a crucial impact on the fit re-
sults, it is necessary to have a good estimation of the start
values when analyzing a-Si:H layers with unknown opti-
cal constants. Such estimation is done in the first three
steps of the following familiar analysis procedure by us-
ing a simple optical model.

1: First, a simple model using as few fit parameters as
possible is applied to get a rough estimation of layer
thickness and optical constants. Such a model is the
Cauchy model, an optical model for transparent mat-
ter. Since a-Si:H is approximately transparent above
800 nm (Fig. 1), this model can be applied for the
spectral range above 800 nm.

2: In order to get a rough estimation of the optical con-
stants for the whole measured spectral range (250 —
1000 nm), next a point-by-point fit based on the
Cauchy parameters is performed. The fit starts at
1000 nm using the n and k values of the Cauchy
model as first start values. The layer thickness is kept
constant at the value obtained by the Cauchy fit. The
n and k values of the a-Si:H layer are calculated for
each wavelength independently, always using the
prior results as starting values.
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Fig. 2: Measured y values for an 13, 20 and 45 nm thick
a-Si:H layer deposited on c-Si substrate compared to the
data measured on uncoated c-Si. In this case y is meas-
ured at an angle of incidence of 70°.
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Fig. 3: Measured y values for an 13 and 20 nm thick
a-Si:H layer deposited on a 105 nm thermally grown
SiO, layer compared to the data measured on the un-
coated SiO, layer. y data is shown for an angle of inci-
dence of 70°.

3: The results of the prior step are a rough estimation of
n and k for the a-Si:H layer over the whole measured
spectral range. In order to apply those results to the
TL model, i.e. the start values for its fit parameters,
the TL model is adapted to those n and k values by
adjusting the fit parameters. This could be done by
fitting the TL model to the »n and k values.

4: The prior step leads to a rough estimation of the fit
parameters for the TL model. This values are now
used as start values for fitting the total layer system —
containing the TL model for modeling the a-Si:H
layer — to the measured ellipsometric data. In this fi-
nal fit the thickness of the a-Si:H layer is treated as a
fit parameter again using the value obtained in the
first step as start value.

In the non-absorbing wavelength range above
800 nm, the signal contrast between the ellipsometric
data of the uncoated c-Si substrate and the a-Si:H layer
decreases with decreasing layer thickness and vanishes
for an a-Si:H thickness below ~15 nm (see Fig. 2). Thus
the first part of the analyzing procedure — the application
of the Cauchy model in the non-absorbing wavelength
range above 800 nm — fails. Fig. 2 shows exemplary the
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Fig. 4: Flow chart of the fitting procedure for ultrathin
a-Si:H layers. The applied layer structure and the used
optical model are shown on the right. Layers marked
with a * are model by tabulated data.

Fit model to measured
data of the a-Si:H/c-Si system
using the prior obtained

ellipsometric data y. Through this work always only
data is shown, analogous holds for the 4 data too.

An intermediate thermal grown SiO, layer between
the ultrathin @-Si:H layer and the ¢-Si substrate is known
to increase that signal contrast. In this case there is also
in the non-absorbing wavelength range a strong signal
contrast (see Fig. 3) and the analysis procedure (now for
the a-Si:H/SiO,/c-Si system) can be applied again. How-
ever, especially in case of ultrathin layers, the substrate
can have an influence on the growth of the
a-Si:H. Thus, it is preferable to be able to measure and
analyze the original a-Si:H/c-Si system. A procedure for
measuring and analyzing the ellipsometric data of the
a-Si:H/c-Si system is presented in the next chapter.

3.3 Procedure for Analyzing Ultrathin a-Si:H Layers

This procedure takes advantage of the intermediate
SiO, layer for analyzing ellipsometric data of the
a-Si:H/c-Si system. Thus, for this procedure it is neces-
sary to have a-Si:H deposited on the c-Si substrate — the
sample of interest — as well as on the SiO,/c-Si system.
The modified procedure for analyzing ultrathin a-Si:H is
given by following two steps (compare Fig. 4):

1: The measured ellipsometric data of the
a-Si:H/Si0y/c-Si system is analyzed analogous to the
procedure described in section 3.2. The difference is
only the inserted intermediate SiO, layer which is
modeled with a constant thickness and tabulated op-
tical constants in order to have as few fit parameters
as possible. Therefore the SiO, layer is characterized
before the a-Si:H deposition.

2: The results of step 1 are the parameters of the TL
model and the layer thickness for the a-Si:H layer on
SiO,. This results are used as start values for the
global TL model fit of the a-Si:H/c-Si system.

We applied this procedure to a set of 26 samples
coated with ultrathin a-Si:H layers with thickness be-
tween 5-20 nm. For all investigated samples this proce-
dure led to a good agreement between measured and cal-
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Fig. 5: Measured and modeled ellipsometric data of a
8.1 nm thick a-Si:H layer on c¢-Si substrate. Data is
shown for different angles of incidence. Modeling has
been done corresponding to the presented modeling pro-
cedure. A very good agreement between measured and
modeled data is obtained.

culated ellipsometric data, characterized by small
confidence limits for the model parameters. The
confidence limits are results of the fitting procedure. In
this work the standard 90% confidence limit definition is
used. The evaluataion of the 26 samples led to an average
relative confidence limit of 0.15% for the layer thickness.
Fig. 5 shows the measured and calculated ellipsometric
data for an 8.1 nm thick a-Si:H layer on ¢-Si.

However, the described procedure contains some as-
sumptions and simplifications. First of all, the model
contains a multitude of fit parameters. This can lead to
ambiguities in the physical interpretation of the fitting
results. Furthermore surface roughness or native oxides
have not been taken into account to keep the total number
of fit parameters small. Also the optical constants have
been assumed to be constant over the whole thickness of
the a-Si:H layer.

In order to verify the fit results and hence the as-
sumptions and simplifications mentioned above, inde-
pendent reference measurements for the layer thickness
as well as the optical constants were performed.

4 REFERENCE MEASUREMENTS

4.1 Optical Constants

The optical constants were determined by performing
reflection and transmission (RT) measurements of an
a-Si:H layer deposited on a transparent sample (glass).
The optical constants of the a-Si:H layer were calculated
from a two-layer model containing the absorbing a-Si:H
layer on a thick substrate. A native oxide on the a-Si:H
layer was ignored. The substrate is assumed to be trans-
parent and optical thick, i.e. the multiple reflections in
the layer are incoherent. The a-Si:H layer is assumed to
be optical thin (i.e. coherent multiple reflections). Calcu-
lations were performed according to Ref. [12] using a
point-by-point fit for each wavelength.

To compare the ellipsometry analysis to the RT
analysis an ultrathin a-Si:H layer was deposited in the
same process on a glass substrate and on ¢-Si with and
without SiO, coating. As the glass substrate is not com-
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Fig. 6: Comparison of n and k for a 8.1 nm thick a-Si:H
layer obtained from ellipsometry and RT analysis. The
ellipsometry analysis was performed for an a-Si:H layer
on ¢-Si substrate, the RT analysis for an a-Si:H layer on
glass substrate. Both layers were deposited simultane-
ously.

pletely transparent below 400 nm the reference meas-
urement only has been performed for wavelengths above
400 nm. Fig. 6 shows the optical constants of an 8.1 nm
thick a-Si:H layer measured by ellipsometry and reflec-
tion and transmission measurement respectively. As can
be seen, both measurements are in very good agreement.
Thus the applied analyzing procedure for measurement
of ultrathin a-Si:H layers is valid in case of optical con-
stants.

4.2 Layer Thickness

To verify the layer thickness obtained by the de-
scribed ellipsometry analysis the same sample (a-Si:H on
¢-Si) which has been used for the optical reference meas-
urements is measured by TEM. Fig. 7 shows a cross-
sectional transmission electron micrograph of this sam-
ple. The thickness of the a-Si:H layer can be determined
to 8.3 nm by this micrograph. This is in excellent agree-
ment to the 8.1 nm measured by ellipsometry. Thus it can
be stated, that the analyzing procedure for characteriza-
tion of ultrathin a¢-Si:H layers is valid.

5 CONCLUSIONS

Layer thickness and optical constants of ultrathin
a-Si:H layers deposited by PECVD have been measured
by ex situ spectroscopic ellipsometry. An analysis proce-
dure, to analyze ellipsometric data of those ultrathin lay-
ers on ¢-Si has been introduced. The optical constants of
a-Si:H are parameterized using the Tauc-Lorentz model.
The procedure was applied to a-Si:H layers with thick-
nesses down to 5nm. The obtained results for layer
thicknesses were verified for exemplary samples using
transmission electron microscopy. The optical properties
were verified by transmission and reflection measure-
ments. Thus it can be stated, that the analyzing procedure
for characterization of ultrathin ¢-Si:H layers is valid.

Fig. 7: TEM micrograph of the 8 nm thick a-Si:H layer
deposited c-Si. Due to the TEM sample preparation there
is glue on top of the a-Si:H layer. With the ellipsometric
analysis a layer thickness of 8.1 nm was obtained.
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