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Abstract. In this paper, we present an inline characterization technique to determine spatially
resolved thickness maps of ultra-thin layers on textured silicon substrates. The technique is
based on multispectral imaging and optical modelling of discrete spectral reflectance data
using rigorous polarization ray tracing and the transfer matrix method. The study demonstrates
that quantitative inspection of ultra-thin hydrogenated amorphous silicon (a-Si:H) layers on
textured silicon substrates requires an extension of the standard RGB illumination by two
additional LED wavelengths in the near-UV. As the required five images are measured in less
than a second, the tool is a suitable candidate for inline applications. The optical modelling
requires reflectance-calibrated images which are obtained via linear calibration functions and
allows the a-Si:H thickness to be determined at each pixel. The thin-film thickness can be
determined either by a direct modelling of the measured reflectance spectra or by a differential
approach using the reflectance spectra before and after coating to eliminate effects from non-
idealities due to scattering as well as instrumental errors. The a-Si:H thickness extracted from
the reflection data at the five chosen LED wavelengths shows good quantitative agreement
with reference values from spectrally-resolved differential reflectance data. Evaluating a test
sample with an intentional a-Si:H thickness variation, we compared the results from the
multispectral thickness map and reference values from spectroscopic ellipsometry. We found
good quantitative agreement for a-Si:H thicknesses above 10 nm and a slight overestimation
of about 1.5 nm for thinner layers. Overall, the multispectral approach based on only five
different channels proves to allow quantitative thickness maps with reasonable accuracy at
inline speed.
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1. Introduction

The market share of silicon heterojunction (SHJ) solar cell technology is expected to rise to
20% in the following decade [1]. A record power conversion efficiency (PCE) beyond 27% has
been achieved recently for SHJ solar cells using a back-contact architecture [2]. With
increasing PCE, cell performance becomes increasingly sensitive to small defects and
inhomogeneities. Their fast detection and avoidance require quick spatially-resolved inline
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inspection of the relevant process steps, particularly around the wafer edges, which are prone
to inhomogeneities. In an SHJ solar cell, the ultra-thin hydrogenated amorphous silicon (a-
Si:H) layers play an important role in providing passivation effects and carrier selectivity. The
thickness of these layers ranges from 10 to 20 nm [3]. The performance of an SHJ solar cell is
sensitive to the nature of the a-Si:H layers. For instance, a single-nanometer increase in the
thickness of a p-doped a-Si:H layer can result in a drop of the short-circuit current density by
0.16 mA/cm? [4].

It has been previously demonstrated that the thickness of the ultra-thin a-Si:H layers
can be determined with good accuracy from measured inline reflectance data [5], [6]. However,
this provides thickness information only along traces with spatial resolution in one dimension.
For process control in a production line, full maps of the thin-film thickness across the wafer
would be desirable.

In this contribution, we explore the potential of a multispectral tool to determine
thickness maps of the ultra-thin a-Si:H layers. Conventionally, the tool is used to determine
thickness maps of thicker and colored anti-reflection coating and/or transparent conducting
oxide layers via a simple color to thickness calibration without the support of a physical model.
Amorphous silicon layers on textured silicon wafers do not change significantly in color in the
targeted thickness range. Hence, thickness determination requires physical modeling. First,
we identify the optimal wavelengths for measuring reflection to obtain accurate thickness
results. Second, we analyze how accurate the thin film thickness can be determined if
reflectance values are only available at a small set of spectral supporting points for the optical
modeling using the differential approach. Third, the procedure to formulate the calibration
functions that helps in translating the greyscale images to reflectance images is described.
Finally, evaluating a special test sample with intentional thickness variations, the thickness
values from the multispectral approach are compared to reference values from the
spectroscopic ellipsometer (SE). In this manner, an optical-model-based thickness mapping
procedure using multispectral inline-images is demonstrated for ultra-thin a-Si:H layers.

2. Experimental and theoretical methods

The samples used in this study were made from monocrystalline n-type Cz-Si as-cut wafers
(M2 format). The samples were saw-damage-etched followed by alkaline texturing to create
random pyramid structures and cleaning with hydrofluoric acid and ozone. The a-Si:H layers
were deposited by plasma-enhanced chemical vapor deposition (PECVD). First, a thin intrinsic
a-Si:H layer was deposited followed by an n-doped a-Si:H layer. The intrinsic and doped a-
Si:H layers are collectively addressed as a-Si:H stack in this contribution. A set of calibration
samples with a-Si:H thickness varying between 5-20 nm was prepared by varying the
deposition time of both intrinsic and doped a-Si:H layers. Moreover, a special test sample with
intentional a-Si:H thickness variation within this wafer was prepared by placing square glass
pieces on the sample during deposition. The glass samples are removed sequentially by
interrupting the deposition process to create defined a-Si:H thickness variation steps within the
wafer.

The characterization tools used in this study are (a) a spectrophotometer (OFR 104
from Zeiss) to record the spectral reflectance with high spectral resolution along a center trace,
(b) a spectroscopic ellipsometer (SE) (M-2000 from J. A. Woolam) to measure the effective
optical parameters and reference thickness values on planar substrates and (c) a multispectral
tool (COL-Q from ISRA VISION GmbH) with modifications in the number of LED wavelengths
used in the illumination dome to record the greyscale multispectral images of samples up to
M6 format. The multispectral tool is addressed as “prototype COL-Q” tool from here on. It
illuminates the wafer sequentially with five sets of LEDs emitting around 640 nm, 520 nm,
470 nm, 420 nm, and 365 nm. The reflectance of the wafer is imaged using an MV4-D1280U-
HO1-GT camera from Photonfocus. The camera sensor features a quantum efficiency above
30% in the UV-VIS-NIR part of the spectrum. The integration chamber of the tool is coated with
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a uniform layer of barium sulphate to create diffuse illumination within the chamber in the whole
spectral range. The total recording time for all five greyscale images together is less than a
second. The calibration of the spectrophotometer is done with a certified 99% reflective white
spectralon standard. The measurement spot diameter of the spectrophotometer is roughly 1
cm with a spectral resolution of 1 nm. The integration time of the spectrophotometer is 24 ms
which allows several measurements along the center trace in on-the-fy mode. The
spectrophotometer and the prototype COL-Q tool are integrated in a fully automated wafer
inspection system from Meyer Burger Technology AG.

An optical model exploiting the transfer-matrix method (TMM) is constructed based on
Fresnel equations to simulate the spectral reflectance of thin-films on a textured substrate [6],
[7]. The thin-film properties are defined with the help of optical parameters measured using
SE. The optical parameters are the refractive index (n) and the extinction coefficient (k) of the
thin-film material. The complex refractive index (n + ik) is used to account for refraction and
absorption of light in the thin films. It is to be noted that the optical parameters are wavelength-
dependent. The effective optical parameters of the a-Si:H stack are used within the optical
model and its impact on the estimated thickness values are published elsewhere [5]. The
surface geometry of the textured silicon substrate is defined as published by S. Baker-Finch et
al. using a fixed pyramid base angle of 54.47° and a variation in pyramid base elevation [7].
Additionally, the model accounts for areas in the wafer with incomplete etching, no pyramids
and chemically smoothened pyramids as a planar fraction [8]. The change in polarization of
the incident light due to reflection is included with polarization ray tracing matrices as illustrated
by Yun et al. [9]. The thickness of the thin-film layer and planar fraction are fitted against the
measured reflectance via the Levenberg-Marquardt least-squares fitting algorithm [10]. The
thicknesses of ultra-thin layers determined from the direct optical modeling of spectrally-
resolved reflectance data are found to deviate from the ground-truth values by a relative error
of over 50% [6]. The reason for such errors arises from non-idealities such as a distribution in
the pyramid base angles, changes in pyramid geometry and rough pyramid facets present in
an actual sample that causes scattering effects [6], [11]. These non-idealities are challenging
to be taken into account in the physical model. Furthermore, any calibration error during the
measurement of the spectral reflectance can propagate into the fitted thickness. For these
reasons, a more reliable approach using differential reflectance to fit the layer thickness of thin-
films has been demonstrated earlier [6]. By using the differential approach, the relative error in
the fitted thickness decreases by a factor of five as shown in Ref. [6]. A thickness map of a
whole wafer is realized by using the developed optical model with the differential approach,
and by calibrating the greyscale images from the prototype COL-Q tool to reflectance images,
and then fitting for a-Si:H thickness pixel-by-pixel.

3. Results and discussions

3.1 Choice of LED wavelengths in the multispectral tool

Fig. 1 shows the absolute reflectance spectra of the set of textured calibration wafers with
intentionally varied a-Si:H stack thickness in the range of 5 to 20 nm. The spectra have been
measured with the inline spectrophotometer and are later used to derive calibration functions
that convert the measured COL-Q pixel intensities to reflectance. The wavelengths of the LEDs
used in the multispectral prototype tool are indicated by the vertical lines in Fig. 1. Concerning
the relation between a-Si:H stack thickness and reflectance, Fig. 1 reveals some basic trends:
(i) The red channel is rather insensitive to the a-Si:H thickness. (ii) In the green and blue
channel, reflectance increases with increasing a-Si:H thickness and its sensitivity being higher
for thinner a-Si:H layers. (iii) In the UV channel (at 365 nm), the reflectance signal shows an
inverse thickness relation and highest sensitivity of all five channels in the whole thickness
range. (iv) The indigo channel (at 420 nm) shows a turnover point between the Green/Blue and
the UV channel. Due to the strong thickness sensitivity of the reflectance signal below 550 nm,
the a-Si:H layer thickness can be derived from only a few supporting points of the reflectance
spectrum. Due to the opposite thickness relation of the reflectance in the UV and the Blue
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channel, these two channels are most important for a-Si:H thickness characterization. The red
channel, which is less sensitive to a-Si:H thickness variation, may be interesting to identify
changes in the textured surface structure. For this reason, the prototype COL-Q tool was
equipped with two sets of LEDs with emission peaks around wavelengths 365 nm (Ultraviolet
- UV) and 420 nm (Indigo - ) in addition to the standard R-G-B wavelengths. For thickness
determination, all five data points (RGB + | + UV) have been used in least-square-fitting to
reach highest accuracy. The total number of LED types is limited to five wavelengths due to
design constraints of the multispectral system. Moreover, the lowest wavelength is chosen to
be 365 nm as below this wavelength the chosen camera loses sensitivity, the required optics
become more expensive and the spectra more complex.
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Figure 1. Spectral reflectance of samples with textured surface and varied a-Si:H stack thickness
between 5-20 nm. The LED wavelengths in the standard multispectral tool (640, 520 and 470 nm)
are marked with dotted lines and the additional LED wavelengths in the prototype tool (420 and
365 nm) are marked with solid lines.

3.2 Impact of sparse reflectance data on fit thickness

With the abovementioned theoretical methods, it has been demonstrated that the thickness of
thin-films deposited on a textured silicon substrate can be estimated from the absolute
reflectance measured on-the-fly in a PV production line [5]. For ultra-thin layers, e.g., a-Si:H
layers in an SHJ solar cell, the thicknesses can be predicted with higher accuracies by fitting
the so-called differential reflectance spectrum (DRS) rather than the absolute reflectance [6].
The developed optical model becomes robust against nonidealities that differ from theory and
instrumental inaccuracies because of the difference-forming nature of the approach [6]. The
DRS calculated from the inline reflectance tool has a spectral resolution of 1 nm within the
spectral range of 360 to 950 nm. However, using the approach to create thickness maps from
the multispectral data allows only 5 data points, from which layer thickness has to be predicted.
The impact of using sparse reflection data for thickness determination is studied by fitting the
continuous DRS spectrum and the reflection data only at five chosen LED wavelengths using
the data measured on a textured sample with 11.6 nm thick a-Si:H stack. The measured
differential reflectance data (black symbols) and the corresponding fit curves (red lines) are
shown in Fig. 2. The a-Si:H stack thickness determined by using the whole spectral data and
by using limited data points are 11 nm (Fig. 2 (a)) and 11.8 nm (Fig. 2 (b)), respectively, which
is in close accordance with the reference value of 11.6 nm which has been measured by
spectroscopic ellipsometry. This exemplifies the fact that realistic fit thickness can be achieved
by just using spare reflectance data at the chosen LED wavelengths and compliments the idea
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of realizing thickness maps from multispectral images. Handling fewer data points without the
loss of any information makes the prototype COL-Q faster, cheaper and thus inline compatible.
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Figure 2. Differential reflectance data of an a-Si:H stack on a textured silicon substrate (black symbols)
and the corresponding fit curve (red solid lines) from the optical model. (a) Fitting the full spectral data,
leading to an a-Si:H stack thickness of 11 nm. (b) Fitting only five data points at the chosen LED
wavelengths of the prototype multispectral tool, leading to an a-Si:H stack fit thickness of 11.8 nm.

3.3 Calibrating measured greyscale images to reflectance data

The greyscale images of the special sample with intentional local variation of the a-Si:H stack
thickness are shown in Fig. 3. The a-Si:H stack thickness within the sample is varied in steps
of 5 nm. It can be clearly seen that the change in pixel intensities due to a-Si:H thickness
variations is hardly noticeable in the red channel and clearly seen in the UV channel.
Additionally, the patches that appear darker in the green and blue channel appear brighter on
the UV channel. This inverse behavior is analogous to the findings from analyzing the
reflectance spectra (see Fig. 1).
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Figure 3. Greyscale images from the prototype COL-Q of the special sample with intentional
local variation of the a-Si:H thickness. The corresponding LED wavelengths are listed below the
images.

Figure 4 illustrates the normalized emission spectra of the chosen LEDs from the
corresponding data sheets. The emission spectra of the LEDs are not strictly monochromatic
and different types of LEDs have their unique spectral spread. For instance, the green LED,
whose emission spectrum peaks at 520 nm, has a full-width at half-maximum (FWHM) of 35
nm. The spectral spread in the LEDs is taken into account while formulating the calibration
functions that convert pixel greyscale intensities to reflectance data. The weights of the
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normalized emission intensities across the FWHM of all LEDs are calculated and then used
across the reflectance spectra measured from the spectrophotometer. The reflectance values
multiplied with their corresponding weights are then added up to arrive at the weighted
reflectance values at LED emission peak wavelengths. Thus, the weighted reflectance, R can
be expressed as

R = X3, rAdw) (1)

where r(A)) is the reflectance of the sample measured from the spectrophotometer as in Fig. 1,
w(A;) is the weight calculated within the FWHM of the LED emission spectrum as in Fig. 4, and
Aand Ar are the wavelengths at the left and right half maximum points around the LED emission
peak respectively.

The greyscale images recorded by the multispectral tool have to be calibrated to
reflectance values in order to be able to fit the data for thickness values with the optical model.
A set of eight different samples with an a-Si:H stack thickness varying between 5 to 20 nm is
used in creating the calibration functions. The samples are measured with both the COL-Q
prototype and the spectrophotometer. Limited by the measurement spot size of the
spectrophotometer, the total weighted reflectance values are correlated to the corresponding
modal pixel intensity values within the exact same spot in the full greyscale images. The
weighted reflectance is plotted in Fig. 5 as a function of COL-Q median pixel intensities for all
the eight calibration samples in all five channels. There exists a linear positive correlation
between the spectrophotometer reflectance and the COL-Q pixel intensities in all five channels.
The linear fit functions are then used to convert the greyscale images into reflectance-
calibrated images. Consequently, each pixel of a combined reflectance-calibrated image will
have the absolute reflectance values at the chosen five wavelengths, which is then converted
to differential reflectance values using the absolute reflectance data from a reference textured
bare silicon sample.
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Figure 4. Normalized emission spectra from Figure 5. Weighted spectral reflectance (from
the data sheet of the chosen LEDs in the spectrometer) as a function of the modal intensity
prototype multispectral tool. values in the multispectral images (from COL-Q

prototype tool) for the set of calibration sample
determined at the exact same spot for the five
channels (colored symbols). The corresponding
linear fit lines are shown as solid lines.

3.4 Thickness map

Now that the measured greyscale images from the multispectral tool are transformed to
differential reflectance data at each pixel (as in Fig. 2 (b)), the developed optical model can be
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finally used to realize the thickness map of the a-Si:H stack on the whole wafer. To reduce the
computational time, only the pixels with unique reflectance data set are fitted for thickness with
the optical model and stored in a lookup table. The thickness map is then constructed with the
help of the lookup table. Using pixel-by-pixel fitting or a lookup table for a single wafer with a
million data points could hinder the inline inspection in keeping up with the high throughput rate
of a production line. Nonetheless, by using more sophisticated machine learning algorithms,
for instance a convolutional neural network, in addition to the optical model, inline compatible
processing speed can be achieved [12].
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Figure 6. Thickness map constructed from the Figure 7. Fitted thickness values in the marked

recorded multispectral images using the areas in Fig. 6 (box plots with the median
developed optical model with differential denoted by the orange line) compared to the
approach. Areas in the map numbered and estimated thickness values from the
marked in red are analyzed quantitatively in spectroscopic ellipsometer (blue symbols). The
Fig. 7. estimated thicknesses are calculated from the

glass pieces that were used while making the
test sample considering the empirical reduction
factor of 1.4.

Figure 6 shows the a-Si:H stack thickness map of the special test sample determined
by the discussed methodology. A few nanometers change in a-Si:H thickness can be clearly
seen in the thickness map. A quantitative comparison of the fit thickness in different areas from
the multispectral images with respect to the estimated thickness from SE is shown in Fig. 7.
The areas from which the fit thicknesses are analyzed are numbered and marked with red
squares in Fig. 6. The estimated thicknesses from SE (blue markers) are calculated from the
planar glass pieces that were used to block the areas of the test sample from a-Si:H deposition.
Additionally, an empirical reduction factor of 1.4 is accounted for the increase in surface area
of the textured silicon substrate to arrive at the estimated SE thickness [6], [13]. It should be
noted that assuming a fixed reduction factor could lead to a slight discrepancy in the estimated
a-Si:H stack thicknesses from SE. However, good agreement between the estimated
ellipsometer value and fit values is seen for a-Si:H stack thicknesses above 10 nm. For
thicknesses less than 7 nm, there is approximately 1.5 nm absolute difference between the
thicknesses from the multispectral fit and from spectral ellipsometry. Moreover, fit thicknesses
in certain areas show a dispersion in the a-Si:H thickness values. For instance, a maximum
spread of 3 nm is seen in area 2. Such thickness variations could arise from noise in the
recorded images but are still comparable to the local a-Si:H thickness variations of roughly 2
nm along the pyramid facets, from pyramid apex to pyramid base, observed earlier from
transmission electron microscopy images [6]. We also speculate that the optical parameters (n
and k values) in the thinner a-Si:H stack areas deviate from the effective values used in the
model. Since the a-Si:H stacks used are a combination of an n-doped a-Si:H layer on an
intrinsic a-Si:H layer, the thinner a-Si:H stack areas (areas 4 and 5) could have no or a relatively
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thinner layer of n-doped a-Si:H compared to the thicker a-Si:H stack areas. This could also
have led to a slight overestimation in the a-Si:H stack fit thicknesses. Additionally, the frequent
interruption during the a-Si:H stack deposition to remove the glass pieces could have also
affected the optical properties of the thin-film. Camera artefacts that result in unrealistic
thickness values appear as black speckles in the thickness maps. This can be eliminated by
an improved calibration procedure of the camera. Nevertheless, a-Si:H stack thickness
variation across the whole wafer can be perceived from the thickness map obtained from the
multispectral images using the optical model.

4. Conclusion

A previously developed optical model is used to fit for thin-film layer thicknesses from
measured spectral reflectance from a spectrophotometer or from recorded greyscale images
from a multispectral tool. A differential approach is used to reduce the discrepancies in fit
thicknesses that arise from instrumental inaccuracies and optical non-idealities that are difficult
to incorporate in the optical model. Using the model to fit for thicknesses from the whole
spectral reflectance and from using only five data points leads to similar fit thicknesses, which
is promising to use multispectral image data for constructing thickness maps. The images
recording time of the multispectral tool being less than a second makes it compatible for inline
characterization applications. To characterize ultra-thin a-Si:H stacks, as in an industrial SHJ
solar cell, it is beneficial to have greyscale images in the near-UV part of the spectrum in
addition to the standard RGB images. A linear positive correlation between reflectance and the
multispectral image intensities is observed in all the chosen wavelengths. The linear calibration
functions convert the multispectral images to reflectance calibrated images, which are then fed
into the optical model to fit for layer thicknesses via the differential approach. The proof of
concept is illustrated on a special sample with intentional variation of the a-Si:H stack
thickness. For thicknesses above 10 nm, a good agreement between the estimated thickness
from SE and the fitted thickness is seen. For lower thicknesses, only a slight absolute
difference of around 1.5 nm is seen. This could have arisen from slight discrepancies in the
optical parameters in the areas with thinner a-Si:H stacks. Unrealistic thickness values arriving
from camera artefacts could be eliminated by a proper calibration of the camera. Nevertheless,
a fast inline-compatible method to realize thickness mapping of ultra-thin a-Si:H layers in SHJ
solar cells from multispectral images is successfully demonstrated.
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