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The Development of a Miniaturised Spectroscopic Reflectance System

for Thin-Film Multilayer Thickness Measurements
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Windo Hutabarat, Adrian Leyland, Ashutosh Tiwari

Abstract—The in-process inspection of multilayer thin-film
thickness across the width of a substrate is a requirement in
roll-to-roll (R2R) manufacturing. However, the current inspection
systems present limitations related to the nature of the techniques,
in addition to the low scalability, modularity, high cost and
complexity of implementation on the manufacturing floor.

This work introduces the in-house development of a dimension-
reduced and modular, single-sensor reflectometer instrument,
enabling precise measurement of individual layers within multi-
layer coated samples. This work includes the development of
a new hardware design integrating a microprocessor, a light
source, a logic converter and a spectrometer sensor; additionally,
a unique software platform was developed to perform near
real-time multilayer coating thickness measurements. Seven elec-
trodeposited samples were created for testing and validation
purposes. The results of more than one hundred and thirty
measurements per sample show that the thickness of an Indium
Tin Oxide (ITO) layer ranged between 12548 to 138.82 +
2.87 nm, achieving less than 7% error compared to vendor
specifications (specification: 130 nm). Additionally, the thick-
ness measurements from the sensor revealed a linear response
of the Poly(3,4-ethylenedioxythiophene):Poly sodium 4-styrene
sulfonate (PEDOT:PSS) layer with increasing electrodeposition
charge, resulting in thicknesses ranging from 201.47 to 506.03 +
2.73 nm. The successful thickness single-point measurements lay
the foundations for the development multi-sensor array to allow
thickness measurements along the full width of coated substrates
in R2R manufacturing.

Index Terms—reflectometry, sensor, thin film, thickness, flexi-
ble electronics, roll-to-roll, solar cells, PEDOT.

I. INTRODUCTION

HE global utilisation of solar cells is increasing from
1% in 2015 to 25% by 2050 [1]; this has triggered
the use of roll-to-roll (R2R) manufacturing processes to scale
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up solar cell production due to its high-speed and low-cost
advantages [2], [3]. However, measuring the coating properties
for feedback control purposes, such as coating thickness
across the width of a substrate (30 cm standard), remains a
challenge for R2R systems due to the inspection techniques’
limitations, high cost, low scalability and low modularity [3],
[4]. Additionally, newer solar cell generation materials have
multiple layers with thickness in the order of nanometres,
which must be inspected in real-time in-process conditions.

Spectroscopic Ellipsometry (SE) is a proven in-process
technique capable of measuring thin-film multilayers with
<100 nm =+ 5 nm thickness [5]; however, it requires critical
adjustment of the angle of incidence to perform measurements
and it is polarisation dependent. Imaging Ellipsometry (IE),
can measure thickness <300 nm in real-time, but can not
measure multilayers [6].

Other angular-dependent optical techniques can achieve
single-layer thickness measurements <500 nm, but they have
not been proven with organic photovoltaic materials nor can
they achieve multilayer measurements [3], [7]-[9]. Interfero-
metric techniques can also measure the thickness of a coating
deposited on flexible materials ranging up to 43.5 + 0.7um;
however, they are slow to measure a single point and are highly
affected by vibration [11]-[14]. Focus variation microscopy
(FVM) is another technique being explored for on-machine
measurements; however, FVM is limited to thickness mea-
surements > 1um and cannot measure thin-film multilayers;
additionally, recent developments make it challenging to adapt
to R2R machines for increasing the measurement coverage
across the width of substrates [15]. Spectroscopic techniques,
in combination with machine-learning, are being explored;
however, the nanometric scale of the solar cell layers and the
need for data to train machine-learning models could make
this process cumbersome [16]-[20]. Eddy current techniques
can achieve multilayer thickness measurements ranging 31 -
406 + 5 nm; however, they do not work on insulator materials
used in solar cell applications [21]. Other contact techniques
can achieve a similar thickness range, but their multilayer
capability requires a step in the material [22].

Another technique that can measure multilayer coating
thickness is Spectroscopic Reflectometry (SR) [3]. SR has
been implemented to measure in-situ thickness growth of other
materials (SiO2 and ZnO) in R2R semi-vacuum deposition
processes [23], [24]. Nevertheless, traditional SR is also lim-
ited in scalability due to external components per inspection
point, such as light sources and spectrometers.

A current state of the art in existing measurement techniques
is provided in Table I. As observed, few techniques can achieve
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TABLE I
STATE OF THE ART - SIMILARITIES AND DIFFERENCES OF THIN FILM CHARACTERISATION TECHNIQUES WITH POTENTIAL APPLICATION IN R2R AsS
COMPARED TO THE PROPOSED SOLUTION.

Thickness range

< 1 (native oxide)
Spectroscopic Ellipsometry and

Imaging Ellipsometry (SE/IE) SE: <=500 + 5 nm

Hypespectral Imaging w/ SR 10 - 1050 £ 0.5 nm

Optical Coherence Tomography max 43.5 + 0.7 pm

Focus Variation Microscopy > 1000 &£ 90 nm

Eddy Current 31 - 406 &+ 5 nm **

Multilayer capability

Atomic Force Microscopy 0 - 1400 + 2.9 nm

Depends on materials properties.
Both: Optical techniques, model-based.
SE: Multilayer capability

Uses SR for single-point measurement.
Optical and model-based technique

Optical technique. Normal incidence.
On machine capability

Non-contact technique. Thickness range.

Thickness range capability

Technique Similarities Differences References
(as reported)
Spectroscopic Reflectometry 125.48 - 138.82 4 2.87 nm | Optical technique for nanometric Multilayer capability, reduced dimensions (27.13 cm®) NA
(Proposed solution)* 201.47 - 506.03 & 2.73 nm | inspection. Model-based Internal light source, microprocessor and spectrometer.
Spectroscopic Reflectometry o . External light source, spectrometer and microprocessor.
(SR) 0- 400 £ 2 nm Same technique. Multilayer measurements not reported. (231, [24]
Diffractometry 115 + 10 nm 'Optlcal‘ technique for nanometric Fundamentals. Uses light diffraction. Suitable for (7]
inspection. Measurement range. patterned surfaces.
Angular Scatterometry 113-114 nm (SiO2) Optical technique, nanometric inspection. | Fundamentals, angle and polarisation dependent. 8], [9]

Sub-nanometric capability. Large dimensions.

Both: Fundamentals, angle and polarisation dependent
Large dimensions.

Combines HS and SR for reconstructing

2D map. Sensor fusion approach.
Interferometry-based. 3D capability. Sensible to
vibration. Not for the nanometric range.
Fundamentals. Multiple pictures at different heights
to generate a 3D profile. Large dimensions [15]
Not for thin-film multilayers.

[5]. [6]
[12]

[13], [14]

Only for conductive materials. [21]

Quasi non-contact technique - Distance to sample

in pum. Not for multilayer analysis (221

* Simultaneous multilayer measurements as reported in this paper. Can achieve 164.14 - 300.13 &+ 2.57 nm on single layers. ** Material dependent.

thin film multilayer thickness analysis, and all of them remain
low-scalable and high-cost solutions to accomplish the full-
width measurement coverage in motion; and there are limited
studies that address the thickness measurements of newer solar
cell conductive polymer-type materials in such environments.

Previous work by Sédnchez-Arriaga et al. presented a
dimension-reduced SR device [25]; however, that work did
not allow coating thickness measurements for multi-layer thin
films, among multiple hardware limitations, causing variations
in the angle of incidence. Additionally, there was a software
development opportunity to implement the well-known curve
fitting method via least squares optimisation used in SR
systems for thickness measurements. Therefore, this work
presents the following contributions.

o The development of a novel, highly scalable and mod-
ular single-sensor reflectometer system to measure the
multilayer thin-film thickness of new flexible solar cell
materials.

e A new hardware (HW) design for integrating a micro-
processor (uP), a light source, a logic converter and a
spectrometer sensor within a reduced-dimension enclo-
sure, removing the angle of incidence variations.

e A unique software (SW) platform for auto-generating
thin-film multilayer models and performing near real-time
thickness measurements.

This work advances the current state of the art (Table I)
in the area by proposing a spectroscopic reflectometry-based
system that is capable of measuring multilayer thicknesses and
has a reduced size of 27.13 cm?, which is less than a quarter
of the size of existing technologies. The small size of the
proposed sensor system allows its installation for multilayer
thickness measurements during manufacturing processes, such
as R2R, where space is constrained and restricted.

To validate the capability of the newly developed sensor
reflectometer, seven multilayer samples were created in a
laboratory environment by modifying an existing electrode-

position (ED) process [26]. The results proved the device’s
capability to measure the multilayer thickness of Poly(3,4-
ethylenedioxythiophene): Poly sodium 4-styrene sulfatonate
(PEDOT : PSS) and Indium Tin Oxide (ITO) deposited on
Polyethylene Terephthalate (PET) substrates, finding a linear
response of PEDOT : PSS thickness vs ED charge (thickness
range: 201.47 to 506.03 £ 2.73 nm), and <7% thickness error
on ITO compared to vendor specifications showing a thickness
range of 125.48 to 138.82 £ 2.87 nm. Based on the results,
the reflectometer design could solve the multilayer thickness
measurements and width coverage in R2R manufacturing
by stacking multiple reflectometers in different shapes and
improving scalability and flexibility.

The remainder of this paper contains the fundamentals in
section II, the methodology in sections III-IV, the experi-
mentation, results and discussions for the proposed multilayer
thickness measurements use case in section V, and the con-
clusions in section VI.

II. FUNDAMENTALS - OPERATION PRINCIPLE
A. Multilayer thin-film diagram

The multilayer model is based on the resultant waves and
matrix methods, where the angle of incidence () is assumed
to be zero [27]. In this case, when two absorbing thin film
layers (commonly <1um) are stacked above each other on an
absorbing substrate, light absorption is assumed per thin film
layer; therefore, the extinction coefficient £ must be considered
in the model. The multilayer diagram for two thin films is the
following (Fig. 1).

Observing Fig. 1, ng_3 and ko_3 are the refractive index
and extinction coefficient of air, PEDOT : PSS, ITO and PET,
respectively. Eg_o are reflected light rays per layer, and Eg
is the refracted light in the substrate. The positive or negative
signs refer to incident/transmitted or reflected direction, &,
is the angle of incidence (0°), and d; and d, are the coating
thicknesses of the first and second layer respectively.
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Fig. 1. Multilayer diagram: two thin films on a substrate.

B. Multilayer reflectance model of two absorbing layers and
an absorbing substrate

This section shows a summarised explanation of the mul-
tilayer model [27]. The reflectance model of two absorbing
layers on an absorbing substrate is defined by Equation (1),

Ro(da, th2, w12, P12, q12, 13, k3) = (t15 + uls)/(pls + ¢is).
(D

where Ry is the reflectance of two absorbing layers and
an absorbing substrate; ¢13, u13, P13, and ¢i3 are complex
matrix elements containing the effects of both layers (d; and
d2) and the substrate, their respective refractive indexes nj,
ns, ng and their extinction coefficients (k’s) per wavelength
(A). For example,

D13 = P12P3 — q124G3 + T12t3 — S12U3, 2
where,
q12 = @2 + hita + grue, 3)
and,
gp = €™ )

Then, the phase terms in radians are defined as

a1 = 27T]<)1d1/)\, (5)
)\1 = 27TTL1d1/A, (6)

where k1, di, and n; (n1=nq-ik1) are the extinction co-
efficient, the thickness and the complex refractive index of
the first layer, respectively, and A is the wavelength under
study. The rest of the complex refractive index of each layer
remains embedded within the matrix multilayer equations. The
full multilayer equations are extensive. The full derivation can
be found in [27].

Equation 1 can model a reflectance curve when analysing a
bandwidth of wavelengths ()\) (see Fig. 9), then the modelled
reflectance curve can be compared with a measured reflectance
curve and evaluate the measurement accuracy with cost func-
tions such as the Root Meas Squared Error (RMSE); or could
be used for indirect thickness measurements with least square
optimisation methods.

C. Least squares optimisation

The thin film thickness values are estimated and extracted
from mathematical models using non-linear least squares
optimisation algorithms in SR systems [28]. These methods
are iterative procedures that minimise the residuals/errors (r;)
between measured and modelled values by finding their deriva-
tives following the L2 norm [29]. For example, following the
Gauss method, given a function g(x) such as Equation (1) and
measured values y; where ¢ = 1 : m is the ith observation,
the errors (residuals) between the measured values and the
function output can be expressed as:

ri(x) =y; —g(x) with i=1:m, (7

this becomes a vector 7(z) = [ri(z),...;rm(x)]T. The
challenge of the non-linear squared optimisation algorithms is
to find the real values of x that globally minimise the sum of
the squared residuals, where an iterative process is performed
to calculate the step &, and update for the new value xy
[29], [30], therefore:

x =z +9. (8)

(new)

new

This process is repeated until the optimal values are found
to minimise the errors [28]-[30]. In practice, the = values
in Equation 7 could be any, such as dy in Equation 1 or
others, depending on the chosen g(x) function to optimise.
In this case, the least squares optimisation methods help find
the best parameters that decrease the errors (7;); thus, these
are considered the estimated desired measurements.

Although it is widely known that the least squares optimi-
sation methods present local minima issues during operation
[10], they are known for being precise and easy to apply in
practice. The trust region methods are the most popular in
SR, where the Gauss method serves as a baseline for others
[31] [32]. The dogbox algorithm is an improved method of
Powell’s Dogleg algorithm, which can work with bounds in
a rectangular-shaped region [32]. The literature has proven
that the Dogleg algorithm outperforms LM on speed and
computational costs [30]; additionally, the Dogbox method has
not been reported in SR applications; consequently, it will be
explored in this work by applying it with the Python scipy
curve_fit function.

III. HARDWARE DEVELOPMENT AND TEST SETUP

A. Component selection methodology

Finding the appropriate components for designing a pro-
totype is complex during the development phase because
of several factors, such as the variety in the market, the
component specifications and the desired system functionality.
The following features were prioritised when choosing the
components for developing the SR system: low cost, reduced
dimensions, modularity for large-area coverage, and potential
for IoT implementation when evaluating the pP. Any other
feature was evaluated per component, e.g. the visible spectrum
was prioritised when choosing a sensor and a light source.
Therefore, a modified weighted matrix was created, inspired
by [33], [34], to help the design process. See Table II.
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TABLE II
COMPONENT SELECTION WEIGHTS AND COLOUR CODES

Note: 5: More desired, 1: Less desired

The weights in Table II were assigned and summed per
feature when evaluating each one of the components in Table
III, IV and V.

Sensor selection

The Hamamatsu spectrometer family was selected due to its
small dimensions and low-cost product offering. The selection
of the best spectrometer sensor to comply with the research
objectives was conducted, as shown in Table III.

TABLE III
WEIGHTED MATRIX - SPECTROMETER SENSOR SELECTION

Spectrum| Spectral

Model Type range |resolution S/N Size Cost | Summed
(nm) (nm) (ratio) (mm) (€) | weight
Wide 340
C12666MA | dynamic 780 12 5300:1/20.1x12.5x10.1 |416.94| 26
range
C12830MA H.1g'h' S 12 330:1 [20.1x12.5x10.1|418.06| 24
sensitivity | 850
C14384MA — o 17 330:1 11.5x4x3.1 |426.46| 23
compact 1050
Wide 340
C11009MA | dynamic 780 6 5600:1| 28x28x28 1665.6 22
range
Wide 640
C11010MA | dynamic 1050 6.5 5600:1| 35x28x20 |1666.8 20
range
C11708MA | near IR 16()42% 15 5300:1| 27.6x16.8x13 |713.24 19

As observed, the sensor C12666MA was selected to conduct
the design of the SR device. This sensor has the advantage of
being the most compact spectrometer with visible spectrum
capabilities, offering a wide dynamic range and a better signal-
to-noise ratio compared to the next best spectrometer, the
C12880MA, which easily saturates due to its high sensitivity
[25]. Although the C12666MA is not the best spectrometer in
terms of the spectral resolution per pixel, its dimensions and
cost made it a suitable sensor for this work.

Light source selection

The selection of the best light source was conducted as
shown in Table IV.

The white light LED 713-3983 (manufacturing PN:
NSPL500DS) was selected for research purposes. LEDs have
the advantage of being low-cost and having small dimensions
compared to commercial light sources used in SR systems.
However, their use is restricted for spectroscopy because they
are limited to the visible spectrum (450 nm to 700nm) and
show a high peak in the blue zone of the spectrum, affecting
their flatness [28]. The LED MBBIDI1 was discarded due
to safety reasons and overheating (1800mW). The remaining
light sources are commonly used in SR systems; however, their
dimensions and costs were a limiting factor for this work.

TABLE IV
WEIGHTED MATRIX - LIGHT SOURCE SELECTION
Product SPF zc:;zm i‘)ﬁi Power | Size ngf[:g? Fwd Volt| Cost |Summed
(nm) type (mW) | (mm) (%) (dc) (€) | Weight
713-3983 igg LED 105 6:5.3 90 32 <1 29
MBBI1D1 gg LED | 1800 | 6:22 99 3.6 411.8 25
HAL-S- 360 150x78
Mini 2500 W/HAL | 5.97* 37 99 12 1856 25
200 HAL 175x110
DHc 2500 | DEUT 0.007* a4 95 12 1310.8 24
DH-S- 215 HAL 315x165
BAL 2500 | DEUT 0.193* <140 85 n/a |2484.7 19

Note: *Power output of fibre optic probes. HAL: Halogen; DEUT: Deuterium. The
spectrum flatness is the ratio of the geometric mean divided by the arithmetic mean
[36], [37]

Microprocessor board selection

A similar exercise was conducted to select the best pP. Table
V shows the weighted matrix for the uP selection.

TABLE V
WEIGHTED MATRIX - MICROPROCESSOR BOARD SELECTION
DIM |[Clock| Input
Brand | Model /I:/[Sé LxW |Speed |Voltage ITjsz Wifi[BT fgt OPAMP S&r:imlftd
(mm) |(Mhz)| (Vdc) | 7P g
Arduino Uno* 10 6?‘364)( 16 7-12 |Micro| N | N [27.8 N N/A
. Nano 45 x .
Arduino 3310T 12 18 48 5-21 |Micro| Y |Y (22.3 N 40
. Nano 45 x .
Arduino RP2040 12 18 133 [1.8-5.5|Micro| Y | Y |30.6 N 37
. Photon 37 x .
Particle v021) 12 203 120 |3.6-5.5 Micro| Y | Y | 22 N 37
Raspberry| pico w | 12 [ 222 133 | 5 [Micro| Y [N| 7 | N 36
Pi 10.5
.. Feather 51 x .
Adafruit Huzzah32 12 23 240 |3.6-5.5 Micro| Y | Y (23.1 N 36
Nucleo 48 x .
STM LA32KC 16 18 24 5 |Micro| N | N |11.7 Y 35
Seed Xiaio 21 x
Swdio  |ESP32c3| 12 | 17,5 | 160 |3 ) € PXNSS] N 35
. Nano 45 x .
Arduino 33BLE 12 18 64 5-21 |Micro| N | Y (24.4 N 34
. Nano 33 45 x .
Arduino BLE S 12 18 64 | 5-21 |Micro| N | Y (37.6 N 33

Note: *Used as a baseline for selecting the pP specifications [38]. DIM:
Dimensions, OPAMP: Operational Amplifier, BT: Bluetooth.

The potential for wireless connectivity was one of the
desired features to support the inspection flexibility needs for
R2R manufacturing. In this regard, several boards in the table
showed a type of wireless connectivity option. However, it
was discovered that the Nucleo L432KC was the only board
that showed an operational amplifier (OPAMP) as an analogue
input to the internal Analog-to-Digital (ADC) converter of the
uP. According to the specification sheet of the Hamamatsu
sensors, this is an optional requirement to prevent sensor
overheating during video signal acquisition. Therefore, the
sensor needs were prioritised over the rest of the features
offered by other uP boards. Additionally, the Nucleo L432KC
has a faster clock speed than the baseline Arduino Uno and
the potential to increase the ADC resolution up to 16-bit with
oversampling in the future.

B. Reflectometer block diagram, circuit and materials

Fig. 2 shows the reflectometer block diagram.
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Fig. 2. Reflectometer design - Block diagram.

As shown in Fig. 2, the pP Nucleo L432KC, the logic
converter TXSO108E, the LED NSPL500DS and the sensor
C12666MA are integrated into the assembly. A variable resis-
tor 67WR10KLF and a power supply D03232 are connected
externally to the LED. Additionally, another power supply,
D03232 was used to provide a reference voltage of 2.9 V to
the VDDA (AREF) pin of the pP. These features required the
precise design of 3D parts and cabling arrangements, which
are discussed in the following section.

C. Reflectometer assembly: Instructions

Fig. 3 shows the board subassembly process, including the
1P and the logic converter.

Fig. 3. Boards sub-assy (uP and logic converter). Left corner inset: Rl
installed on the back of the logic converter.

As observed, an insulator tape was installed between boards
for safety purposes to avoid short circuits; then, the soldered
connections will hold the logic converter in its place. Fig. 4
shows the reflectometer sub-assembly.

Fig. 4a shows an IC socket A14-LC-TT with 6cm-long
cables soldered on each pin as specified. The IC socket was
used as an interface to avoid damaging the sensor during
the soldering process. Fig. 4b shows the board sub-assy with
the sensor. The final reflectometer assembly is completed, as
shown in Fig. 5.

(a) (b)

Fig. 4. Reflectometer sub-assembly. (a) IC socket cabling and sensor pinout.
(b) Board sub-assy with sensor.

(@) (b)

Fig. 5. Single-sensor reflectometer assembly (a) 3D view and cross section
showing the pP and logic converter addition (b) Final single-sensor reflec-
tometer assembly. All dimensions in mm.

Fig. 5a shows the 3D-view of the single-sensor reflectometer
and the position of the internal and external components, and
5b shows the final single-sensor reflectometer assembly.

D. Test Setup

Additional components were developed to complete the test
setup. See Fig. 6.

Fig. 6a shows the setup 3D view. The reflectometer holder
and the reflectometer holder lock were designed to keep the
reflectometer in the test position as close to normal incidence
to the coated sample; a second reflectometer holder was used
as a sample holder to place the sample under the reflectometer
inspection position.

Fig. 6b shows the physical test setup where a Dinolite
microscope stand (RK-10A) held the developed reflectometer
in the test position. The distance from the sample to the tip
of the reflectometer was 2 mm measured manually with the
integrated adjustment of the RK10A, and the light intensity
was set to 944 Lux measured with a Dr Meter Luxometer
(LX1330B). The microscope stand and the Thorlabs base
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(a) (b)

Fig. 6. Test setup (a) 3D view of the new reflectometer test setup (b)
Physical reflectometer and test setup parts. Thorlabs base PY005/M 3D view
reproduced with permission.

PY005/M were attached to a Thorlabs aluminium breadboard
Mb1445/M.

E. Methodology for reflectance measurements and calibration

The reflectance measurements per pixel of a coated substrate
(R.) are a ratio expressed as:

Re = (I —1a)/(Iu — 1a), €))

where the dark noise intensity (/) of a spectrometer sensor
is subtracted from the reflected intensity of an uncoated
reference (/,,) and a coated (I..) substrate; Figure 7 exemplifies
this process in four steps where the first two are the calibration
steps.

Fig. 7. Measurement and calibration process in SR. The curves were made
manually for explanation purposes.

i) Intensity of the uncoated reference. The reflected spec-
trum of an uncoated reference must be measured. The uP
integration time and light intensity must be adjusted so the
peak of the reflected spectrum reaches 90% of the available
analogue-to-digital converter (ADC) (see Figure 7 bottom left)
[17]. Using an uncoated reference standard is recommended
for reflectance calibration purposes; however, using an un-
coated sample with known refractive index can be used when
a reference standard for the material is not available [23], [24],
[28].

ii) Intensity of the dark noise. The light source must be
turned off to capture the dark noise intensity spectrum. An
average of a maximum of one hundred intensity measurements
of the uncoated reference (I,) and dark noise (I;) is recom-
mended for calibration purposes [41], [42]; however, this is
open to user needs. Section V shows the practical approach to
achieving the results in this work.

iii) Intensity of the coated sample. After calibration, the
light must be turned on again, and a coated sample must be
placed in the test position to capture the intensity.

iv) Reflectance measurement. The reflectance measurement
is calculated from Equation (9). Observing the bottom right
of Figure 7, each pixel shows a corresponding reflectance
point (R.). Consequently, a reflectance curve is formed across
the spectrometer sensor pixels. Each sensor pixel is preset
with a wavelength by the vendor. The measured reflectance
curve can be used for comparison purposes with the model as
explained in section II-B, and the thickness measurements can
be performed by fitting a curve within the measured reflectance
curve as explained in section II-C.

IV. SOFTWARE DEVELOPMENT

This research presents an automated multi-layer reflectance
model generator script, which enables real-time thickness mea-
surements using least squares optimisation with the curve_fit
SciPy package. The software development scripts were de-
signed to comply with the fundamentals in Section II.

A. Reflectance script

Fig. 8 shows the block diagram where the reflectance,
calibration and refractive index scripts were developed using
Python version 3.10.

Fig. 8. Reflectance script top-level block diagram.

As observed, the reflectance script performs three major
tasks: (i) it generates a reflectance curve by loading the
calibration files and read live data from the sensor, (ii) it
autogenerates a mathematical model for comparison purposes
and calculates the RMSE, and (iii) it estimates the thickness
based on the non-linear least squares method.

i) Reflectance curve generation. This script was designed
to comply with Section III-E. As observed, the script loads
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the calibration pre-generated files by two scripts: the uncoated
reference (I,,) and dark noise (I;). Then, it calculates (R.) by
reading the live intensity data of the coated sample (I..) as de-
fined in Equation (9). Section V expands on the experimental
approach in this paper.

ii) Multilayer model generation. This is enabled by reading
the initialisation file containing the expected thickness per
layer, the type of materials under study and the angle of
incidence. Then, the reflectance script reads the Pixel File to
get the sensor pixel wavelengths and generate the model based
on Equation (1). Once the model and the reflectance measure-
ments are ready, the Root Mean Squared Error (RMSE) is
calculated.

iii) Thickness estimation. The final step is the thickness
estimation using least squares optimisation as described in
Section II-C. The reflectance script reads the initial guess of d;
and d, from the initialisation file; then, these values are input
to the Python SciPy curve_fit function (method: Dogbox);
then, curve_fit returns the optimised d; and ds. This process
fits a curve within the live sensor measurements, which is done
by using the new optimised thickness values of d; and ds in
the model stated in Equation (1). Once the fitted reflectance
line is generated, the R? is calculated using the Scipy r2_score
function.

B. Reflectance script validation

Fig. 9 compares the theoretical multilayer model (PET / ITO
: PEDOT : PSS) with the Python-generated reflectance model
and with the model generated by the Filmetrics calculator [39].

Fig. 9. Reflectance model comparison at randomly selected thickness values:
d1:485nm and d2:114nm. The Python model was generated synthetically for
the script validation purposes.

Regarding the Filmetrics-generated model, the PEDOT :
PSS refractive index is not available in the Filmetrics calcu-
lator database; however, the calculator allows the refractive
index estimation of a material by adding dispersion and
defining a bandwidth around a defined wavelength of 632.8
nm. The refractive index of PEDOT : PSS was found in
[40] and used to generate the estimated reflectance curve
with the Filmetrics calculator and perform the comparison.
All the reflectance curves were similar, demonstrating that the
Python script calculates them accurately. Section V shows the
experimental results.

V. USE CASE: MEASURING THE THICKNESS OF
MULTILAYER FILMS OF AN ELECTRODEPOSITED SAMPLE.

A. Calibration settings

The reflectometer physical position with respect to the
sample was described in Figure 6b. The calibration steps were
performed as described in section III-E. Thirty measurements
were selected as a baseline to keep the measurement time
during calibration below two seconds per spectrum measure-
ment. Increasing the number of averages would increase the
calibration time beyond 2.5 minutes, which is not practical for
our demonstration purposes. Additionally, the integration time
was set to 0.2 seconds and the light intensity to 944 Lux as
mentioned in section III-D.

Fig. 10. Calibration graph of Sample E1 (Appendix A) showing the uncoated
reference and noise spectrums; and the live measured reflectance

As observed in the calibration graph Figure 10, a reflectance
curve (in dotted blue lines) was generated after following the
calibration steps. This curve can be compared to a modelled
curve using the RMSE; then, another curve can be fitted in it
using the least squares optimisation to estimate the thickness
measurement. See section II for fundamentals and section IV
for the description of the reflectance script that enables this
process.

B. Experimental Results and Discussions
B.1 Python screen results - single measurement

The new reflectometer multilayer measurement capability
was tested on seven PET / ITO / PEDOT : PSS samples created
in the lab described in the Appendix A. Figure 11 shows the
Python script output screen.

Figure 11 shows the Python screen and the reflectance
curves of sample El (modelled, measured and fitted-
optimised), where the experimental model is automatically
generated by the Python script and is based on the same
theoretical model in Equation (1). The bottom of the screen
shows the system outputs RMSE, R? and measured (opti-
mised) thicknesses d; and d,. The “Exp” (expected) thickness
values are the initial best guess set in the initialisation file as
explained in Section IV. The following section shows the full
data set analysis with an increased sample size for each ED
sample.
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Fig. 11. Sample El - Python screen output of a single measurement. (Note:
Exp: Expected; Meas: Measured)

B.2 Full data set analysis

Fig. 12 shows the averaged thickness measurements of d;
and dy vs ED charge of the seven electrodeposited samples.

Fig. 12. Thickness response (d; and d2) vs ED charge. The samples were
grouped by ED charge, and the d; and d2 data were measured simultaneously
and averaged after >130 measurements per sample. The data points are the
mean *+ Uncertainty @ 95% confidence interval. Orange block: Averaged
charge. Purple line: Averaged d;. Light blue line: d2. Red marker: d2 spec:
130nm

As shown, d; increases with ED charge, showing a lin-
ear response vs charge (see Appendix A for ED charge
information). This finding is promising, suggesting that the
method presented in this work could measure PEDOT : PSS
thickness up to 506.03 £ 2.73 nm @ 95% confidence level.
Additionally, do remains within <7% error compared to the
vendor specification in all samples (vendor spec PN:639303-
5EA is 130nm), showing a max thickness of 138.82 + 2.87 nm
@ 95% confidence level. Table VI shows a summary of the
thickness measurements data. As observed, the PEDOT:PSS
thickness (d;) changes with charge, while the ITO layer (ds)
remains close to the specified value of 130 nm, as expected.
The following section explains the uncertainty calculation.

TABLE VI
SUMMARY OF THICKNESS MEASUREMENTS RESULTS OBTAINED FROM
SEVEN SAMPLES E1 — E7

d o u w d. dz d> o u v
Sample (m;) (o) (nr;) @ 95% (m’jl) spec | Error | (m;) @ 95%
(nm) (nm) | (%) (nm)

E6-E7 | 506.03 | 5.42 | 1.36 | 273 | 138.82 6.78 | 741 | 1.43 | 2.87
E4-ES | 34650 | 3.88 | 133 | 265 | 12547 | |, | 348 | 4.36 | 134 | 2.67
EI-E3 | 201.47 | 149 | 1.29 | 258 |125.48 347 | 140 | 129 | 2.58

All the data in this table is averaged. PET:ITO sheet PN:639303-5EA. o: standard
deviation; u.: combined uncertainty and U: expanded uncertainty. Data set [43].

B.3 Uncertainty calculation

The uncertainty was calculated as described by the National
Physics Laboratory (NPL), considering the Type A and Type B
uncertainties at 95% confidence interval level using a k factor:
2 [46]. Therefore, the Type A uncertainty was calculated as
u = o/y/(n) where n is the sample size; and then the
combined uncertainty as ue = \/(uk, .4 + Ud,.5). In
this case, the Type B uncertainty was defined by the data
sheets of the spectrometer, where the following uncertainties
were considered [47]: spectrometer wavelength reproducibility
(max: 4+ 0.8 nm); wavelength temperature dependence (max:
4+ 0.08 nm) and an additional uncertainty due to mechanical
positioning (= 1 nm). Finally, the expanded uncertainty (U)
was calculated as U = ku, with a coverage factor of k = 2 for
a 95% confidence interval level. All the tests were performed
under a controlled room temperature of 23°C. The following
section explains the RMSE and R? analysis.

B.4 RMSE and R? analysis

The RMSE remains low in all the samples (< 0.015), a
good indicator of comparison between the modelled and the
measured reflectance curves. Finally, the R? shows promising
values of GoF on optimising the thickness by fitting a curve
within the measured values. The R? values (averaged per
group) were 0.79 for samples E1 - E3, 0.82 for samples E4 -
ES, and 0.75 for samples E6 - E7. Fig. 13 shows the reflectance
curves of the experiment. The reflectance values per chart were
averaged to facilitate the visual analysis.

As observed, the measured reflectance curves are close to
their models, which explains why the RMSE is getting low
values <0.015; however, the R2 was close to 0.8 for all the
samples. According to industry experts, an R?>0.95 must be
expected as a good fit indicator. The samples EI1-E5 show
similar reflectance curve shapes compared to the models. How-
ever, the reflectance curves of E6-E7 start deviating from their
models. This deviation could be explained by an important
feature of the coatings, the surface roughness, which explains
how smooth a surface is compared to others.

Table VII shows the surface roughness metric (Ra) mea-
sured with an Alicona Focus x Microscope, where two alu-
minium polished mirror-finish samples were used for compar-
ison.

As observed, the ED samples presented more variation; all
presented higher surface roughness than aluminium mirror-
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Fig. 13. Reflectance curves of samples E1 to E7. All data was averaged.
Dashed lines: Measurements. Solid lines: Models

TABLE VII
SURFACE ROUGHNESS COMPARISON USING ALICONA Focus X
MICROSCOPE
Sample | Ra | Sample | Ra Sample Ra

ID |@m | ID |@m| ID | (um

El 0.53 E4 0.38 E7 0.314

E2 0.416 E5 0.735 | AL0.25 | 0.133

E3 0.207 E6 0.296 | AL_0.05 | 0.158

All units centred, Ra measurements within 1 pm linear inspection zone.

finished samples. Other sources of variation must also be
considered.

o Roughness effects in model. Equation 1 works well
assuming ideal conditions; however, roughness must be
considered in the model to improve accuracy [48]. Fu-
ture work will explore the effects of roughness on the
reflectance model by implementing known roughness
correction models, understanding their advantages and
limitations with conductive polymer materials as pre-
sented in this work and improving them with innovative
approaches.

o Reference. An uncoated PET sample with 150 pm
thickness from Plasfilms was used as a reference for
calibration purposes. The sample differs from the ITO-
precoated PET films purchased from Merck. The ITO-
coated PET from Merck is 127 pm, whilst the Plasfilms
PET sheet has a 150 pum thickness. Merck does not sell
an uncoated PET version. Therefore, having the same
uncoated PET as provided by Merck could significantly
improve the reflectance curve shape and the R? metric.

« Electrodeposition process. As observed, the ED process
can not ensure a flat, homogeneous surface, causing
roughness variations and potentially affecting the thick-
ness measurements.

e 3D printed part variation. The sample holder was
printed in-house in an i3-MK3 3D printer, having 0.2
mm variation per specifications; therefore, misalignments
could affect the reflected intensity.

o Intensity offset of the uncoated samples Due to an
offset presented in the coated samples, the integration
time was set to 200 units (0.2 s) first when measuring

the reflected intensity of the uncoated samples; however,
the integration time was modified to 25 units (0.025
s) when measuring the coated samples E1-ES5, then to
50 units (0.05 s) for E6-E7 for experimental purposes.
The offset was constant, without drift over time, and
kept the same reflectance curve in the VIS spectrum;
therefore, following the National Physical Laboratory
(NPL) practices to fix offsets [44].

o Reflectance model vs measurement mismatch. Se-
lecting the initial best-guess of thickness value could
lead to measurement inaccuracies and increased errors
due to model and measurement mismatch. Therefore,
we implemented the RMSE and R? simultaneously to
improve accuracy and reduce the thickness errors to the
lowest possible, which is not a normal practice in the
industry. Reflectance industry leaders only use the R?
as a GoF indicator [41], [42]. Others are implementing
machine learning to improve the initial thickness estimate
and improve accuracy [45]. Future developments will
explore this approach to reduce uncertainty in thickness
measurements.

The sources of variation added complexity when measuring
the thickness values. Once the samples were placed into the
test position, the SW found the optimised thicknesses of d;
and d;. Any other source of variation could be related to
mechanical and optical effects due to the in-house laboratory
setup or light source stability.

Since this work is focused on multilayer measurements of
specialised off-the-shelf compounds used in new solar cell
generation materials, it was not possible to find a commercial
PEDOT : PSS / ITO / PET standard sample to compare
the measurements; however, single-layer measurements were
also made available by enabling the single-layer model [17],
[19], and performing optimisation as presented in this paper,
showing that our device could measure coating thickness with
< than 1.51% error compared to a commercial Filmetrics-F20
reflectometer. Table VIII shows the comparison.

TABLE VIII
SINGLE-LAYER MEASUREMENTS COMPARISON VS COMMERCIAL
REFLECTOMETER
Measurements

SiO2 Vendor | Filmetrics Our Error
Sample | vendor spec | tolerance F20 system (%)

(nm) (%) (nm) (nm)
1 300 20 304.74 £+ 21300.13 £ 2.57| 1.51
2 300 20 286.86 £ 2(283.58 + 2.57| 1.14
3 150 10 162.32 + 2|164.14 + 2.57| 1.12

Our system sample size was 300 per sample over two days for repeatability
purposes. A Filmetrics TS-SiO2-6-Multi Standard was used for calibration. The
F20 sample size was 30 per sample at the Imperial College of London.

As observed, our reflectometer was precise compared to a
commercial reflectometer. Future work will address the men-
tioned sources of variation and limitations to deliver the full
potential of SR in-process inspection in R2R manufacturing.

VI. CONCLUSIONS

This work presented a unique in-house developed reflec-
tometer with thin-film multilayer measurement capability for
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flexible electronics applications. Key findings were the re-
flectometer’s capability to characterise a layer of Indium Tin
Oxide with a thickness ranging from 125.48 to 138.82 £ 2.87
nm which represents an error below 7% compared to vendor
specifications (130 nm); and the linear thickness response
of Poly(3,4-ethylenedioxythiophene) : Poly sodium 4-styrene
sulfonate vs electrodeposition charge, ranging between 201.47
to 506.03 4+ 2.73 nm, giving certainty to our measurements.
This work advances the current state of the art in the area
by proposing a spectroscopic reflectometry-based system that
is capable of measuring multilayer thicknesses and has a
reduced size of 27.13 cm?®, which is less than a quarter
of the size of existing technologies. The small size of the
proposed sensor system allows its installation for multilayer
thickness measurements during manufacturing processes like
R2R, where space is constrained and restricted. Additionally,
the simultaneous measurement of PEDOT:PSS and ITO is a
promising feature for new solar cell research, development and
manufacturing.

Future work implies stacking multiple sensors to extend the
thickness measurements across the width of a coated substrate;
additionally, implementing innovative machine learning meth-
ods is a potential research path to follow to improve the fitting
methods and the accuracy of the thickness measurements.
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APPENDIX A
SAMPLE CREATION PROCEDURE

As mentioned, an ED process was modified from pre-
viously reported work [49], [50]. Regarding materials, the
PSS (PN:243051-100G) and a pack of ITO-coated PET (PN:
639303-5EA) were obtained from Merck. Additionally, a
bottle of 3,4-Ethylenedioxythiophene (EDOT) monomers (PN:
10-F047796) was purchased from Fluorochem.

Fig. 14 shows the process of creating electrodeposited
samples.

The new process starts by weighing 23.4 g of deionised
water in a 50 mL beaker. Subsequently, a magnet is added,
and the magnetic stirring is kept at 600 rpm. Then, 86.21mg
of PSS were dissolved in the solution for a 0.02 mol/L
concentration. Finally, 26.77 uL of EDOT monomers were
dissolved in the same beaker and stirred for 20 min to obtain
the EDOT concentration of 0.01mol/L. An ITO-coated PET
sheet was cut into seven 2.5 cm x 1.5 cm rectangles, and the

Fig. 14. Electrodeposition process- sample creation

target coated area was 1.5 cm x 1.5 cm. Then, segments of
copper tape were attached to one of the short sides to improve
connection and facilitate the sample positioning to perform
the PEDOT : PSS ED. Finally, the prepared ITO-coated PET
flexible electrode was positioned as a working electrode, a
platinum coil as a counter electrode and a commercially
available Ag/AgCl/KCl 3M (BASi) as a reference electrode.
Fig. 15 shows the electrodeposition setup.

(@) (b)

Fig. 15. ED three-electrode setup. (a) Working electrode sample (prepared
ITO-coated PET flexible electrode) with copper tape (b) Sample in position
for ED.

Once the sample was placed into the electrodeposition
position 15b, the solution was stirred at 200 rpms. Then, using
the VersaStudio SW in chronoamperometry mode, a constant
1.5 V was applied for different intervals per sample, coating
the ITO surface with a layer of PEDOT : PSS. Fig. 16 shows
the resulting PET / ITO / PEDOT : PSS samples.

(a) (b)
Fig. 16. Electrodeposited samples (a) Electrodes 1 - 7. (b) Sample diagram
where d; is the thickness of layer 1, and dg is the thickness of layer 2.

As observed, seven samples were made using ED following
the described procedure. Table IX shows the electrodeposition



JOURNAL OF IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT. 11

charge, time and current per sample; the deposition rate can
be deduced, resulting in J = 1 mA/cm?.

TABLE IX
ELECTRODEPOSITION TIME AND CHARGE PER SAMPLE
Sample ED time | Current | Charge

(s) (mA) | (mC)
E6 - E7 120 2.58 | 309.76
E4 - ES 60 242 | 145.14
El - E3 30 2.60 78.19

Results were averaged per sample group.
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