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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.1 Thick transparent substrates are a key component for transmissive thin film optical filters and optoelectronics.

5342753 In optical characterization of such substrates, light reflected from the backside — whether fully or partially
Keywords: detected — interferes with light directly reflected from the substrate’s front side. Herein, we introduce a
Microspectroscopy straightforward approach for microspectroscopic measurements, with lateral dimensions in the micrometer
Reflectance range, to reliably assess the amount of measured backside reflectance. Therefore, geometric calculations based

Backside reflection
Transparent substrates
Thin films
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Incoherent layers

on micrographs, substrate thickness and refractive index, as well as magnification of the applied objective lens
are utilized as input parameters. Additionally, we account for the influence of the numerical aperture, which
is essential for accurate determination of the properties of thin films coated on thick transparent substrates.
Compared to simulations completely incorporating or entirely neglecting the backside reflectance, our approach
significantly reduces the mean squared error between measurement and model in the case of partially detected
backside reflectance. After demonstrating the capabilities of our approach to accurately identify the amount of
backside reflectance detected for a variety of bare transparent substrate materials, thicknesses, and objective
lenses, we prove the capacity to determine the thickness of silicon nitride and silicon nitride/silicon oxide
layers on glass substrates with high consistency to complementary STEM/EDX measurements even for large
numerical apertures.

1. Introduction reliable characterization techniques arose in the field of nanoelectron-
ics (Zheng and Li, 2024). Besides to the so-called 2D materials, methods
The measurement of reflectance using magnifying objective lenses for the destruction-free assessment of the thickness of structured layers
has become established in recent years (Hutzler et al., 2017, 2019) as
an alternative to state of the art techniques for thickness determina-

tion in structures with micrometer-scaled lateral dimensions, such as

with lateral dimensions on the micrometer scale are essential in the
semiconductor industry because of the impact of their thickness on
electrical performance (He et al., 2025; Si et al., 2020).

transmission electron microscopy (TEM) (for sufficiently transparent
samples), atomic force microscopy (AFM), or specialized (microspot)
ellipsometry. For this purpose, a microscope is combined with a spec-
trometer and allows the resolution of significantly smaller structures in
the micrometer range (Schwarz et al., 2023) in contrast to conventional
ellipsometry with typical measurement spot diameters from hundreds
of micrometers up to a few millimeters. Various terms such as microre-
flectance (pReflectance) or microspectroscopy have been defined for
this method (Frisenda et al., 2017; Hutzler et al., 2020).

Especially since the discovery of van der Waals materials (Novoselov
et al.,, 2004) and the identification of their unique advantages due to
their optical and electric properties (Grazianetti et al., 2024; Dutta
et al., 2023; Kolesnik-Gray et al., 2023), the need for precise and
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Most van der Waals materials based devices and individual flakes
are exfoliated and manufactured on a silicon substrate with a thin film
of SiO, or related dielectrics deposited on top (Koster et al., 2022;
Slavich et al., 2024a; Jeon et al., 2023), which enables compatibility
with conventional microelectronics due to the common Si material
platform. In the case of flakes on SiO,/Si substrates, microspectroscopy
is already a common way of characterization to determine the thickness
over a large range (Schwarz et al.,, 2023, 2025) or to deduce the
absorption down to monolayers (Mukherjee and Simsek, 2016). For
material characterization, there are also investigations in which thick
polymer stamps (Hsu et al., 2019; Taghavi et al., 2019) or glass (Lee
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and Yee, 2021) are used as a substrate, thus enabling additional trans-
mittance measurements in the visible spectral regime. The combined
measurement of reflectance and transmittance simplifies the extraction
of the complex refractive index (Mukherjee et al., 2015). Furthermore,
transparent substrates are a requirement for many optical components
and filters such as waveplates (Abedini Dereshgi et al., 2023; Slavich
et al., 2024b) and transmissive polarizers (Moss, 2024; Zhang et al.,
2024b) built upon birefringent van der Waals materials or thin films.
Thick transparent substrates are also increasingly used in the field of
solar cells and flexible electronics (Tiwari, 2025; Tang and Yan, 2021),
enabling cheaper production via roll-to-roll processes and improving
mechanical durability.

However, it is known from ellipsometry that light reflected at the
backside of the substrate has a strong effect on the measurement
results (Hayton and Jenkins, 2004). These reflected contributions from
the backside of the substrate are also detected and interfere with the
desired signal from the front surface, where for example deposited thin
films provide the functionality required for the intended application.
There are several approaches to suppress backside reflected light such
as backside roughening, adding a material with a highly similar re-
fractive index at the backside, diverting the backside reflected light
by a wedge shape, or specialized knife-edge illumination (Funke et al.,
2016; Synowicki, 2008). While roughening the rear surface or a wedge
shape are no valid options if a high (specular) transmittance is required,
finding a suitable material to match the refractive index without alter-
ing functionality or other properties is a challenge (Synowicki, 2008).
If no suppression measures are possible, the modeling becomes more
complex. In particular, due to the high angle of incidence (AOI) in el-
lipsometry, the light reflected from the rear side emerges from the front
side with a large lateral offset (Furchner et al., 2023). This can result
in only part of the rear side reflectance being detected. On the other
hand, this circumstance can also be utilized by making the illumination
and/or detection aperture so small that only the reflectance from the
front is collected (Synowicki, 2008).

Recently, a model for ellipsometric data of a thick glass substrate
was introduced considering the geometric configuration of illumination
and detection, the AOI, and the substrate properties thickness and
refractive index (Furchner et al., 2023). The model is based on the
overlap of two circular apertures, namely the detection aperture and
the displaced beam of the backside reflected light, where the lateral
offset increases linearly with higher order (i.e., the multiply reflected
components between the front and back of the substrate) (Furchner
et al., 2023). Based on this, significant improvements were achieved for
angle-resolved ellipsometry, where the back focal plane of an objective
lens in a microscope setup is analyzed. In the back focal plane, the
ellipsometric parameters are accessible for each AOI defined by the
numerical aperture (NA). By applying the model, the accuracy to model
a thin ITO film on thick glasses was drastically improved (Peng et al.,
2024).

Regarding microspectroscopy, we assume that a detailed consid-
eration of the backside reflectance is mandatory for high accuracy.
This is because it can be fully, partially or not detected at all, de-
pending on the NA, the refractive index of the substrate, its thickness,
the magnification and the measurement spot size. Furthermore, we
demonstrated the necessity of taking into account the influence of the
NA for reflectance modeling by AOI weighting (Hutzler et al., 2020;
Schwarz et al., 2023). Consequently, analysis has to be performed for
each discretized AOI of the angular spectrum of the NA. A further
difference of thick substrates in contrast to thin films is the occurrence
of incoherence. The typical emergence of interference between the
wavefronts reflected at the front and back surfaces of a thin film is
typically not present for thick transparent substrates. Possible causes
are loss of phase information when traveling large distances through
the substrate, i.e., if the substrate is optically thicker than half of the
coherence length of the light source, thickness inhomogeneities and
a limited resolution of the spectrometer (Katsidis and Siapkas, 2002;
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Santbergen et al., 2013). Instead of a coherent superposition, the total
intensity is obtained by summing the intensities of the light directly
reflected at the front surface and the light reflected from the rear
surface of the substrate, which passes back through the front surface
upon exiting (Troparevsky et al., 2010)

Here, we expand our modular transfer matrix method (TMM) based
approach established in previous works (Hutzler et al., 2020; Schwarz
et al,, 2023, 2025) by including incoherent layers. In addition, we
introduce the PBRM model, in which we directly determine the amount
of detected backside reflectance, thereby significantly increasing the
accuracy of reflectance modeling. For this, we motivate an analyt-
ically straightforward solution based on literature (Furchner et al.,
2023). Unlike ellipsometry, the rotationally symmetric illumination
of reflected-light microscopy must be taken into account. We will
demonstrate the validity of the partial backside reflectance (PBR) mod-
eling through measurements using four objective lenses with different
magnifications and NA on multiple thick transparent substrates with
various material and thickness combinations. Additionally, we prove
the necessity of NA correction for reliable thickness determination
of thin films on top of a thick glass substrate in the form of SiyN,
and Si;xN,/Si; Oy films fabricated via plasma-enhanced chemical vapor
deposition (PECVD).

2. Materials and methods
2.1. Microspectroscopy

The basic structure of a microspectroscopy setup is shown in Fig. 1a.
A collimated light beam is focused onto the sample by the magnifying
objective lens. The reflected light obtained can be divided by a beam
splitter between the camera and the spectrometer coupled by a glass
fiber (Schwarz et al., 2023). A detailed description of the components
is given in Section 2.1.2.

2.1.1. Reflectance modeling

The general calculation of the reflectance Rppgpy of a layer stack
with the according layer thicknesses (¢g,,, 7;, and ¢, as an example for
the notation for two thin layers on top of a thick substrate) exhibiting
completely, partially, or not at all detected backside reflectance of the
thick transparent substrate can be described by Eq. (1):

N
Rpprm(4) = Z [Rw/,BR('L a,) - Pegrm(@,) I
n=1

+ Ryopr(4:a,) - (1= Poppm(a,,)) ] Wror(ay),

where Ry, pg and Ry, pr are the AOI dependent reflectance values of
the layer stack with completely detected and not at all detected back-
side reflectance of the substrate, Wrqr is the objective lens dependent
weighting function necessary for considering the NA, and Pppgy is the
ratio of detected backside reflectance, for which 0 < Pppgy < 1 applies.
For NA correction, the calculation of Pppry, Ry, pr> and Ry o pr NE€ds
to be performed for each AOI «, and, analogously to our previous work,
we use N = 50 discretized values (Hutzler et al., 2020; Schwarz et al.,
2023). The sampled values for «, represent the discretized spectrum of
AOIs provided by the objective lens or, more precisely, its NA (Schwarz
et al., 2023). An elaborated derivation of the necessary number of AOIs
for convergence in the simulation can be found in Section S1 of the sup-
plementary material. Wrqr weights the individual reflectance spectra
(Ry, pr and Ry, pg) Of the corresponding «,. The weighting comprises
a geometric component solely based on the NA and an objective lens
dependent parameter embodying potential inhomogeneities within the
spectrum of AOIs. The formulas for a,, and Wyt are explained in detail
in our previous work (Schwarz et al., 2023).

For the limiting case without backside reflectance Ry, gg, the sub-
strate is modeled as semi-infinite within the TMM framework, similar to
the more common case of a strongly absorbing Si substrate (Schwarz



J. Schwarz et al.

(a)
Camera
Spectrometer Fiber bundle
= | B W W

Micron 198 (2025) 103878

(b)

- Displacement ;:

Field stop
\ Light source

Beam splitterl: : ‘ ®

Aperture stop

LED
Focus assist]

Objective lens

Thick substrate

Sample Q

Air

Fig. 1. (a) Microspectroscopy setup used for reflectance measurements. (b) Schematic of (multiple) reflection phenomena in (thick) transparent substrates.

et al., 2023). Then, Rppry = Ry/opr 8 Ppprm = 0. Vice versa, for
Ry, pr the layer stack within the TMM must be defined in such a way
that the substrate is assumed to be finite in order to take the backside
reflectance into account. In that case, Rpgry = Ry,,pr @and Pppry = 1. If
a part of the backside reflectance is detected, Pppgyy is between 0 and 1.
For modeling R, gy it is necessary to consider the thick layer (i.e., the
substrate) as incoherent, so that interference fringes are replaced by the
superposition of the intensity of the components reflected on the front
and backside (Katsidis and Siapkas, 2002). A detailed discussion on
modeling incoherent layers within the TMM algorithm is given in the
last paragraph of this section. For thin films or flakes of 2D materials
on top, their thickness 7 can be determined via minimizing the mean
squared error (MSE), defined in Eq. (2), between the measured and
modeled spectra by iterating over ¢ (Schwarz et al., 2023).

A0 [ Riveas(A) = Rppam()]
MSE = 2 [ meas( ) MPBRM( )] . (2)

A

Here, R,,,(4) are the measured reflectance values at each wave-
length A of the spectrum, Rpggy(4) are the modeled reflectance values
according to Eq. (1) and M is the number of measurement points within
the boundaries A.,;, and 4.

In the following, we present the mathematical and geometric fun-
damentals for our PBR approach. Therefore, as a starting point, Fig.
1b depicts the principle of reflected light from the front surface and
light that has traversed the thick substrate and was reflected from
the backside, where higher orders of multiple internal reflections are
possible (Peng et al., 2024).

Under oblique incidence, there is a lateral displacement /; of the
components reflected from the backside, which is described by Eq. (3)
(Furchner et al., 2023):

Lia,) = j - 2 - tgyp - tan(agyp, ,), 3)

where j is the order of the light reflected multiple times internally in
the substrate, a, is the AQI, rg,;, the thickness of the substrate and ag;, ,
the angle of refraction in the substrate. The angle of refraction can be
determined by Snell’s law in Eq. (4) (Born et al., 2019):

. n
dgyp,, = arcsin <s1n(an) . "slb > . 4
u

Here, n; and ngy;, are the indices of refraction of the ambient medium
(air) and the substrate. To shorten calculations, we use the average
for ng,, within the evaluated spectral range in Eq. (4) as the disper-
sion dn/d4 is small for the investigated substrates. In contrast, the
reflectance spectrum is still computed wavelength dependent within the
TMM calculations. Further, we assume that only the lateral displace-
ment in the substrate is relevant, because the displacement stemming

from potential thin films on the substrate is much smaller since rp;,, <
fsup- In addition, the presence of thin films has no influence on the
relation in Eq. (4) owing to its transitive nature (Born et al., 2019).

Our TMM-based approach inherently takes the contribution of all
higher orders of internally reflected light into account (Born et al.,
2019). For the PBR calculations, we only consider the contribution
of the first order of backside reflected light and consequently only
the lateral displacement /;, illustrated in Fig. 1b, is relevant. This is
justified because the higher orders are strongly attenuated by multiple
internal reflections. A detailed determination of the resulting negligible
inaccuracy can be found in Section S2 of the supplementary material.

The PBR approach is fundamentally based on the approach of
Furchner and coworkers (Furchner et al., 2023) for ellipsometry and
hence the geometric arrangement for the first order backside reflected
light is schematically displayed for an arbitrary AOI in Fig. 2a. The
white circle represents the position of the direct reflection at the
upper boundary surface, while the blue circle represents the position
of the laterally shifted first-order reflected light from the rear side
at the same upper boundary surface. For the sake of simplicity, we
assume that the illuminated area has the same size as the detector
area and corresponds to the area of each circle. Then, the red area
illustrates the overlapping area, where the highest reflectance arises.
This model is valid for classical ellipsometry at a high AOI, as the
lateral displacement is only present in the direction of the incident
light beam (Furchner et al., 2023). Furthermore, a concentric alignment
between illumination and detection apertures is presumed, similar to
angle resolved ellipsometry (Peng et al., 2024).

Regarding micro(spectro)scopy, Fig. 2b shows a micrograph of a
1050 pm thick Al,05 sample obtained with a 10x/NA 0.25 objective
lens, where gamma correction (Bass, 1995) was applied to enhance the
contrast. The illuminated area is defined by the image of the field di-
aphragm. In contrast to the situation shown in Fig. 2a, a radial decrease
in brightness is visible. The reason for this is that in microscopy the
arrangement is basically vertical and the illumination is rotationally
symmetric. The lateral offset must be evaluated in all directions and
hence the most overlap is located in the center and decreases radially.
If the field diaphragm is fully open in Fig. 2c, the illuminated area
increases and the brightness is homogeneous within the depicted region
due to a drastically larger overlap region between directly reflected
and backside reflected light. For reflectance measurements, however,
opening the field stop is no solution, because by doing so, stray light
is markedly increased and alters the measurement dramatically (see
supplementary material Section S3).

Additionally, the different AOIs are caused by the use of an objec-
tive lens and defined by its NA (Katzen et al., 2018; Hutzler et al.,
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Fig. 2. (a) Sketch of the geometric constellation of the area of directly reflected (white), laterally displaced backside reflected light (blue) and the overlap region (red). (b) Section
of a gamma correction adjusted micrograph of a 1050 um thick Al,O; sample obtained with a 10x/NA 0.25 objective lens. (c) Section of a micrograph of the same sample with a

fully opened field diaphragm. The scale bar in (b) and (c) is 50 pm.

2020). For reflectance modeling it is necessary to consider this angular
spectrum (Schwarz et al., 2023) and we need to calculate the overlap
for each AOI and therefore resulting lateral displacement /,(«,). A
further difference of microspectroscopy is the large disparity of diam-
eters between the illuminated area, i.e., diameter of the directly as
well as the backside reflected light, and the area of the measurement
spot. In our setup, the diameter of the illuminated area exceeds the
measured area by a factor of about 20. Contrary to the simplified
depiction in Fig. 2a, for micro(spectro)scopy, the white circle represents
the measurement spot, i.e. the detection area of the directly reflected
light, and the blue circle symbolizes the area of the laterally displaced
backside reflected light with a significantly larger diameter than the
measurement spot. Consequently, the measured reflectance is highly
dependent on the relative position of the measurement spot within the
illuminated area. Beyond that, the field diaphragm is freely movable to
meet the requirements for micro(spectro)scopy, so the position of the
measurement spot relative to the field stop is adjustable by recentering
the field diaphragm using its center alignment screws.

In the following, we introduce the procedure for calculating the
overlap Ppppy of the directly and first order of backside reflected
light, essential for Eq. (1), of the partial backside reflectance - mi-
cro(spectro)scopy (PBRM) approach. The baseline method, termed par-
tial backside reflectance - ellipsometry (PBRE) within this work, is
based on ellipsometry (Furchner et al., 2023). A detailed derivation
of the Equations for the PBRE method can be found in Section S4 of
the supplementary material. The basis of operation is the overlap of
two circular areas with arbitrary diameter and position in relation to
each other. Applied to microspectroscopy and our PBRM approach, this
overlap depends on the diameters Dy;g of the measurement spot and the
laterally displaced backside reflected light with the same diameter as
the image of the field stop Dgg, and the distance between the centroids
of the two circles. The distance is defined in terms of coordinates xgg,
Yrs> Xms> Yms and the AOI dependent lateral offset /,(a,). If we take
into account the rotationally symmetric constellation of micro(spectro)-
scopy, the lateral displacement of the light reflected at the backside
must be determined in all spatial directions. The percental overlap
Ppprv 1S now evaluated as the average over the spatial directions
examined according to Eq. (5):

= 2.2 _ 2
P (@) = 1 Z D2 arccos M
PBRM\%n/) = 2D % FS 2 (9)D
< Dys i=0 2;i(6;)Dgg

z;(6,)* + D} — D )

+ D2 arccos
MS < 2z;(0,) Dyis

- %\/(Dps + Dyis — 2;(0;))(z;(6;) + Dpg — Dyis)

)

- V/(2;(8)) — Dgs + Dy5)(z,(6;) + Dgs + Dyg) ] .

There, the lateral displacement /,(a,) is evaluated for all spatial
directions 6, resulting in direction dependent coordinates x;pr and
yipr Of the backside reflected light according to Egs. (6) and (7). As
a consequence, the distance between the centroids of the backside
reflected light and the measurement spot z; in Eq. (8) also depends
on 0. Here, 6 is quantized in 5° steps, which amounts the number of
calculations ¥ to be averaged in Eq. (5) to 72.

x;pr = Xps + (a,) cos(6;) (6)
ViR = Vs + 1(a,) sin(6;) @
z; = \/(xi,BR = xms)* + (Vipr — Yms)? )

with 6; € {0°,5°,10°, ...,355°}

The diameters Dpg and Dyg as well as the coordinates xgg, Vg,
xps, and yyg are identified from a microscope image by Python image
processing based on the OpenCv module (Bradski, 2000) (see Section S5
in the supplementary material for a short description). The irregular
octagon of the luminous field aperture is approximated by a circle to
allow the use of Eq. (5). In Fig. 3 the measurement spot is illustrated
in green, the illuminated area of the image of the field diaphragm
is illustrated with a blue contour, and its circular approximation is
illustrated with a red contour. Additionally, the centroids of the octagon
and the circular approximation are depicted. These almost coincide,
which further confirms the simplification made.

Finally, the flowchart of the PBRM procedure is schematically de-
picted in Fig. 3.

For modeling, the (complex) refractive indices for air (Peck and
Reeder, 1972), Si (Green, 2008), SiO, (Hutzler et al., 2017), SiN (Vogt,
2015), Al,O5 (Weber, 1986), AF 32eco glass (Schott, 2025a), BF33
(Schott, 2025b), and SrTiO5 (Weber, 1986) were taken from literature.

The Al,O; samples are crystalline sapphire with c-plane orienta-
tion. Although our 4 x 4 TMM approach can model the birefringent
behavior (Schwarz et al., 2023) of uniaxial Al,05 (Weber, 1986), we
assumed isotropy — based on the ordinary refractive index — because
the MSE between the isotropic and anisotropic reflectance models is on
the order of 10~ at maximum, which is well below the noise level in
our measurements. This holds even for the 100x/NA 0.9 objective lens,
where the extraordinary refractive index has the largest impact due to
the larger AOIs (Schwarz et al., 2023). This negligible MSE results from
the weak birefringence of Al,03, e.g., 4n =~ 0.008 at 500 nm.

The objective lens dependent parameter ¢ of the weighting func-
tion Wrgr, explained in detail in Schwarz et al. (2023), were 0.3
(10x/NA 0.25), 0.7 (50xUL' /NA 0.35), 1.5 (100xUL! /NA 0.6), and
3.3 (100x/NA 0.9).

1 UL’ stands for ’ultra large’ working distance.
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Fig. 3. Flowchart of the numerical procedure for the proposed PBRM approach. Starting from image processing (the scale bar is 50 um), to evaluating Eq. (5) iteratively for the
discretized AOIs a,, and the iterative process of fitting the thickness ¢ of a potential thin film on top of the substrate via minimizing least squares.

Incoherence. In literature, several techniques were introduced for mod-
eling the reflectance and transmittance of material stacks with inco-
herent layer(s). An early method was the transition from the complex-
valued reflection and transmission coefficients within the transfer ma-
trices to their squared amplitudes, which leads to an intensity matrix
independent of the phase difference of the directly reflected and mul-
tiply reflected wave fronts inside the thick layer (Harbecke, 1986;
Katsidis and Siapkas, 2002). Another approach, based on the net ra-
diation method, is to average the calculated reflectance values for a
large number of random phase shifts added within the coherent transfer
matrix of the thick layer (Santbergen et al., 2013; Troparevsky et al.,
2010). However, this is computationally expensive. Further procedures
are based on phase matching or phase elimination where the thickness
of the thick substrate is (multiply) adjusted within the TMM simulations
to achieve a vanishing sum of interference terms (Campa et al., 2013).
Moreover, there is the equivalent matrix method based on calculating
the necessary phase shift additions at the front and back of the incoher-
ent layer and representing the incoherent layer with a coherent one by
an equivalent propagation matrix (Puhan et al., 2017, 2019). Here, we
utilize a modification of the averaging of coherent calculations with
random phase shifts by applying equidistant phase shifts within an
interval of = or a multiple thereof. Firstly, this reduces the number
of required calculations. In our modeling, we use 9 equidistant phase
values in the interval [0,2z[, thereby suppressing the interference
within the incoherent layer up to the 9th order (Santbergen et al.,
2013).

Additionally, this method is capable of simulating partial coherency,
i.e. the interference fringes are visible, but the amplitude is reduced.
This effect usually occurs if the thickness of the layer is of the order of
the coherence length of the light source and the resolution limit of the
spectrometer (Santbergen et al., 2013). The modeling and measurement
of a 30 um thick AF 32eco glass (Schott, 2025a) sample showing partial
coherency can be found in Section S6 of the supplementary material. At
this point, we want to emphasize that partial backside reflectance and
partial coherence are fundamentally different phenomena. Typically,
a reduction in the visibility of the interference fringes occurs first,
while the complete signal of the backside reflected light can still be
detected. For thicker substrates, the interference fringes then disappear
completely, and the greater lateral offset can result in only a fraction
or none of the backside reflectance being collected. Depending on
the constellation of illumination and detection apertures, as well as
magnification and NA, there could also exist a window where both
effects occur simultaneously.

2.1.2. Reflectance measurements

A sketch of the employed microspectroscopic system is presented
in Fig. 1a. Our setup is based on an Olympus BX53M-TRF microscope
coupled to a Horiba iHR 320 spectrometer equipped with a 1200 g/mm
diffraction grating and a Horiba Synapse CCD detector. The light source
is a halogen lamp and therefore the spectral range is limited from
440nm to 950nm. The reflectance is collected with the center fiber
of a fiber bundle. The individual fibers have a diameter of 200 pm.
The diameter of the circular measurement spot was determined by the
magnification of the system and the diameter of the glass fiber. The four
objective lenses utilized are listed in Table 1 with their NA and the

Table 1

Objective lenses, numerical apertures and diameters of the measurement spot.
Objective lens 10x 50xUL 100xUL 100x
NA 0.25 0.35 0.60 0.90
Spot diameter/pm 20 4 2 2

resulting diameter of the measurement spot. The aperture diaphragm
was fully opened to ensure the entire NA of the objective lenses was
available. In contrast, the field stop was adjusted to the smallest setting
to reduce stray light (Frisenda et al., 2017) and improve the signal-to-
noise ratio (see Section S3 in the supplementary material). To obtain
absolute reflectance values a silicon sample was used for reference
measurements. The background signal containing the dark signal and
noise from internal reflections in the beam path was measured on an
ultra-low reflecting flock sheet from Musou Black designed for the
visible and near infrared wavelength range. All spectra were averaged
over 10 acquisitions.

2.2. Sample preparation

For this study, we investigated several transparent substrates. All
samples were double side polished, thus we assumed fully specular
reflection. The samples were 500 pum thick BF33 glass wafers from
Schott AG, 100 pm AF 32eco thin wafers from Schott AG, 500 pm and
1050 pm thick Al,O3 windows from S.A.F.L.R., and 500 ym thick SrTiO5
substrates from CRYSTAL GmbH. Ca. 500 nm thick Si, Ny thin films were
deposited on two BF33 wafers as single-wafer processes. On one of
these wafers an additional ca. 500 nm thick Si, O, film was grown. The
thin films were fabricated using PECVD at a deposition temperature of
130°C. For the SiyN, thin film, NH3 and SiH, were used as precursors.
The Si,O, film was deposited using O, and SiH, as precursors. Both
ca. 500 nm thick layers were applied in two consecutive 250 nm depo-
sition procedures to increase the homogeneity of the layer thickness.
The layers were optically measured as-deposited and did not receive
any further heat treatment. Furthermore, FIB prepared TEM lamellae
were analyzed by high-angle annular dark-field (HAADF)-STEM and
STEM-EDX.

2.3. HAADF-STEM

STEM investigations were conducted with a Talos F200i (Thermo
Fisher Scientific), equipped with a Schottky field-emission gun (X-
FEG) and a Dual Bruker XFlash 6 | 100 EDX detector. A primary
electron energy of 200keV was employed for imaging and elemental
analysis. The electron probe was set to a beam current of 70 pA with
a convergence angle of 10.5mrad. Elastically scattered electrons were
collected using a HAADF detector within an angular range of 58 mrad
to 200 mrad. Figs. 4a and b show the results of the nanoanalysis in
the form of HAADF-STEM images, EDX spectrum images for oxygen
and nitrogen K, lines, and their line-wise integrated profiles for the
SiyNy/BF33 and Si,O,/Si;yN,/BF33 layer stacks. The full width at half
maximum (FWHM) of the O and N signals was evaluated for the film
thicknesses. For the single Si,N, film, the thickness is 536.4nm and for
the SiyN, and Si, Oy layers in the combined stack, the thicknesses are
531.9nm and 518.5 nm, respectively.
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Fig. 4. HAADF-STEM images, STEM-EDX spectrum images of O and N, and corresponding line profiles of FIB lamellae for the (a) Si;N,/BF33 and (b) Si,O,/Si,N,/BF33 samples.
For the line profiles the Si;N,/BF33 interface was defined as the reference point. The scale bar is 200 nm.

3. Results and discussion
3.1. Bare substrates

In the following, we present the key findings by means of repre-
sentative examples. The results of all investigated substrates can be
found in Section S7 in the supplementary material. If several samples
of one type were available, one measurement was taken on each of
two samples, labeled Meas. 1 and 2. Otherwise, only one measurement
was performed. Initially, we look at instances of complete backside
reflectance or lack thereof. Fig. 5a shows the measured and modeled
reflectance spectra of the 500 pum thick BF33 samples obtained with
the 10x/NA 0.25 objective lens. The measurements perfectly match the
model with total backside reflectance (w/ BR) and our PBRM approach
accurately predicts this behavior.

In contrast, the measurements of the same sample with the 50xUL/
NA 0.35 objective lens in Fig. 5b exhibit nearly complete absence of
backside reflectance, resembling the respective model (w/o BR). Again,
the PBRM model describes this case precisely. Since the NA difference
of the two objective lenses is small, the AOI distribution is comparable
and thus also the lateral displacements of the backside reflected light.
The difference in characteristics between Fig. 5b and Fig. 5a is due
to the areas of both the backside reflected light and the measurement
spot being reduced to one fifth for the 50xUL objective lens. As a
consequence, there is no overlap between the measurement spot and
the backside reflected light and thus only the directly reflected light is
captured. In addition, for lenses with larger magnification and NA, we
conclude that no rear side reflection is detected there either due to the
further reduced areas or larger lateral displacement for higher AOIs.

Fig. 5c presents the results for the 100 pm thick AF 32eco sample
captured with the 100xUL/NA 0.60 objective lens. The measured re-
flectance reveals that only a small fraction of backside reflected light
was collected, but there is a clear difference to the ideal modeling with-
out backside reflectance. Again, the PBRM approach shows excellent
prediction of the measurement. As opposed to the previous findings,
the slightly increased incorporation of backside reflectance is due to
the smaller thickness of the AF 32eco sample, which is five times
smaller than those of the BF33 samples, and the associated decreased
lateral displacement of the backside reflectance. This effect outweighs
the impact of the reduced diameters of the backside reflected light
and the measurement spot because of the 100x magnification and the

occurrence of higher AOIs stemming from the large NA of the 100xUL
objective lens. The difference in refractive index of both materials
has a negligible influence on deviating lateral displacement because
both materials are optical glasses and the refractive index is highly
similar (Schott, 2025a,b).

In summary, the modeling error MSE averaged over all investigated
substrate and objective lens combinations is displayed in Fig. 5d for the
individual models. These are the limiting case models with complete
and without any backside reflectance and the PBRM approaches. The
MSEs for the models w/ BR and w/o BR are rather high with 4.16 x
1073 and 8.9 x 10™*. The smaller MSE for modeling without backside
reflectance in contrast to modeling with backside reflectance is due
to the fact that little to no backside reflected light was measured
for the two 100x objective lenses due to the small diameters of the
measurement spot and laterally displaced backside reflected light. The
PBRM technique reduces the error between measurements and mod-
els significantly with an averaged MSE of 1.4 x 107. Herewith, the
advantage of our PBR approach is obvious, and consideration of the
rotationally symmetric illumination constellation of microspectroscopy
results in evident improvements.

The difference between PBRM and the reference PBRE approach
(results are depicted in Section S7 in the supplementary material) is
rather small for these findings, since the measurement spot and the
field diaphragm are nearly concentric as can be seen in Fig. 3. In other
words, the measurement spot almost coincides with the centroid of the
field diaphragm. In this case, the calculation of the overlap in Eq. (5)
barely depends on the spatial direction and yields similar results to the
baseline PBRE approach evaluated in a singular direction. Because of
this, we changed the relative position of the measurement spot within
the field diaphragm twice by adjusting the field diaphragm’s center
alignment screws and performed measurements on the 1050 pm thick
Al,O5 sample with the 10x/NA 0.25 objective lens. The results are
shown in Fig. 6 for a slightly increased distance between the centroid of
the field diaphragm and the measurement as well as the measurement
spot positioned in the region of the edge of the field diaphragm. A
section of the micrograph including both apertures is presented as an
inset respectively.

For the scenario shown in Fig. 6a, the PBRE model underestimates
the measured reflectance significantly while the PBRM approach shows
good agreement. In the case of the measurement spot near the edge of
the field stop in Fig. 6b the model based on PBRE predicts nearly no
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Fig. 5. Measured and modeled reflectance spectra for a 500 pm thick BF33 substrate obtained with (a) a 10x/NA 0.25 and (b) 50xUL/NA 0.35 objective lens. (¢) Measured
and modeled reflectance spectra for a 100 um thick AF 32eco substrate obtained with a 100xUL/NA 0.60 objective lens. (d) MSE averaged over all objective lens and substrate
combinations listed in Section S7 of the supplementary material, depicted for the different modeling approaches.
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Fig. 6. Measured and modeled reflectance spectra for a 1050 pum thick Al,O5 substrate obtained with a 10x/NA 0.25 objective lens for different positions of the measurement
spot relative to the image of the field diaphragm. Measurement spot is located (a) near the center and (b) near the edge of the illuminated area. The position of the apertures is

depicted respectively as inset. The scale bar is 50 pm.

backside reflectance, whereas the PBRM forecast exhibits a much better
match, albeit some deviation is visible. In terms of MSE averaged over
both constellations, the PBRM approach improves the modeling by a
factor of 4 with 6.6 x 10~ compared to 2.7 x 10~* for the PBRE based
prediction.

Potential sources of error in the application of the PBR approach
are inaccuracies in the determination of the position (xy, yys) and
diameter Dyg of the measurement spot and the image of the field
stop (xgs, ¥rs» Dyg). This also includes the approximation of a circular
shape for the actual octagonal image of the field diaphragm. In image
processing, variable parameters for the detection of circles and contours
potentially cause uncertainties (Bradski, 2000).

3.2. Thick substrate with additional thin films

Thus far, the investigations on bare substrates show the need to
consider the influence of the NA only unremarkably by a small shift
in the modeled reflectance with increasing NA (see the results for each
substrate and objective lens combination in Section S7 in the supple-
mentary material). As soon as a thin film on top causes interference
effects, the impact of the NA becomes more visible in the reflectance
spectrum (Schwarz et al., 2023). Fig. 7a presents the measurement
results for the different objective lenses of a Si,Ny thin film on top of
the BF33 substrate. From previous observations on the bare substrate,
we know that the backside reflectance is completely detected for the
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Fig. 7. Measured and modeled reflectance spectra for (a) a SiyNy thin film and (b) a Si;O,/Si;N; thin film stack on top of 500pum thick BF33 substrates for different objective

lenses.

10x/NA 0.25 lens and is totally absent for all other lenses. As a
consequence, the corresponding limiting case models with complete
(R, gr) or without (R,,, gr) backside reflectance were used. A shift of
the position of extreme points is clearly apparent with increasing NA.
Besides, a decrease in amplitude emerges, especially for the 100x/NA
0.90 objective lens. Further, we see the shift in reflectance between
the 10x and the higher magnifying lenses, because only the 10x lens
is capable of collecting the backside reflectance. Apart from minor
deviations, the modeled spectra accurately reproduce the measured
ones. The determined values for thickness and MSE are presented in
Table 2. These results are highly consistent between the objective lenses
and are also in great accordance with the thickness of 536.4nm from
STEM-EDX spectrum imaging in Fig. 4a.

Additionally, the 'worst-case’ results for thickness determination,
referred to as “PBRM, are listed. To obtain these values, for the 10x
objective lens, a complete absence of the backside reflectance was in-
correctly assumed, while for the higher-magnification objective lenses,
full detection of the backside reflectance was presumed. As a result,
the variation in thickness for different objective lenses increases sig-
nificantly, with the maximum deviation from the STEM-EDX reference
value increasing from approximately 1 nm (using PBRM) to around 6 nm
(using -PBRM). This also causes a 20- to 30-fold increase in the MSE.

To raise the complexity, we investigated a Si, O, /Si,N,/BF33 layer
stack and the respective spectra are depicted in Fig. 7b. Again, the
wavelength shift and diminishing amplitude range with increasing NA
is observed. The modeled spectra once more reproduce the measure-
ments with high accuracy. For the modeling in Fig. 7b, we applied
the SiXNy thickness from the EDX study (531.9nm) in Fig. 4b since we
have no direct way of assessing the Si;N, layer thickness under the
Si Oy separately via microspectroscopy. The obtained thickness and
MSE values for the Si, Oy layer are summarized in Table 2. In addition
to a high level of agreement between the objective lenses, the thickness
determined by STEM-EDX spectrum imaging is only slightly smaller.
For both thin film stacks, additional measurements on a second sample
can be found in Section S8 of the supplementary material.

The incorrect modeling using “PBRM also results in larger thickness
variation for the Si,O, layer. While the MSE increases significantly —
by a factor of 20 to 30 — for all objective lenses, a notable change in the
determined thickness is observed only for the 100x/NA 0.9 objective
lens. In this case, the striking agreement with the reference thickness
determined by STEM-EDX should be considered a false positive, due to
the combined factors discussed in the following paragraph. The error
that occurs when determining the thickness in general highly depends
on the materials involved, their thickness and the layer sequence, if the
correct amount of detected reflectance of the substrate’s rear side is not
considered.

A source of uncertainty are the refractive indices of the PECVD
prepared thin films. Such films feature a dependency on process pa-
rameters such as temperature, RF-power and frequency, pressure, flow

Table 2

Comparison of thicknesses obtained from STEM-EDX spectrum imaging and microspec-
troscopy via the PBRM model and its opposite “PBRM for samples of (a) a Si,N, layer
on a BF33 substrate and (b) the top Si,O, layer in a Si,0,/Si,N, stack on a BF33
substrate. In (b) the Si,Ny thickness from the EDX study (531.9nm) in Fig. 4b was
applied. For the modeled thicknesses the MSE is denoted in brackets.

()
Si,N, thickness/nm (MSE/107)
Model EDX 10x 50xUL 100xUL 100x
PBRM 536.4 5354 (3.3) 535.8 (2.1) 536.1 (2.3) 535.5 (2.3)
-PBRM 536.4 537.3 (80.3) 533.5 (783) 533.1 (75.1) 530.3 (86.3)
(b)
Si, O, thickness/nm (MSE/107)
D EDX 10x 50xUL 100xUL 100x
PBRM 518.5 5245 (4.3) 527.4 (2.9) 526.0 (4.5) 526.6 (3.7)
-PBRM 518.5 524.4 (123.1) 527.6 (90.5) 525.6 (974) 517.2 (127.9)

rates of the precursors (Zhang et al., 2024a; Guler, 2019) and sub-
strate material (Hang et al., 2020). Although the refractive indices
used for the SiXNy film (Vogt, 2015) are eminently suitable, we used
refractive indices for thermal oxide for the Si,O, film (Hutzler et al,,
2017) because the variation in the refractive index is much smaller for
PECVD deposited silicon oxides compared to silicon nitrides (Mahajan
et al., 2004; Guler, 2019). The small deviation in thickness between
the modeled thickness via microspectroscopy and the value from EDX
may be reduced by using a dispersion model with slightly increased
values of the refractive indices for the Si;O, film. Aside from that,
there is a small window where nitrogen and oxygen overlap in the
transition region between the Si;N, and Si,O, leaving the option of a
small interfacial silicon oxynitride layer. This layer would have optical
properties between silicon nitride and oxide (Hang et al., 2020). While
implementing the interfacial layer in the modeling process is hardly
possible since the exact properties (i.e., thickness, stoichiometry, and
refractive index) are unknown, it is an additional small uncertainty for
determining the thickness of the Si,O, layer.

4. Conclusion

By calculations based on basic geometry and spatial information
extracted from optical microscopy, we demonstrate the precise pre-
diction of the amount of laterally displaced light reflected from the
backside of thick transparent substrates collected in microspectroscopic
reflectance measurements. Our partial backside reflectance (PBR) ap-
proach accurately reproduces the measurement for a large range of
substrates and thicknesses with different objectives lenses of varying
magnification and NA. We reduce the mean squared error averaged
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across all samples by two to three orders of magnitude compared to
the idealized modeling with completely or without detected backside
reflectance. Furthermore, we show a decrease of the error by 75 % for
strongly non-concentric arrangements of the measurement spot and
the illuminated area by an extended PBRM model that considers the
rotationally symmetric illumination constellation of microspectroscopy
compared to the PBRE model based on ellipsometry. Finally, it becomes
clear that the influence of NA on the measured reflectance of thin films
on thick transparent substrates can also be reproduced excellently. The
thicknesses obtained are highly consistent for all objective lenses used
and confirm complementary STEM-EDX measurements for SiyN, and
Si Oy/SixNy stacks on thick substrates.

Without the introduced PBR approach, uncertainties stemming from
the unconsidered partially detected backside reflectance of the thick
substrate can influence the determined thickness of thin films on top
of the substrate. Also, for the inverse procedure of extracting mate-
rial properties such as the refractive index from the reflectance (Hsu
et al.,, 2019; Lee and Yee, 2021) unconsidered influence of backside
reflected light from the thick substrate could be falsely attributed to the
investigated layer on top. As a result, we provide a fast, reliable, and
easily implementable method for thin film inspection on transparent
substrates in the fields of optical filters, optoelectronics, and material
characterization. Since the 4 x 4 TMM is suitable to calculate the
reflectance of optically anisotropic materials (Schwarz et al., 2023),
our procedure can also work with anisotropic thin films and even
birefringent substrates.

Looking at other possible use cases, the PBR technique is also ap-
plicable to microspectroscopic transmittance measurements (Frisenda
et al.,, 2017; Slavich et al., 2024a), where transmitted wave fronts
also experience a large lateral displacement. Especially, for high NA
measurements our approach can help predicting the angular spectrum
of light collected within the measurement spot on the micrometer scale.
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