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ABSTRACT

This study introduces a reflectometry-based technique for characterizing complex thin-film structures with lateral periodicity, using only a
single, large-beam measurement to capture essential structural information. The PillarHall test chip structure, selected as a case study, fea-
tures an air gap of 500 nm nominal thickness inside a layer structure with periodically repeated lateral structure elements. Using a non-
destructive reflectometry technique, the sample’s layer structure was analyzed through spectral reflectance measurements, conducted with a
Cary 7000 spectrometer, and processed with a dedicated MATLAB code that incorporates the transfer matrix method to model and fit the
reflectance spectrum. Two models, a basic and an advanced four-layer model, were developed and tested by fitting the simulated reflectance
spectrum to a measured one. While the basic model provides sufficient information about the thin-film structure, the advanced model con-
siders detailed variations in the thickness across the sample caused by specific structural features. Reflectometry results on structural sizes
agree with direct profilometry measurements, supporting the method’s reliability. These findings demonstrate that a single, large-beam mea-
surement can yield comprehensive insights, positioning reflectometry as a robust tool for the advanced thin-film characterization of
complex periodic structures.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0246125

I. INTRODUCTION

The development of new technologies in electronics is accompa-
nied by new techniques for characterizing micro- and nanoscale
structures, which is essential nowadays as modern electronics push
the limits of miniaturization, particularly with the advancement of
three-dimensional (3D) semiconductor technologies.1–3 Traditional
methods for assessing multilayer thin-film properties, such as cross-
sectional electron microscopy,4–6 present significant limitations for
industry-scale applications due to their time-consuming and invasive
nature. Existing non-destructive methods, including x-ray computed
tomography, Mueller-matrix ellipsometry, and ptychographic reflec-
tometry, are also often time-consuming or complex.7–9 These
challenges drive the need for efficient, non-destructive techniques

capable of characterizing complex structures, especially thin films
used in advanced semiconductor devices.

To address this need, we introduce an advanced model within
the framework of reflectometry,9–13 developed to enhance the accu-
racy of structural characterization of thin-film samples with lateral
periodic geometries. This technique eliminates the need for exten-
sive mapping scans across the sample’s surface, unlike traditional
methods that rely on multiple measurements across various points.
Instead, our approach requires only a single reflectance measure-
ment of the sample’s surface with a large-area beam, which, when
analyzed, provides comprehensive information about the thin-film
structure, including critical details about its periodic features. This
significantly simplifies the characterization process, making it
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potentially more time-efficient while retaining high accuracy in
identifying structural variations and layer thicknesses.

Our model builds on the transfer matrix method (TMM),14

incorporating detailed parameters that account for thickness varia-
tions across layered structures. This approach makes the model
especially valuable for assessing samples with non-uniform thick-
ness distributions or variations in optical properties. Nevertheless,
it is worth noting that, while our approach effectively provides
information about the size of structural features, it may lack the
detailed spatial resolution offered by other techniques that perform
point-to-point mapping scans of the sample.

We demonstrate the applicability of the developed method
using the PillarHall test chip,15–17 a reference sample for evaluating
the conformality of thin films deposited by atomic layer deposition

and chemical vapor deposition techniques. The PillarHall chip
structure, with its air gap (AG) layer and periodically repeated
structural elements, serves as an ideal test case for validating the
model’s capabilities. Because of PillarHall’s structural complexity,
specifically the presence of the air gap, these samples are fragile.
This is where the reflectometry technique is perfectly suitable for
the characterization task,9–13 because it is a non-destructive
method, which has previously proven effective for precise thin-film
thickness characterization. By fitting reflectance data from the
PillarHall sample, our model successfully retrieves the thicknesses
of individual layers and size of structural features such as thickness
variations in the polycrystalline silicon (PolySi) layer and air gap.
Comparison of the results with optical profilometry illustrates
model’s potential to offer comprehensive insights into complex
layered structures, opening opportunities for broader application of
reflectometry techniques in the semiconductor industry.

II. STRUCTURE OF PILLARHALL CHIP

Schematically, a section of the studied PillarHall chip structure
is shown in Fig. 1(a).13,16,17 This chip with a size of 15 × 15mm2 is
produced on a silicon wafer substrate with thickness around
400 μm. A polycrystalline silicon (PolySi) membrane on top of the
structure with a nominal vertical thickness of 1500 nm is supported
by 4 μm diameter pillars located at the distance of 50 μm from each
other.16 An air gap with a nominal 500 nm height is formed
between the PolySi membrane and the substrate. The PillarHall test
chip includes several test structures with similar layers, described
above, but different lateral sizes.17 For reflectometry measurements,
only the largest section with a size of about 5 × 10 mm2 was used.

The PillarHall test chip is designed for evaluating the confor-
mality of thin films during atomic layer deposition and chemical
vapor deposition processes.15–17 After the coating is applied, as
shown in Fig. 1(b), the top membrane layer can be removed to
assess the coating’s uniformity and penetration depth.

PillarHall chip has complex periodic structural features related
to the air gap. The microscope photograph of the PillarHall chip in
Fig. 2 shows that the PolySi membrane has small and big dots on
its surface. Big dots are related to pillars, but small dots are dips on
the surface of the membrane, caused by the manufacturing process.
The distance between the dips is approximately 7 μm, and their
diameter is around 2 μm. Schematically, these structural features
are shown in Fig. 1 as well.

FIG. 1. (a) Schematic side view of the studied PillarHall test chip with uncoated
structure for our reflectometry measurements. (b) Schematic side view of the
PillarHall chip with the coated structure in the actual use of the component: pen-
etration of the coating layer (shown as red) can be studied in high-aspect ratio
structures after removing the membrane. The dimensions in Figs. 1, 4, and 7
are not drawn to the scale of real PillarHall samples.

FIG. 2. Microscope photograph of
PillarHall chip. Big dots are related to
pillars. Small dots are dips on the
surface of the membrane.
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III. MEASUREMENT SETUP

Reflectometry measurements of PillarHall samples, shown
schematically in Fig. 3 were carried out using Cary 7000 spectrom-
eter.18 The incidence angle of the polarized light beam is α = 11°
from normal with transverse dimensions of 3 × 3mm2. The
reflected light is collected to sandwich the Si/InGaAs detector with
a focusing mirror of 40 × 20 mm2. The monochromator scans the
wavelength over the range of 550–1800 nm. The bandwidth of the
monochromator was 2 nm over the whole wavelength range.
The raw measurement data were processed with the Richardson–
Lucy (RL) bandwidth correction method19 so that the final
wavelength range used for the analysis is 560–1790 nm. All
measurement settings and parameters are presented in Table I.

PillarHall chip has a structure with lateral periodicity; there-
fore, it may be that the incident light produces diffraction peaks.
Angular scans were performed, when the incidence light angle was
fixed to 11° while the detector viewing angle was changed over a
wide range of 0°–40° relative to the normal of the sample surface.
These measurements did not reveal any significant diffraction
peaks exceeding 0.1% relative to the reflected intensity within the
wavelength range from 560 to 1790 nm.

IV. ANALYSIS OF REFLECTOMETRY DATA

A. Input data and fitting software

A single bandwidth-corrected reflectance spectrum of the
PillarHall sample from 560 to 1790 nm is used as the input data.
For the data analysis, a dedicated MATLAB code is used, which uti-
lizes the transfer matrix method (TMM)13 for calculating the reflec-
tance from the layer structure of the sample and fits this modeled
spectrum to the measured spectrum. The layer-structure model of
the sample requires the thickness of each layer and values of the
real (n) and imaginary (k) parts of the refractive index at each
wavelength for each layer. The software tries to find the optimal
thickness within the given range of possible values. In the same
way, it is also possible to fit refractive indices, if they are described
by equations, where coefficients are used as the fitted parameters.

FIG. 3. Schematic presentation of the
measurement setup.

TABLE I. Settings and parameters of the measurement setup.

Measurement parameter name Status

Light beam incidence angle α 11°
Light beam size on the sample 3 × 3mm2

Light beam position on the
sample Fixed
Polarization Unpolarized (average of s- and

p-polarizations)
Bandwidth 2 nm
Measured wavelength range 550–1800 nm
Wavelength range used (after
applying RL method) 560–1790 nm
Detecting area 40 × 20mm2

Distance between the sample
and detecting area 160 mm

FIG. 4. Four-layer PillarHall model with nominal thickness values. The model
takes into account the PolySi thickness variation, which is in reality caused by
structural dips; however, in the model, it is not specified as dips but as the width
of the thickness distribution. The dips have a diameter of around 2000 nm and a
distance of 7000 nm between them. Only one fixed thickness of the native SiO2

layer is included in the model.
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B. Basic model for the analysis

The analysis of reflectometry measurement data of the
PillarHall sample with a nominal 500 nm air gap begins with a
four-layer model, as depicted in Fig. 4. The parameters in this
model include the thicknesses of the native SiO2

20 on the

silicon substrate, the air gap, and the PolySi layer; the width of
the PolySi thickness distribution; and the complex refractive
index of the PolySi layer, described using simplified Sellmeier
equations.21 Refractive indices of air and the silicon substrate22

are kept fixed.

FIG. 5. Measured reflectance data and
fitting results for the four-layer PillarHall
model of Fig. 4. Root mean squared
error between the model and measure-
ment is 0.92%.

FIG. 6. Fitted real (n) and imaginary (k) parts of the refractive index of PolySi for the four-layer model, compared to the refractive index of silicon [(a) and (b)]. Fitted real
(n) and imaginary (k) parts of the effective refractive index of pPolySi [(c) and (d)].
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Polycrystalline silicon consists of crystals of varying sizes
arranged in random orientations. The PolySi layer may contain
small cavities, especially near the surface. An earlier analysis indi-
cates that the description of the PolySi layer needs to include
another layer close to the uppermost surface due to the short pene-
tration depth of light in PolySi at around 600 nm wavelengths.13 To
account for the measured reflectance at these short wavelengths, an

additional layer of porous polycrystalline silicon (pPolySi) is added
to the model as shown in Fig. 4. The effective refractive index of
this layer depends on the volume of the voids (air) in a host mate-
rial (PolySi), which is described by the Bruggeman effective
medium approximation.23,24

Each fitted parameter has its signature effect on the reflectance
spectrum, as shown in Fig. 5. The thickness of the air gap layer
affects the position of the envelope curve of the dense oscillations.
The PolySi thickness changes the number and phase of the dense
oscillations. The pPolySi layer influences the average reflectance up
to approximately 700 nm wavelength.

PillarHall structural features, earlier mentioned as dips, lead to
a thickness variation in the membrane. Therefore, it is unlikely that
the thickness of the PolySi layer is uniform within the measure-
ment beam spot. To account for PolySi thickness variations, the
fitting of the four-layer model uses a narrow uniform distribution
of thickness values of the PolySi layer around the fitted average
value. The width of the thickness distribution affects the amplitude
of the oscillations, especially at short wavelengths of the reflectance
spectrum.

The fitted reflectance spectrum of the four-layer model,
shown in Fig. 5, revealed that the air gap thickness is 464 nm and
the PolySi layer thickness values are between 1460 and 1468 nm
within the beam size, where the difference of 8 nm comes from
the width of the thickness distribution. The fitted thickness of

FIG. 7. Advanced four-layer PillarHall
model with five reflectance cases and
corresponding thicknesses of layers
displayed (schematic side view).

FIG. 8. Schematic presentation of the contribution of each reflectance case in
two configurations of the triangular structural unit of the PillarHall chip (top view)
with 21 (left) and 28 dips (right).
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the pPolySi layer, which is on the top of the PolySi layer, is
24 nm with the volume fraction of air of 11%. The fitted thick-
ness value for the pPolySi layer at the bottom of the PolySi layer
(between PolySi and air gap) is close to zero—this is why this
layer is not shown in Fig. 4. The native SiO2 layer on top of the
Si substrate has a fixed thickness of 3 nm. The fitted curves for

the refractive index (n) and extinction coefficient (k) of both
pPolySi and PolySi, compared to silicon, are displayed in Fig. 6.
If there would be some loss of reflected intensity due to diffrac-
tion as described in Sec. III, it would only cause an apparent
increase in the imaginary part of the PolySi layer refractive index
in Fig. 6(b).

FIG. 9. Measured reflectance data and
fitting results for the advanced four-
layer PillarHall model of Fig. 7. Root
mean squared error between the
model and measurement is 0.88%.

FIG. 10. Fitted real (n) and imaginary (k) parts of the refractive index of PolySi for the advanced four-layer model, compared to the refractive index of silicon [(a) and (b)].
Fitted real (n) and imaginary (k) parts of the effective refractive index of pPolySi [(c) and (d)].
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C. Advanced model for the analysis

The four-layer model, which is described above, has the width
of PolySi thickness distribution as a fitted parameter. To enhance
the model, also the width of air gap thickness distribution may be
included in the model. However, combining both PolySi and air
gap thickness distribution parameters is not that straightforward
since there might be many combinations possible. Excluding all
unnecessary combinations requires a closer look at the PillarHall
membrane structure.

In the case of the PolySi membrane, the thickness variation is
caused by dips on the PolySi surfaces. For the air gap thickness, the
variation is conditioned by the same membrane dips but also by
membrane bend between pillars. Therefore, the PillarHall structure
is laterally periodic, and it is possible to find certain combinations
of PolySi and air gap thickness variations, describe them mathe-
matically, and put them into the reflectance model.

Considered reflectance cases are presented schematically in
Fig. 7, where each arrow color corresponds to a certain reflectance
case with a unique combination of PolySi and air gap thicknesses.

Five cases are associated with the air gap (AG), where there is air
gap thickness DAG in the middle between pillars and thickness
DAG + ΔDAG near the pillars. Parameter ΔDAG describes the
average bending of the PolySi membrane. Furthermore, because of
dips in the membrane, we have an additional variation component
ΔDPolySi. The fifth case is associated with reflectance from pillars.

To calculate the reflectance with the layer model of Fig. 7, it is
necessary to estimate the relative contribution of each case.
Figure 8 shows two configurations of the area limited by three
pillars with 21 or 28 dips inside. The equilateral triangular area rep-
resents the basic structural unit of the PillarHall sample. By calcu-
lating area ratios within these triangles and then averaging them, it
is possible to approximately estimate the contribution of each
reflectance case to the total reflectance. In Fig. 8, each area color
represents the corresponding reflectance case as shown in Fig. 7.
The analysis of the PillarHall chip photograph, shown in Fig. 4,
and the knowledge that the pillar diameter is 4 μm and the distance
between pillars is 50 μm,16 allows us to estimate that the diameter
of the dips is 2 μm and the distance between them is 7 μm. Based

FIG. 11. (a) Bending amplitude
between pillars of the PillarHall sample
observed through optical profilometer
imaging. (b) Green and red balls indi-
cate the location of the cross section of
the profile scan.
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on this information, the relative contribution of the reflectance of
the pillars (R5) is 0.6% (marked with purple color). The average
reflectance of the area near the pillars (R4), with the radius of one
quarter of the pillar distance, has the relative contribution of 18.6%
(light green color) and the average reflectance of the dips (R3) near
the pillars has the relative contribution of 1.7% (dark green color).
The remaining dips (R2) reflect 5.4% of the light (dark blue), and
the area around them (R1) gives the rest of the total reflectance
(light blue). Each of these reflectance cases is described in the
fitting software by appropriate layer structure, and then, the total
reflectance is calculated as the weighted average, as shown in Fig. 8.

The fitted reflectance spectrum of the advanced four-layer
model, shown in Fig. 9, reveals that the air gap thickness parameter
varies between DAG = 460 nm and DAG + ΔDAG = 475 nm (without
dips). An important note here is that DAG + ΔDAG is not the air
gap height right next to the pillar, but the average thickness in the
area around the pillar with the radius of 12 μm corresponding to
R4 reflectance, which occupies 18.6% of the area of the chip. The
same is true for other fitted parameters, where the fitting gives an
average value within the colored area shown in Fig. 8. The
average PolySi layer thickness within the beam size varies between

DPolySi–2ΔDPolySi = 1455 nm and DPolySi = 1464 nm with dips
ΔDPolySi = 5 nm in depth. The pPolySi layer thickness is
DpPolySi = 23 nm with the volume fraction of air of 11%. The SiO2

interface layer has the same fixed thickness of 3 nm as in the basic
model. The fitted curves for the refractive index (n) and extinction
coefficient (k) of both pPolySi and PolySi, compared to silicon, are
displayed in Fig. 10.

Sensitivity tests were made on the reflectance component
weights of the equation in Fig. 8. A change in the dip diameter
from 2 μm to 3 μm indicated a reduction in the fitted dip height
less than 2 nm. Similar sensitivity tests on other reflectance compo-
nent weights resulted in even smaller variations of the fitted
parameters.

An estimate of the actual bending amplitude of the PolySi
membrane can be made with the help of the fitted result
ΔDAG = 15 nm by assuming that the cross sections of the bent sur-
faces can be described by upward bending (light blue area in Fig. 8)
and downward bending (light green area in Fig. 8) parabolic
curves. Then, the cross section is revolved around the pillar and the
average change in the air gap height in the light blue and light
green areas is calculated. The fraction of 12% of the light blue area,

FIG. 12. (a) Height of the dips
observed through optical profilometer
imaging. (b) Green and red balls indi-
cate the location of the cross section of
the profile scan.
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which is not covered by the revolved surfaces, is assumed to have a
constant air gap. This calculation gives the result that the
peak-to-peak variation in the air gap height is 1.5ΔDAG = 23 nm.

D. Comparison between methods

To validate the results determined from reflectometry, an
optical profilometer (Bruker, ContourX-500) was also used for the
characterization of the PillarHall sample surface. The sample was
analyzed in the phase-shifting interferometry mode. As presented
in Figs. 11 and 12, the bending amplitude around pillars is approxi-
mately 25 nm, and the height of dips is approximately 3 nm.

Comparison of the results obtained with the basic model, the
advanced model and surface scanning using profilometer are shown
in Table II. It shows capabilities of the models and methods describ-
ing how their results correspond to each other. The average air gap
and PolySi thicknesses determined by the basic and advanced reflec-
tance models are in good agreement, although the advanced model
transfers 4 nm of thickness from PolySi to the air gap, as deter-
mined from the centers of the quoted thickness ranges. Bending of
the PolySi membrane can be determined from reflectometry results
only when using the advanced model for analysis. The width of the
PolySi thickness distribution of the basic model can be affected also
by the large scale thickness variation of the membrane. Parameters
describing the porous PolySi layer are in very good agreement when
determined by either the basic or advanced model.

While comparing the profilometry and reflectometry results, it
is worth mentioning that the average bending height within the
corresponding reflectance areas cannot be directly compared with
profilometry results, since the profilometer shows the actual mem-
brane bending. With this background, the agreement reached in
PolySi bending from profilometry and reflectometry, with parabolic
description of bent surfaces, is remarkably good. Good agreement
is also achieved in PolySi dip heights, although both methods are
close to their performance limit with these feature sizes of a few
nanometers. A significant advantage of the reflectometry methods

is that they can give information on the air gap and PolySi layer
thicknesses, parameters that are inaccessible with profilometry.

The results of basic and advanced models are accompanied by
uncertainty estimates, as shown in Table II. In the uncertainty esti-
mation method, the target parameter (e.g., a specific layer thick-
ness) is manually adjusted within a defined range while other
parameters are kept free for fitting. The algorithm compensates for
changes in the adjusted target parameter by optimizing the remain-
ing parameters. When the weakening in fitting quality becomes
visually noticeable, the difference between the adjusted target
parameter value and its optimal value is taken as the uncertainty
estimate. Due to the inherent limitations of the reflectometry
method, particularly for features on the scale of a few nanometers,
the fitting software exhibits low sensitivity to such small variations,
resulting in high relative uncertainty estimates for these features.

V. CONCLUSIONS

This work demonstrates the applicability of reflectometry
methods to the characterization of complex periodic multilayer
thin-film structures, such as the studied PillarHall sample, using a
single large-beam measurement. Both considered models, basic and
advanced, provide a good fit between the measurements and simu-
lated spectra with a root mean squared error between the model
and measurement of around 0.9%. The basic model is sufficient for
general structural characterization, yielding accurate layer thick-
nesses, including a 464 nm air gap and the method even shows the
range of thicknesses of 1460–1468 nm for the PolySi layer. The
advanced model’s ability to incorporate structural complexities pro-
vides an improved understanding of PillarHall chips, introduces a
more detailed analysis, and identifies the air gap thickness range of
456–479 nm and PolySi thickness range of 1455–1464 nm across
the chip surface. The advanced model also gives information on
the size of PillarHall structural features, such as air gap bending of
23 nm and 5 nm dips depth of the PolySi membrane. The reflec-
tometry results are close to those parameter values, which can be

TABLE II. PillarHall parameters obtained with reflectometry (basic model and advanced model) and profilometry. The thickness ranges of advanced model are obtained using
equations in Fig. 7.

Reflectometry and
basic model

Air gap height Average PolySi
thickness

Width of PolySi
thickness distribution

pPolySi
thickness

Air % in
pPolySi

464 nm ± 2 nm

1464 nm ± 5 nm 8 nm ± 8 nm

24 nm ± 5 nm 11%PolySi thickness range
1460–1468 nm

Reflectometry and
advanced model

Air gap height
(without dips) DAG

PolySi bendinga

1.5ΔDAG

PolySi thickness
DPolySi

PolySi dip height
ΔDPolySi

pPolySi
thickness

Air % in
pPolySi

460 nm ± 6 nm 23 nm ± 23 nm 1464 nm ± 8 nm 5 nm ± 5 nm

23 nm ± 5 nm 11%Air gap thickness rangea PolySi thickness range
456–479 nm 1455–1464 nm

Profilometry
Air gap height PolySi bending PolySi thickness PolySi dip height pPolySi

thickness
Air % in
pPolySi

… 25 nm … 3 nm … …

aValues calculated from the average PolySi membrane bending of ΔDAG = 15 nm within the given areas using a parabolic bending model.
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determined by profilometry, especially when describing the PolySi
layer bending by a parabolic shape.

Thus, the basic model is suitable when no prior information
about the sample’s structural features is available. The advanced
model has an advantage when the sample’s structural features are
known, but their precise longitudinal dimensions remain undefined.
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