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Simultaneous Determination of Transition Dipole Moment
Orientation and Refractive Index in Morphologically

Non-Uniform Nanoscale Films

Donghyeon Shin, Seungyeon Cho, Jaehyun Lee, Kyusung Choi, Jinwon Jun, Min-Gon Shin,
Dong Jin Shin, Seokho Kim, Jae-Min Myoung, Jun Yeob Lee, Jaesang Lee,

Namyoung Ahn,* Kyusang Lee,* and Jongchan Kim*

A high-precision, single-shot technique simultaneously quantifies the re-
fractive index and transition dipole moment orientation in nanoscale emissive
films using Fourier imaging microscopy. Direct capture of momentum-space
(k-space) emission patterns in a polarization-resolved setup enables
characterization of anisotropic optical properties. This approach overcomes
limitations of conventional ellipsometry and angle-dependent photolumi-
nescence measurements, which typically require predefined refractive index
models and atomically smooth interfaces. The method determines anisotropic
refractive indices and in-plane transition dipole moment orientations across
various emissive systems, including organic films, quasi-2D perovskite layers,
and quantum dot layers, even in the presence of nanoscale morphological
disorder. The experimental result yields parameters with a precision

of within 1% and 0.01 for transition dipole moment orientation and refractive
index, respectively. The measured refractive index shows good agreement
with conventional ellipsometry measurements. The extracted parameters
strongly correlate with enhancements in optical outcoupling efficiency. These
findings highlight the utility of Fourier imaging microscopy as a diagnostic
tool for designing and optimizing next-generation optoelectronic devices.

1. Introduction

orientation by capturing angle-resolved
emission patterns in single-shot mea-
surements, eliminating the need for
sample rotation while enabling rapid mea-
surements with minimized alignment
errors.'"2] However, current analyses rely
on predefined refractive indices at emis-
sion wavelength, introducing substantial
inaccuracies when assumed values devi-
ate from the actual values.31021-23] For
instance, Kim et al.l’°] demonstrated that
neglecting refractive index anisotropy in
some organic materials led to noticeable
deviations in TDM orientation results.
Similarly, Ekhoff et al.?*l showed that
polarization-resolved measurements are
sensitive to such inaccuracies. Moreover,
extracting an accurate refractive index, par-
ticularly for the extraordinary component
in thin organic films, remains challeng-
ing. Conventional ellipsometry primarily
probes in-plane optical properties and lacks
the path needed to resolve out-of-plane
anisotropy. Its accuracy further degrades

in the presence of surface roughness, which disrupts the inter-

ference between reflected light from the film interfaces.

Fourier Image Microscopy (FIM) has emerged as a power-
ful tool for determining the transition dipole moment (TDM)

In this work, we present a universal method based on FIM
that simultaneously determines the refractive indices and TDM
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orientation without requiring prior optical constants. The
approach employs direct fitting of measured polarization-
dependent k-space polar plots to extract both parameters. Ordi-
nary refractive indices are obtained from s-polarized emission
patterns (sPP), which then serve as inputs for extracting extraor-
dinary refractive indices and TDM orientations from p-polarized
patterns (pPP). This approach remains robust even for films with
rough nanostructures such as polycrystalline perovskite materi-
als or quantum dot (QD) films. By enabling precise optical charac-
terization in complex morphologies, our method shows potential
to advance the optical design of next-generation optoelectronic
devices.

2. Results and Discussion

2.1. Angular Emission Analysis Using Fourier Imaging
Microscopy

The angular distribution of emissions from organic thin films
is governed by three fundamental factors: the thickness of the
thin film, orientation of transition dipole moments (TDMs), and
the refractive index of the material. In this study, Fourier imag-
ing microscopy (FIM) is employed to simultaneously extract the
TDM orientation and refractive index, enabling a comprehensive
understanding of the optical behavior of thin films.

The experimental setup of FIM is illustrated in Figure 1a.
It comprises an inverted photoluminescence microscope with a
laser for optically pumping the sample. Emitted photolumines-
cence (PL) of the sample is captured by the objective lens, which
maps the 3D angular distribution of the emitted light into a 2D
polar plot profile with respect to the in-plane wavevectors, k, in
the Fourier plane. As illustrated in Figure 1b, the region bounded
by 0 <k /ky < 1indicates the air mode, representing the amount
of light extracted toward the air within the escape cone. The re-
gion 1 <k [ kg < Ny (Mya ~ 1.5) shows the signal of the
substrate mode. It contains both lights emitted toward the glass
substrate and those initially emitted toward the air (red arrows)
but redirected into the substrate by total internal reflection (blue
arrows) as shown in the schematic illustration on the left-hand
side of Figure 1b. The light coupled into the substrate mode is
collected via index-matched oil with the refractive index identi-
cal to the glass substrate which removes the total internal reflec-
tion at the air-glass interface. The right-hand side of Figure 1b
is a schematic showing a Fourier transform of the photolumi-
nescence of the light source that converts real space image to a
momentum space that results in a polar plot which corresponds
to the angular emission profile of the light source.

Figure 1c illustrates how a linear polarizer separates the emit-
ted light into s- and p-polarized components, forming the s- and
p-polarized plane (sPP and pPP), respectively.1 The emission
from sPP arises from horizontally aligned TDM respect to the
substrate plane (pPP,,,) that is perpendicular to the plane of in-
cidence. In contrast, the pPP contains contributions from both
horizontally (pPP,,,) and a vertically oriented TDMs (pPP,,,) re-
spect to the substrate plane, as it probes electric field components
parallel to the incidence plane. The angular intensity distribution
of the pPP is thus sensitive to the relative contributions of these
two orthogonal TDM components. The TDM orientation is quan-
tified by the horizontal dipole ratio denoted as 6, ,, which ranges
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from 0 (fully vertical) to 1 (fully horizontal), with a value of 0.67
corresponding to an isotropic distribution of TDMs.

2.2. Parameter-Dependent Variations in k-Space Emission
Intensity Distributions

Figure 2 presents the calculation results illustrating the influence
of refractive index and 6, ,, on sPP and pPP of the polar plotinten-
sity spectrum. These spectra show the relative intensity at varied
parallel k vectors normalized to the value at k” =0, with the spec-
tra on sPP in the region of k; /k, < 0 and pPP in k /k, > 0 where
k, is the free space wavevector. Since both the refractive index and
TDM orientation affect the intensity spectrum, they are utilized
to determine the refractive index as well as the orientation of the
TDM.

In Figure 2a, influence of the film refractive index in sPP and
pPP was investigated. As the refractive index increases from 1.6
to 3.0, the relative intensity at k /k, = —1.1 on sPP decreases by
639, while the relative intensity at k /k, = 1.1 on pPP decreases
by 77%. This reveals that the refractive index of the emissive
layer influences the angular emission pattern, even in films as
thin as 30 nm. The dependence arises from Fresnel reflection
at various angles at both the EML-air and EML-glass interfaces.
As n increases, the index contrast and thus reflectivity become
more pronounced, especially near and beyond the critical angle,
ki [ko g, and in the region of k; /k, >1 . These trends pro-
vide a non-invasive route to extract n through direct compari-
son with experimental FIM results. (see Figure S1, Supporting
Information)

In contrast, Figure 2b illustrates the variation of intensity spec-
tra on sPP and pPP with changes in 6, , with fixed refractive in-
dex and film thickness. The intensity spectrum in sPP shows no
change with 6, ., while it decreases on pPP causing the relative
peak intensity at k;/k, = 1.1 to reduce significantly, by 99.9%.
This behavior reflects the polarization selectivity of dipole cou-
pling: vertically oriented TDMs couple efficiently to high-k modes
such as glass and waveguide modes on the pPP, which possess
a strong out-of-plane electric field component. In contrast, hor-
izontal dipoles emit weakly into these high-k modes and rather
emit strongly into the air modes. This sensitive response of pPP
intensity spectra depending on 6, combined with the stability
of sPP, allows determination of TDM orientation using pPP spec-
tra, while sPP being used to probe the film refractive index.

Figure 2¢,d demonstrates the impact of birefringence, dissect-
ing the role of ordinary (n,) and extraordinary refractive indices
(n.) on the k-space emission pattern with constant 6, , and thick-
ness. The emission pattern strongly depends on the refractive in-
dex in the direction of the TDM oscillation.

Figure 2c illustrates how variations in the n, affect both sPP
and pPP emission patterns. The relative intensity at k/k, =
—1.1 on sPP decreases by 38% as n, increases from 1.6 to 2.5,
while the relative intensity at k;/k, = 1.1 on pPP decreases by
53%. Notably, the sPP pattern undergoes a global transforma-
tion, which arises from the fact that the TDM responsible for
sPP is oriented perpendicular to the plane of incidence, caus-
ing the TDM to be parallel to the ordinary optical axis. Conse-
quently, according to the Maxwell boundary conditions, n, gov-
erns the optical response for all in-plane wavevectors (k;), thereby
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Figure 1. a) Diagram of the Fourier plane imaging microscope measureme

nt system. b) A schematic illustration showing how light from the emissive

layer (EML) couples into the distinct light modes. Each mode, air mode (k;/ky < 1) and glass mode (1 < kj/ko < 1.5), are indicated in the k-space

pole plot. The red arrows designate light that directly propagates to air or
interface and subsequently enters the glass mode in k-space. In the right-h

glass, while the blue arrows represent light that is reflected at the EML-air
and side, a 3-dimensional schematic shows how a lens transforms the real

space image of the emitted light from the light source into momentum space. c) Schematic illustration showing the relationship between the coordinate
system and polarization-resolved measurements, demonstrating how linear polarizer (green arrow) selectively filters each TDM component in sPP and

pPP configurations. The filtered out TDM vector by the linear polarizer is sh

influencing the entire sPP pattern. In contrast, the pPP pattern
originates from TDMs lying within the incident plane, result-
ing in an electric field that possesses both in-plane (ordinary)
and out-of-plane (extraordinary) dipoles respect to the substrate
plane. When k /k, is close to zero, the electric field is predomi-
nantly aligned with the in-plane direction, and thus the emission
is primarily determined by n,,. As k; /k, increases, the out-of-plane
component becomes more prominent, enhancing the influence
of the n,. Consequently, changes in n, mainly affect the region
ki/ky < 1 in the pPP pattern. The major variation in Figure 2c
pPP mainly occurs in the region of k; /k, > 1 due to the normal-
ization at k” /k, = 0, which reverses the actual trend shown in
Figure S2 (Supporting Information).

Figure 2d illustrates how variations in the n, modulate the sPP
and pPP patterns. As n, increases from 1.6 to 2.5, the relative
intensity on sPP remains constant, while the highest intensity
peak on pPP increases by 48%. As previously discussed, the sPP
pattern remains insensitive to n, since the TDM orientation is
perpendicular to the incident plane and thus orthogonal to the
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own with a red arrow.

extraordinary optical axis. In contrast, the pPP becomes increas-
ingly sensitive to n, in the region k; /k, > 1, where the electric field
component aligned with the extraordinary axis is maximized. As
aresult, tuning n, leads to pronounced modifications in the high-
k region (k; /k, >1) of the pPP pattern.

The results in Figure 2 demonstrate that variations in re-
fractive indices (n,, n.), TDM orientation (6,,,), and optical
anisotropy induce distinct and quantifiable changes in the cal-
culated sPP and pPP spectra, each governed by a different physi-
cal mechanism. As noted, n, governs the overall response of sPP
by determining the in-plane electric field interaction, n, reshapes
the spectral profile of pPP in the high-k region through its con-
trol of the out-of-plane field component, and 6, ., modulates the
coupling efficiency of TDMs to either air modes or high-k modes,
thereby regulating the overall pPP intensity. Because these spec-
tral signatures respond uniquely to each parameter, n, can be
determined by comparing the measured sPP emission pattern
with the corresponding calculated result, while n, and 6, can
be determined by comparing the measured pPP pattern with
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Figure 2. a) Calculated k-space intensity distributions on sPP (kj/ky < 0) and pPP (k;/ky > 0) for varying refractive indices (n = 1.6-3.0) with fixed 6y,
= 0.6 and thickness = 30 nm. (b) Calculated intensity distributions for varying TDM orientations (0, = 0.1-1.0) with fixed refractive index n = 1.5 and
thickness = 30 nm. c) Calculated intensity distributions for varying ordinary refractive indices (n, = 1.6-2.5) with fixed 6,,,, = 0.66 and thickness = 30 nm.
d) Calculated intensity distributions for varying extraordinary refractive indices (n, = 1.6-0.5) with fixed 6,,,, = 0.66 and thickness = 30 nm. All intensity

distributions are normalized to the value at ky /k, = 0.

simulation. This procedure enables the determination of both the
TDM orientation and the film refractive indices.

2.3. Transition Dipole Moment Orientation of Perovskite
Nanocrystals

Figure 3 shows the correlation between the structural and opti-
cal properties of a 45nm-thick Phenethyl ammonium bromide
(PEABr)-CsPbBr quasi-2D organic halide perovskite film, inves-
tigated by the measured and calculated Fourier plane images.
Figure 3a shows a schematic illustration of the quasi-2D organic
halide perovskite film. PEABr and CsPbBr are mixed at 1:1 mole
ratio to maximize the formation of quasi-2D perovskite crys-
tals. Cross-sectionally, the as-prepared film forms a stacked het-
erostructure with sublayers assigned to N=2, N= 3, and 3D-like
(bulk). Consistent with inter-sublayer energy transfer from thin-
ner to thicker wells, the steady-state PL exhibits three resolved
features. Accordingly, the PL in Figure 3b is modeled with Gaus-
sian peaks for N= 2 and N = 3 and a double-sigmoid for the bulk.
Full model equations and parameter tables are provided in Table
S1 (Supporting Information). Figure 3c shows the measured in-
tensity spectra via ellipsometry, where a distinct extinction co-
efficient peak at 4 = 434 nm correspond to a phase of bi-layer
quasi-2D perovskite crystals (N = 2).12>2° In contrary, a photo-
luminescence peak appears at A = 500nm which represents the
bulk perovskite characteristics. Figure 3d,e shows the measured
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FIM results and their corresponding fits for perovskite films at
A =437 nm and 1 = 500 nm, respectively. Optical constants (n,
and n,) required for fitting the FIM results are obtained via bire-
fringent optical model, enabling the extraction of TDM orienta-
tion. At A = 437 nm, the result shows n, = 2.06, n, = 1.57, and
010 = 0.74 while at A = 500 nm, n, = 2.04, n, = 1.71, and 6, =
0.66 is obtained. The fitted n, shows marginal increase, whereas
the n, increases significantly as the spectrum shifts from N =
2 to bulk. This is consistent with a growth of out-of-plane os-
cillator strength as the probe wavelength approaches the exci-
tonic resonance of bulk-like perovsike which raises k., causing
an increase in n,. In contrast n, remains comparatively flat, and
the significantly larger k, in quasi-2D films further emphasizes
the relatively smaller k, in 2D structures compared to bulk ma-
terials where k, ~ k.28 As a result, the 6, , decreases from
0.74 to 0.66, indicating a shift from predominantly in-plane to
mixed random emission as bulk-like domains become spectrally
dominant.

At A =465 nm (N = 3), the measurement yields result that sig-
nificantly deviates from those observed at N = 2. In this spectral
region, the contribution from bulk emission is sufficiently strong
that it overwhelms the structured dipole signal, resulting in an
orientation distribution that trends toward random TDM, closely
resembling the isotropic nature of the bulk. As a consequence,
the inferred dipole orientation lacks physical credibility. This
outcome illustrates a limit of the technique, implying loss of reli-
able interpretation when spectral overlap is significant enough to

© 2025 Wiley-VCH GmbH
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Figure 3. a) The structure of organic Halide perovskite film. b) Photoluminescence (PL) spectrum of the spin-coated quasi-2D organic Halide perovskite
thin film incorporating PEABr ligands. The PL profile is deconvoluted into three distinct emission components corresponding to layered perovskite
phases characterized by distinct numbers of perovskite layers (N = 2, 3, bulk) c) Refractive index and extinction coefficient of perovskite film measured
via ellipsometry. Measured Spectrum resolved FIM image and intensity profiles at specific wavelengths (data points) in sPP (blue) and pPP (red) along
with calculated fits (solid lines) of organic Halide perovskite film at d) 437 nm, and at €)500 nm. [Correction added on October 23, 2025, after first online

publication: figure 3 has been updated in this version.]

obscure the intrinsic signal. The fit results and retrieved param-
eters at A = 465 nm are provided in Supplementary Information
(see Figure S3, Supporting Information).

Ellipsometry infers thin-film optical constants via measured
amplitude ratio (¥) and phase shift (A) of the reflected p- and

Adv. Optical Mater. 2025, €02019 02019

s-polarized light. These constants arise from the difference be-
tween the Fresnel reflection of the two polarized light at the inter-
face (R, and R,). In an anisotropic thin film, only the p-polarized
beam contains an electric field component normal to the sub-
strate plane (pPP,., in Figure 1c) and thus carries information
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95UB01 7 SUOLULLOD AT 3[dedldde au Aq peusenob ae S VO ‘85N JO 3Nl o Akeiqi 18Ul UO A8]IM LD (SUOHIPUOD-PUE-SWLBIALI0O" A3 | IM Afe.d jBu [Uo//Sciy) SUORIPUOD pue SWB | 8u 89S *[6202/TT/6Z] Uo AriqiTauluo A|im ‘Ariqi AiseAIUN BSUO A A 610205202 LOPe/Z00T OT/I0p/L00" A5 | 1M Ale.d 1jBul JUO'peoUeARe//SANY WO papeo|umod ‘0 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

of n. . However, when the film thickness is much thinner
than the wavelength of incident light, in the scale of tens of
nanometers, accumulated phase delay during the round-trip
within the layer drops, causing the n, sensitivity to reduce to the
instrument’s noise floor. Thus, under these conditions, ellipso-
metric fitting precision is highly correlated to the productn, and
film thickness. As a result, a small differenceinn, can be com-
pensated by a proportional change in film thickness, markedly
degrading the uniqueness of the n, solution . To address these
challenges, variable-angle spectroscopic ellipsometry (VASE) ac-
quires spectroscopic ¥ and A signals at multiple incidence an-
gles, generating independent spectral datasets for each angle.
These multi-angle datasets provide additional information in the
optical model fitting process, enhancing the robustness and reli-
ability of the extracted refractive index parameters. Nevertheless,
as the number of incidence angles and thus data points increases,
the total measurement time increases accordingly, making it im-
practical to obtain an unlimited dataset. Consequently, accurately
extracting both n, and n, from a single ellipsometry data set
remains challenging. This issue becomes particularly critical in
quasi-2D perovskite thin films (Figure 3b), where a thickness of
only a few nanometers is combined with a pronounced vertical
compositional gradient originating from bulk-like domains.

FIM circumvents these limitations by performing an optical
Fourier transform and recording the photoluminescence in mo-
mentum space: a single acquisition yields intensity data for nu-
merous polar and azimuthal angles as shown in right hand side
of Figure 1b. Each detection angle corresponds to a distinct op-
tical path through the film, and the phase accumulated along
that path depends on n,. Consequently, the Fourier-plane im-
age provides significantly increased number of orthogonal infor-
mation, where each angular path serves as an independent fit-
ting condition for refractive index extraction. Splitting the emis-
sion into sPP and pPP further decouples the ordinary and ex-
traordinary responses, allowing n, to be fixed by the pattern of
sPP while n, is fitted to the pattern of pPP. Moreover, because
FIM analyses internally generated emission rather than reflected
light, its retrieval of n, and n, is largely immune to the diffuse-
scattering artefacts that surface roughness introduces into ellip-
sometric measurements. Also, the measurement is robust to the
film absorption. Error analysis in Figure S4 (Supporting Infor-
mation) shows that even after introducing realistic absorption (k
~ 0.118), the peak intensities shift by < 5%, well within the fit-
ting uncertainty, confirming that the method remains a powerful
tool for extracting dipole orientation and refractive indices. FIM
therefore delivers precise optical-anisotropy measurements even
in ultrathin and morphologically non-uniform films where ellip-
sometry is fundamentally resolution-limited.

The FIM measurements in Figure 3 provide insights into the
orientation of the TDMs in quai-2D perovskite films. As shown
in Figure 3a and 3b, the film demonstrates a mixed phase of
various number of perovskite layers from N = 2 to the bulk.
The emergence of dominant bulk perovskite PL peak at 500 nm
compared to the weak N = 2 emission peak at 4 = 437 nm
demonstrates efficient Forster resonance energy transfer (FRET)
causing an energy-funneling process.[?! The TDM orientation at
A =437 nm shows 6, = 0.74, confirming a dominant horizon-
tal oriented TDM orientation due to a significant quantum con-
finement effect. However, at the bulk emission A = 500 nm, 6,
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decrease to 0.66 as shown in Figure 3d. The random TDM orien-
tation at the dominant PL peak at A = 500 nm is far from an ideal
horizontal alignment that is necessary for efficient outcoupling.
This result necessitates a strict design rule to avoid bulk domain
emission when aiming for emissive layers with highly efficient
outcoupling. Altogether, these findings highlight the unique util-
ity of FIM in simultaneously resolving optical anisotropy and
transition dipole moment orientation for ultrathin films with
birefringence.

2.4. Transition Dipole Moment Orientation of Quantum Dot
Films

Figure 4 shows the measured and calculated FIM polar
plots as well as the surface texture of the QD film. As
shown in Figure 4a, the QD heterostructure comprises
CdSe/CdZnSe/ZnSeS/ZnS/oleic acid ligands with an over-
all size of 14 nm.I*) As shown in Figure 4b, quantum dot (QD)
films exhibit rough surfaces with random voids and a root mean
square roughness of R, = 3.4 nm, which induces light scattering
and thereby limit the precision of ellipsometry (see Figure S5,
Supporting Information). Figure 4c,d shows the measured and
calculated Fourier plane images with its intensity spectrum in
sPP and pPP that results in the refractive index of 1.71 + 0.01
and 6, 0.79 = 0.01, indicating a horizontal orientation. In con-
trast, method utilizing FIM measures the TDM orientation and
refractive index of the film simultaneously with high accuracy as
shown in Figure 4d.

While the QD core has a refractive index of 2.7, the shell and
ligand show lower refractive index, thus reducing the average
refractive index to approximately 2.4.3!1 When forming a film,
voids are created within the film, reducing the refractive index
even further. Consequently, the fill factor that indicates the vol-
ume proportion of QD particles within the overall film, can be
determined via film’s refractive index. The fill factor is shown to
be 53%, with the measured refractive index of the QD film as
n=1.71 + 0.01, and assuming the refractive index of the voids to
be n = 1.31321 The TDM distribution within the spin-coated QD
film is horizontal to a certain degree, with 6, ,, around 0.79 + 0.01
as shown in Figure S6 (Supporting Information). This horizon-
tally oriented TDM is basically due to asymmetric strain induced
by lattice mismatch in the QD heterostructure and the wurtzite
(W2Z) crystalline phase in the QD core, which facilitates preferen-
tial orientation of crystallographic axis and strong static dipole of
each QD particle. The dipole further causes highly ordered self-
assembly in the QD film, leading to significant horizontal TDM
orientation as confirmed from a previous study.**]

As such, the presence of voids and the heterogeneous re-
fractive index distribution within CdSe-based QD films compli-
cates conventional ellipsometry measurements; however, FIM
has been confirmed as a reliable alternative capable of simultane-
ously and accurately measuring the equivalent refractive index of
the thin film and the transition dipole moment orientation under
such conditions.

2.5. Accuracy and Reliability

Measurement accuracy is determined by comparing the mea-
sured refractive indices of organic thin films via FIM to the
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Figure 4. a) A schematic illustration showing the structure of a quantum dot. b) Surface scan of the QD film measured by atomic force microscope.
c) Measured (left) and simulated (right) k-space polar plots via FIM. d) Measured intensity profiles of CdSe QD film (data points) in the sPP (blue) and

pPP (red) along with the simulated fits (solid lines).

measurements obtained from ellipsometry, as shown in Figure
S7 and Table S2 (Supporting Information). The values acquired
from the two techniques are in close agreement, supporting the
validity of the fitting procedure with FIM. In addition, the reli-
ability of the measurement is evaluated by repeating the exper-
iment 100 times at identical location on the same sample. As
shown in Figure S8 (Supporting Information), both the refrac-
tive index and the 6, values varies within +1%, indicating that
the measurements are stable and reproducible. The consistency
with ellipsometry and the narrow distribution of repeated mea-
surements demonstrate that FIM provides accurate and reliable
extraction of refractive indices and TDM orientations.

3. Conclusion

In this work, we present a simple and precise method for simul-
taneously observing the refractive index and orientation of the
transition dipole moment (TDM) within a thin emissive film.
Our method is particularly effective for films with rough surfaces,
such as QD thin films, which are typically challenging for con-
ventional ellipsometry. Especially, it enables accurate determina-
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tion of anisotropic refractive indices, even in ultrathin birefrin-
gent films where such measurements are typically challenging.
The strength of these measurements is the fact that it can ex-
tract TDM orientation and refractive index simultaneously in a
single acquisition, which makes it especially effective in analyz-
ing TDM of weakly emissive samples with critical emission de-
cay. Using Fourier imaging microscopy, we successfully applied
this technique to a variety of emissive materials, including or-
ganic phosphorescent emitters, neat molecular films, and inor-
ganic emitters such as QDs and perovskite films. This capabil-
ity offers a powerful diagnostic tool for optical characterization
of emissive layers, ultimately enabling detailed nanoscale anal-
ysis that supports the advancement of advanced optoelectronic
technologies.

4. Experimental Section

Sample Fabrication:  Organic films were deposited on clean glass sub-
strates via thermal evaporation. Films of mCBP (30 nm) doped with
10 vol.% emitters (Ir(ppy)s, Ir(ppy), (acac), Ir(mphmag), (tmd)) were pre-
pared. Additional organic materials such as Alq; and Trz-CzCz were

© 2025 Wiley-VCH GmbH

95UB01 7 SUOLULLOD AT 3[dedldde au Aq peusenob ae S VO ‘85N JO 3Nl o Akeiqi 18Ul UO A8]IM LD (SUOHIPUOD-PUE-SWLBIALI0O" A3 | IM Afe.d jBu [Uo//Sciy) SUORIPUOD pue SWB | 8u 89S *[6202/TT/6Z] Uo AriqiTauluo A|im ‘Ariqi AiseAIUN BSUO A A 610205202 LOPe/Z00T OT/I0p/L00" A5 | 1M Ale.d 1jBul JUO'peoUeARe//SANY WO papeo|umod ‘0 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

deposited under identical conditions. PTCDA film with a thickness of
50 nm was also thermally evaporated.

Perovskite films were prepared by spin-coating precursor solutions
onto substrates. The precursor solution was prepared by dissolving
0.2 mmol each of CsBr and PbBr, in DMSO, followed by the addition of
varying amounts of PEABr to achieve a molar ratio corresponding to 100%
PEAB (i. e., Mpgagr = Mcspper, = 100%). The solution was stirred at 80 °C
for 2 h to ensure complete dissolution and homogeneity. Spin-coating was
performed using a two-step procedure at 3000 rpm for 55 s, followed by
thermal annealing at 100 °C for 1 minute to promote crystallization.[34]

Quantum dot (QD) films were prepared by spin-coating 20 pL of con-
tinuously graded-QD solution (20 mg mL™" in Toluene) onto substrates at
2000 rpm for 30 s, yielding a final film thickness of approximately 51nm.
The preparation of the cg-QD solutions was done by following the estab-
lished protocols as previously reported.l3!

Fourier Imaging Microscope Measurement: The Fourier imaging micro-
scope (FIM) comprises two integrated components: (i) an inverted pho-
toluminescence microscope comprising a 405-nm laser and an inverted
microscope (Olympus IX81) and (ii) a Fourier optical system comprising
arelay lens (Thorlabs), optical filters, a linear polarizer, and a spectrometer
with a 1024 x 1024 charge-coupled device (CCD) array (Princeton Instru-
ments). Photoluminescence from the sample was collected via a X100 oil
immersion objective (NA = 1.45, Olympus). The Fourier plane was recon-
structed on the CCD plane by a f = 300 mm relay lens. To eliminate laser
reflections from the detection path, a 450 nm long-pass filter and a neu-
tral density filter were employed. Polarization-dependent measurements
were enabled by a linear polarizer, which separates orthogonal emission
components corresponding to the sPP and pPP modes.

Due to the broad full-width at half-maximum of the emission spec-
tra, which hinders unambiguous determination of the transition dipole
moment orientation at a single wavelength, spectral partitioning was em-
ployed to isolate the k-space intensity distribution at the target wavelength.
In our spectrally resolved FIM system, a linear polarizer selectively filters
the s- or p-polarized emission, nd then dispersed through a slit and diffrac-
tion grating to produce a comprehensive wavelength-momentum (A-k)
maps. This enables precise extraction of k-space intensity profiles at spe-
cific wavelengths, enhancing the measurement accuracy of the TDM ori-
entation.

Calculation and Fitting:  The intensity spectrum on sPP solely depends
on the film thickness and n,, remaining unaffected by the n, and the TDM
orientation. Film thicknesses were measured by atomic force microscope,
and n,, is determined by comparing the measured sPP spectra with calcu-
lated results based on a dyadic Green’s function approach.[33! The fitting
was performed over a limited k region, between -1.1and 1.1 to avoid image
artefacts.[3°36-3%] The refractive index and orientation are fitted by identi-
fying the condition that yields the minimum mean squared error (MSE) be-
tween the calculated and measured spectra. Since the calculated spectrum
varies continuously with changes in the parameters, the MSE inevitably ex-
hibits one or more local minima. Although correlations between parame-
ters may occasionally resultin multiple local minima, the set of parameters
corresponding to the global minimum MSE uniquely represents the actual
optical properties of the film.

Based on the obtained film thickness and n,, the fitting strategy pro-
ceeds in two steps. First, since the influence of 6},,, on the pPP spectrum
is stronger than that of n,, the spectrum is fitted by varying only a sin-
gle parameter, the TDM orientation ratio (0},,). Figure S9a,b (Support-
ing Information) demonstrate the validity of this single-parameter (6},,,)
fit: a contour map of the mean squared error between the measured p-
polarized pattern and calculation results for different n, and 6y, values
exhibits a single global minimum (marked by a circle), confirming that the
fit is unique, well-converged, and independent of the initial guess.

For materials without significant birefringence (n, ~ n,), the pro-
cedure terminates at this stage. In contrast, for materials exhibiting
pronounced birefringence, the same pPP spectrum is subjected to a
two-parameter fitting, in which both n, and 6,,, are varied simul-
taneously, while the thickness and n, obtained from the sPP anal-
ysis are kept fixed. Figure S9c (Supporting Information) substanti-
ates the adequacy of this two-parameter (n,, 60,,,) fit, confirming that
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the fitting approach is reliable and well-converged. Using this proce-
dure, the results obtained for various organic films are consistent with
previously reported values, as summarized in Table S2 (Supporting
Information).

Sample Characterization: The atomic force microscope measure-
ments were performed using the XE-100 model from Park Systems, in
non-contact mode, with a PPP-NCHR cantilever. The refractive index of
the organic film was measured using the Alpha SE from J.A. Woollam Co.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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