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Abstract

Two-dimensional metal-halide perovskites (MHPs) are versatile solution-processed organic/inorganic
quantum wells where the structural anisotropy creates profound anisotropy in their electronic and excitonic
properties and associated optical constants. We here employ a wholistic framework, based on semiempirical
modeling (k-p calculations) informed by hybrid density functional theory (DFT) and multimodal
spectroscopic ellipsometry on (C6HS(CH2)2NH3)2Pbl4 films and crystals, that allows us to link the
observed optical properties and anisotropy precisely to the underlying physical parameters that shape the
electronic structure of a layered MHP. We find substantial frequency-dependent anisotropy in the optical
constants and close correspondence between experiment and theory, demonstrating a high degree of in-
plane alignment of the two-dimensional planes in both spin-coated thin films and cleaved single crystals
made in this study. Hybrid DFT results elucidate the degree to which organic and inorganic frontier orbitals
contribute to optical transitions polarized along a particular axis. The combined experimental and
theoretical approach enables us to estimate the fundamental electronic bandgap of 2.65 — 2.68 eV in this
prototypical 2D perovskite and to determine the spin-orbit coupling (Asp = 1.20 eV) and effective crystal
field (6 = —1.36 eV) which break the degeneracy of the frontier conduction band states and determine the
exciton fine structure. The methods and results described here afford a better understanding of the
connection between structure and induced optical anisotropy in quantum-confined MHPs, an important
structure-property relationship for optoelectronic applications and devices.

Introduction

Hybrid organic-inorganic perovskites, especially metal halide perovskites (MHPs), have emerged as
attractive semiconductors for a wide range of applications, including photovoltaics [1-3], solid-state
lighting [4,5], photocatalysis [6], and information processing [7]. MHPs that are quantum confined in one
or more dimensions have strong and tunable absorption and emission spectra that are beneficial for solution-
processed optoelectronic applications [8,9]. Relative to ‘bulk’ three-dimensional perovskites, two-
dimensional (2D) MHPs, such as the prototypical (CsHs(CH,),NH;),Pbl, (2-phenylethylammonium lead

(Pb) iodide, PEPI), can be viewed as solution-processed quantum wells (QWs) with large exciton binding
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energies, anisotropic carrier/exciton transport, and enhanced environmental and operational
stability [10,11]. In recent years, the fundamental properties of charge carriers, excitons, and spin
populations in 2D MHPs have been studied extensively as these technologically emergent materials have
inspired a variety of optoelectronic applications [12—16]. Accurate knowledge of a semiconductor’s optical
constants is critical for rational incorporation into optoelectronic devices. As examples, frequency-
dependent optical constants are used to model the spatial modulation of optical fields in solar cells [17] and
light-emitting diodes (LEDs) [18] and can also be used to estimate important properties such as the exciton
binding energy.

The solution-phase precursors for 2D MHPs self-assemble into monolayer sheets of lead-iodide
octahedra separated by organic ligand spacers (Figure 1). The insulating ligands act as electronic barriers
for electrons and holes, creating a natural quantum well. Being comprised of such distinct molecular
environments, these quantum wells were shown to exhibit dielectric confinement, which greatly increases
the exciton binding energy over the theoretical contribution from quantum confinement alone (as dominates
in traditional III-V QWs) [19].

The low-symmetry structure of 2D MHPs (e.g. PEPI) should naturally result in strong optical
anisotropy, as has been observed for other 2D semiconductors such as monolayer transition metal
dichalcogenides (TMDCs) [20] and epitaxially grown (e.g. III-V and II-VI) QWs [21]. This anisotropy
should be especially strong for quantum-confined excitons in the lead-iodide sheets since the spatial
distortion of the electron and hole wavefunctions greatly modifies the angular dependence of the dipole
moment. Accordingly, recent experimental studies have identified the angular-polarization dependence of
the exciton oscillator strength [22], optical constants [23,24], and the resulting photoluminescence (PL)
efficiency [25] in PEPI and related 2D perovskites. Optical anisotropy has already been theoretically seen
for other 2D hybrid perovskites besides PEPI [26,27]. However, a complete analysis of optical anisotropy
in the prototypical 2D hybrid perovskite PEPI, combining experiment and computation to trace the
electronic origins of single-particle transitions and excitonic effects, is to the best of our knowledge still

missing.
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Here, we leverage a combination of multimodal ellipsometry, density functional theory (DFT)
calculations, and multi-band K.P/ effective mass theory to demonstrate and characterize strong anisotropy
of the optical transitions in PEPI as a model 2D MHP semiconductor. Our experimental analysis couples
absorbance spectroscopy with reflection mode and transmission mode ellipsometry to reduce correlations
between the anisotropic optical constants of the material. We probe both spin-coated thin films and
exfoliated single crystals to quantify birefringence in the near-infrared, dichroism in the visible and UV
regions of the spectrum, and strong optical anisotropy of the dominant excitonic transition. This detailed
experimental analysis is coupled with an in-depth first-principles based computational analysis that
employs all-electron, semilocal and hybrid DFT (HSE06 [28]) including spin-orbit coupling (SOC) effects
(implemented in the FHI-aims code [29-31]; for details see below) to obtain the independent-particle
electronic structure and corresponding calculated, direction-resolved dielectric function. Next, in order to
capture excitonic contributions, we add multiband K.P theory in conjunction with an effective mass
description of the excitonic states to relate the DFT results to the excitonic dielectric response.

The theoretical results confirm the directionally-dependent critical points in the highly anisotropic
PEPI. We find good agreement between the calculated near-bandgap dielectric response and the
experimentally observed anisotropic exciton oscillator strengths. Importantly, the combination of
ellipsometry, high-level DFT and multiband K.P/effective mass theory allows us to pinpoint a precise value
for the fundamental (electronic) bandgap in PEPI, i.e., 2.65-2.68 eV and to determine the origin and
magnitude of the effective crystal field [32] and the spin orbit coupling responsible for the anisotropy of
the intrinsic oscillator strength associated with polarization perpendicular versus parallel to the lead-halide
sheets. The fundamental gap is an important semiconductor parameter but, as we summarize below, the
existing literature did not agree on a specific value. The combination of methods employed in this paper
resolves this issue. The theoretical calculations also help to corroborate our remarkable observation that
rapidly spin-coated thin films produce exceptional in-plane alignment that is comparable to slowly grown
self-assembled crystals. Qur results, which are generalizable to 2D MHPs and even other low-dimensional

semiconductors, demonstrate that careful application of ellipsometry can provide a valuable connection
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between the intrinsic optical properties of an ideal material with the realized structure in crystals and

partially ordered films.

Results:
Multi-modal Ellipsometry of PEPI Samples with Varying Structural Order and Alignment

Here, we use spectroscopic ellipsometry to analyze optical anisotropy in (C¢Hs(CH,),NHj3),Pbl, (PEPI)
as a model 2D MHP quantum well. As shown in Figure la, 2D sheets of Pbl, octahedra project along
equivalent b and c axes, defining an x-y plane that is structurally distinct from the a crystal axis (z direction).
Based on the structural anisotropy of this system, we expect strong optical anisotropy. We prepare PEPI as
either spin-coated thin films or thin crystals that are mechanically cleaved from bulk crystals. We find that
the spin coated material is very well optically ordered, showing identical magnitude of birefringence in the

IR as the crystal and very similar dichroism at the prominent exciton mode, discussed in detail later.
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Figure 1: (a) Atomic structure of PEPL, including the outline of the double-layer vertical unit cell used in the DFT
computations in this work. a-direction is almost perpendicular to the organic and inorganic plane. (b) absorbance
(ABS) of an 80-nm thin film of PEPI on fused silica. (¢) Experimental XRD pattern of an 80 nm thick PEPI thin film
(orange trace). Black trace shows the XRD pattern simulated single-crystal XRD nuclear coordinates.
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Figure 1b shows the optical absorbance of a PEPI thin film (ca. 80 nm thick) on a quartz substrate. The
absorbance is dominated by a strong and relatively narrow (ca. 170 meV) exciton resonance centered at 2.4
eV, and multiple additional peaks can be observed into the ultraviolet (UV) region. The experimental thin-
film x-ray diffraction (XRD) pattern (orange trace, Fig. 1¢) demonstrates a sharp (002) diffraction peak at
26=5.4°, corresponding to the 16.35 A separation between ordered Pbl, planes. The strong (002) diffraction
peak and the close match of the experimental thin-film pattern to the pattern simulated from single-crystal
XRD nuclear coordinates (black trace) are consistent with a high degree of purity for the n=1 (i.e. single
inorganic layers separated by organic layers) 2D phase and a high degree of ordering within the thin film

parallel to the substrate.
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Figure 2: Multimodal ellipsometric analysis of spin coated PEPI thin films. Representative rSE (a) and tSE (b)
experimental data (black line) at specified angles, along with isotropic (green line) and uniaxial anisotropic (blue line)
fits. Although not shown here, rSE and tSE are taken from 45° to 75° and 0° to 70°, respectively, and transmittance
(Fig 1b) is fit simultaneously with rSE and tSE. (c) and (d) The resulting optical models for n (c) and k (d) from the
isotropic and uniaxial anisotropic fits. The strong birefringence of PEPI is found to be An=-0.18 in the infrared (E,, <
1 eV) . Dashed extraordinary model above 6 eV highlights our reduced sensitivity because of lack of tSE data.

Spin-coated PEPI thin films are measured by transmittance, reflection ellipsometry (rSE) and
transmission ellipsometry (tSE). Figures 2a and 2b show representative fits to rSE and tSE W data (black

lines) for an 80 nm spin-coated PEPI film on quartz assuming isotropic (green line) or uniaxial anisotropic
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(blue line) models. The three datasets are fit simultaneously and self-consistently (see Supporting
Information (SI), section S1) to maximize sensitivity to the in-plane and out-of-plane optical constants for
the film. While rSE gives very high sensitivity to in-plane optical constants, surface roughness and layer
thickness, cross-correlations with extraordinary optical constants can greatly degrade model parameter
confidence intervals. Inclusion of tSE greatly improves sensitivity to the out-of-plane optical constants by
reducing cross-correlations with the ordinary axis # and & [18]. Similarly, normal-incidence transmittance
improves sensitivity to in-plane absorption and reduces the cross-correlation between thickness and k [33].
We find that the standard error of the fit (MSE) is significantly worse for the isotropic fit compared to the
anisotropic fit. Figure 2a and b show that the isotropic fit (green lines, MSE = 27) also fails to qualitatively
reproduce the experimental data (black line). In contrast, the anisotropic fit (blue line, MSE = 6) reproduces

the experimental behavior well.

We further improve the models by analyzing multiple samples of different thicknesses and converting
the B-spline model into a general oscillator model to interpret confidence on the critical point features (see
Methods and SI section S1). Figures 2¢ and d show the optical constants n and £, respectively, for the
resulting isotropic and anisotropic models. Due to insufficient transmission through the films at high photon
energy, we truncate tSE analysis above 6 eV and therefore the confidence on the extraordinary optical
constants is reduced in this range (dashed lines, Fig. 2c and 2d). Analysis of the in-plane (ordinary) and
out-of-plane (extraordinary) refractive indices demonstrates that this PEPI thin film is strongly anisotropic,
exhibiting a large birefringence: An=-0.18 at 1500 nm to more than An=-0.3 at 600 nm. The analysis also
demonstrates that applying an isotropic model to anisotropic media can result in dramatic errors, even in
the transparent region. In this case, the refractive index derived from the isotropic model is 4% larger than
that of the ordinary axis » and 15% larger than that of the extraordinary axis, rather than falling between
the ordinary and extraordinary optical constants. This significant error in n would propagate to erroneous

thickness estimates and quantum yield calculations. The poor quality of isotropic ellipsometric fits would
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furthermore hamper any attempts at deeper characterization of film quality (e.g. porosity and surface

quality) as well as frequency-dependent optical modeling of device stacks in e.g. solar cells or LEDs.

In spite of the rapid spin-coating preparation, the PEPI thin film has pronounced dichroism throughout
the absorbing region, indicating a noticeable degree of order in the film. For example, ordinary axis
absorption dominates the transitions below 4 eV, while extraordinary-axis absorption becomes stronger
above 4 eV and shows peaks that do not appear in the ordinary axis absorption. This contrasts with spin-
coated polymers, which often exhibit uniaxial anisotropy in the extent to which the critical points manifest
in-plane or out of plane due to incomplete alignment of molecules in the film [34], while here the critical
points appear at different energies in either axis. Also, while the predominant oscillator strength of the
excitonic peak (2.4 eV) is in the plane of the film (ordinary axis), the peak also appears to have a small
amount of oscillator strength in the extraordinary axis. It seems sensible to conclude that the strong spectral
variation in the ordinary and extraordinary optical constants is connected to structural order of the inorganic
and organic sub-lattices within the thin film and the contribution of specific organic and/or inorganic
orbitals to particular optical transitions. We explore this connection in detail below, using DFT calculations
in conjunction with multiband k-p calculations and an effective mass description of the excitons.

To delve deeper into the optical response of highly ordered PEPI, we explore crystals grown by slow
crystallization from saturated precursor solutions (see methods). Bulk crystals of 2D MHPs are expected to
represent a model system for highly aligned 2D planes if the crystal registry is retained over length scales
probed by the ellipsometry measurement. Experimentally, we find that the surface of as-grown ‘bulk’
crystals is rough and disordered (Fig. 3a, b), due to the presence of different single-crystal grains of varying
orientation. As such, these bulk crystals are too disordered to recover reliable data from rSE measurements
and are also too thick to observe and model back-surface reflections in the non-absorbing region below the
optical bandgap. To achieve clean surfaces and thinner crystals with sufficient long-range order over the
area of the focused ellipsometry probe beam (dashed red line, Fig. 3¢), we exfoliate crystals on the order of

1-10 microns thick using a heat release tape (Fig. 3c) [35]. The resulting crystals are investigated solely
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with rSE, due to insufficient transmission through the thick crystals in the visible region. Single crystal x-
ray diffraction confirmed that these smooth-faced crystals are an identical match to literature x-ray structure
for PEPI and the starting structure used in our theory (see SI section S2).

Representative ¥ data (black traces) and fits (red traces) for two separate cleaved crystals are plotted
in Figures 3d and e, while Figures 3f and g display # and £, respectively, for both the cleaved and thin film
uniaxial models. Here we retain high sensitivity to the transparent region birefringence due to back
reflections through the ~2 micron thick crystals (visible as the asymmetric tilt of oscillations in Fig. 3d and
e). However, we are less sensitive to the extraordinary absorption without the tSE data. Therefore, we fix
the critical points in the extraordinary axis dielectric function to those deduced for the thin film. The
anisotropic model deduced for PEPI thin films fits the ellipsometric data for the cleaved crystals over a
broad range of frequency (Fig. 3d,e) and the extracted optical constants for both samples show similar
energy-dependent anisotropy (Fig. 3f,g). We also confirmed the orientation of these crystals with a full
Mueller Matrix analysis. We find that the cross-polarization components are negligible, and therefore the
crystal can be accurately and completely described as a uniaxial medium oriented with the optical c-axis

perpendicular to the surface we are measuring, as expected for PEPI’s natural cleavage direction.
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Figure 3: Bulk and cleaved crystal analysis. (a), (b) Optical micrographs of as-grown bulk crystals exhibiting surface
defects, step edges, and tilted facets which confound ellipsometric analysis. Cleaved crystals (c) yield smooth, uniform
domains on the scale of our measurement volume (red dashed ellipse). Ellipsometry from such cleaved crystals around
2um or thinner (d), (e) is well fit by slightly relaxed models developed for the thin films. (f), (g) Modeled optical
constants for these cleaved crystals (red and blue) and the thin film (grey).

Density Functional Theory Calculations

To better understand the electronic origins and spectral dependence of the observed optical anisotropy,
we turn to DFT calculations. For the atomic structure underlying the simulations, semilocal DFT including
van-der-Waals correction (here, Perdew-Burke-Ernzerhof (PBE) functional [36] with Tkatchenko-
Scheffler (TS) pairwise dispersion scheme correction [37]) is known to provide reliable results for hybrid
organic-inorganic perovskites [38]. Since alignment of electronic levels between the components may be
important, a high-level (and, for the 188-atom unit cell of PEPI, computationally demanding) approach
beyond semilocal DFT is employed for the electronic structure and dielectric properties (here, the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid density functional [28,39,40]). We rely on the HSEO6 parameters
suggested by Krukau ef al. [40], i.e., #=0.25 for the exchange mixing parameter and w=0.11 (atomic
units)~1, since this choice has yielded correct energy level alignments between organic and inorganic

components in our own past work [26,38] and does not introduce a material-specific fitting of key
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parameters of the hybrid density functional (see SI section S2.1 of the SI for further discussion). For
investigation of the optical properties of PEPI from first principles, it is essential to treat spin-orbit coupling
(SOC) effects, here included in a second-variational approach [31], recently benchmarked for hybrid
perovskites in Ref. [41]. The electronic levels arising from Pb (and also to a lesser extent those of lighter
I) split substantially due to SOC, which leads to pronounced changes in the arrangement of electronic bands
in the conduction band [38,42,43]. Leveillee et al. performed an in-depth study of the imaginary part of the
dielectric function of PEPI and provided an analysis of the electronic transitions that give rise to the
absorption spectrum [44]. However, to our knowledge, the dependence of the dielectric function on
different crystal directions has not yet been investigated for PEPI.

Figure 4a shows the unit cell of PEPI after relaxation of the experimentally determined atomic
positions [45] with DFT-PBE+TS. As shown in Table S1, the computational lattice parameters are within
1% of low-temperature experimental lattice parameters (note that zero-point vibrations and thermal
expansion are not accounted for in the DFT calculations). As in Figure 1a, the inorganic and organic layers
are stacked in a-direction. Electronic structure calculations with DFT-HSE06+SOC reveal a direct band
gap of 2.01 eV, which is smaller than the experimentally expected fundamental band gap of ~2.5-2.8
eV [19,46-51] . A band gap of 1.95 eV, similar to our DFT-HSE06+SOC gap, was predicted by Leveillee
et al. for PEPI with HSE06+SOC within VASP [44]. The slight difference in band gap between our
calculations and Leveillee et al.’s study can likely be attributed to the different treatment of SOC in VASP

(code used by Leveille et al.) and FHI-aims (code used in this work).
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Figure 4: a) Unit cell of PEPI used in the computations. b) DFT-HSE06+SOC density of states projected onto all
atoms (black, total), the organic molecules (thick magenta), the inorganic framework (thick green), the Pb atoms (grey)
and the I atoms (dark blue). The dashed and solid purple arrows indicate two possible transitions. ¢) Experimental
measurement of the imaginary dielectric constant from the spin coated film. d) Imaginary dielectric constant as a
function of energy between 0 and 7.5 eV along a (red), b (green) and c¢ direction (blue). Note that the line from b
disappears almost entirely under the one from c¢; the dielectric constant within the plane of the inorganic layers (i.e. in
b and c-direction) is equivalent.

The underestimation of the computed band gap (2.01 eV), relative to the experimentally reported range
for the fundamental gap, is an expected systematic error of the HSE06+SOC method as used here (see SI,
section S2 for more details) [26,31]. Importantly, the DFT methods applied here are restricted to single-
particle band-to-band transitions and cannot account for excitonic effects in the dielectric properties,
whereas experimentally determined optical data are dominated by the excitonic transition. However,
numerically converged many-body treatments capable of capturing excitonic excitations from first
principles remain as yet out of reach for complex materials with the unit cell size considered here [52].

Excitonic effects will instead be covered semi-empirically by k.p calculations further below.
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In Figure 4b, we plot the density of states projected onto the organic and inorganic components and
show that PEPI exhibits a type-I level alignment where the frontier orbitals are on the inorganic framework,
as expected from the small aromatic system of the organic cation and as also observed previously [44]. The
valence band maximum is mainly formed by I-contributions while the conduction band minimum is due to
mostly Pb and I contributions, in agreement with previous observations [53] (see also Figure S4 for the
band structure). The predicted bandgap of the organic carbon framework is 4.8 eV, close to the 4.6 eV gap
observed experimentally for the Sy—=>S; (n-n*) transition in solid benzene [54].

Figure 4d shows the HSE06+SOC-derived frequency-dependent single-particle imaginary dielectric
constant as a function of the photon energy, using the computational approximations described in Ref. [55]
and decomposed into the in-plane (ordinary, parallel to b and ¢ crystal axis) and out-of-plane contribution
(extraordinary, dielectric function along a). A detailed decomposition of the computational transitions that
contribute to the dielectric function, shown in Figure S5, demonstrates that, for both ordinary and
extraordinary axes, contributions to the absorption spectrum below 3.5 eV can be attributed to transitions
purely within the inorganic framework. Transitions purely within the organic framework start well above 5
eV in the computed dielectric function.

In comparison to the experimental data in Figure 4(c), the qualitative trends predicted for the ordinary
and extraordinary spectra are reproduced in the calculated spectra, although with somewhat different shifts
of inorganic- and organic-derived features. The experimental peaks between 3.25 eV — 4 eV in the
imaginary ordinary dielectric function are reflected in the calculated spectrum and are attributed to within-
inorganic transitions, as described above. Likewise, the rise of the extraordinary, imaginary dielectric
function in the experiment at ~3.8 eV is reproduced qualitatively and can be attributed to a higher DOS in
the inorganic, allowing stronger single-particle transitions. Based on the observations discussed in the
previous paragraph and the separation between the two strong organic contributions in the projected DOS
of ~6.5 eV (Fig. 4b, dashed purple line), we attribute the peak around ~6.5 eV to predominantly organic-
organic n-* transitions (see also discussion on hybridized orbitals below). Quantitative deviations between

theory and experiment in the detailed structure of the imaginary dielectric function and computed
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absorption coefficient must be expected and are due to the remaining approximations made in hybrid DFT
as well as due to the neglect of excitonic effects in the calculations. For example, the absence of a sharp
peak at the fundamental gap in the calculated single-particle imaginary dielectric constant in Figure 4(d)
provides unambiguous evidence for the excitonic nature of the peak at 2.4 eV in the experimental data
plotted in Figure 4(c). Otherwise, the qualitative match is clear.
k - p Calculations

Having theoretically considered the contribution of single-particle optical transitions to the
experimentally observed optical anisotropy, we now focus on the near band edge dielectric response and
then consider excitonic transitions (see also SI section S3 and S4 for additional details). In the absence of
excitonic effects, the imaginary part of the dielectric function associated with polarization along direction

1, which we denote as Im €, (), is determined by the sum, [56]

(M

4%’ 1l
m (@) = D) it penl SE(0 — Eu() — ho)
0 v k

In Eq. 1, mp and e denote the free electron mass and charge, respectively, and p. (k) is the interband
momentum matrix element between conduction band (CB) state ¢,k and valence band (VB) state v,k. Near
the band edge, the Bloch functions u,, x for a given band, n, can be approximated by the band edge functions
Uyo. Using this approximation and recasting Eq.1 in terms of the total oscillator strength f7, for polarization
1, for a given k, the imaginary part of the dielectric function can be approximated for energies near the

band gap by (derivation in the SI),

2h mle?

moy w

2

Im e(w) =

1
fu ;Ek:a(EC(lo — Ey(l) — ho).

The polarization dependence of the oscillator strength depends on the valence and conduction band
edge Bloch functions at k = 0. For MHPs, the VB Bloch functions can be represented in K.P theory as
the 2-fold degenerate states with total angular momentum J =1/2, J, =% 1/2 with S orbital

symmetry: [57,58]
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=Sl 3)

Here, the symbol S denotes an orbital function that transforms as an invariant under the operations of the
crystal point symmetry group, while T (1) denote the spin functions with projection S, = + 1/2 (—1/2).

The isotropic in-plane response in Fig 4(c,d) suggests a quasi-tetragonal model for the CB Bloch functions

1
in which they are represented as functions with total angular momentum projection J, =% 5 : [32,58-60]

“

X+iY) X—iY
ui=—[sin 6Z7T + cos 9—}
2

¢ ),
\ﬁ Ly u 1—{—C0$9 \ﬁ T+sm6?Zl}.

)
Here, the phase angle 6 reflects the mixing of P1/,and P3/; states due to the anisotropic confinement of
associated with the inorganic layers, which has been previously described in the literature in terms of a

phenomenological effective tetragonal crystal field. The value of 8 is determined by the SOC split-off

parameter Agp and the effective crystal field 6 by [32,59,60]

2+/2 Aso

=Y <
tan 26 Asp— 30 6 <

)

NI

Using Eq 3-4 we find that the oscillator strength associated with the two in-plane directions (X, y) are
equal (fx=f,= f) asexpected based on the in-plane isotropy observed in the hybrid DFT calculation
in Fig. 4. The ratio of the out-of-plane oscillator strength f | to the in-plane oscillator strength f | and the
corresponding ratios of the dielectric response are determined by the phase angle 9:

fo > tan? 6 _Imega(w) I €ge(w) (6)
i S Y T i) T Im ere(w)

This identification allows us to determine the band edge oscillator strength ratio f L/f directly from the

DFT calculations such as shown in Fig. 4d. In Figure S7 we plot the ratio [ €22(®)/Im €., (w) calculated
as in Fig 4, but using semilocal DFT-PBE+SOC, which allows us to use a tighter k-space grid (3x15x15).
A Gaussian broadening function is applied, with full-width at half-maximum (FWHM) set to 100 meV.
The ratio at the band edge is 7.7% and increases with increasing energy. At an energy 120 meV above the

band edge, (a correction corresponding to the kinetic energy of the 1S exciton state, see SI section S5.2),



Page 15 of 28

Nanoscale

the ratio increases to 8.7%. In the SI Section S4, we use the multiband effective mass theory to show that
the ratio of the oscillator strength of the lowest energy exciton transition for polarization perpendicular
versus parallel to the lead-halide sheets, /' 1 “*/f | ©, is also given by Eq. 6. Using Eq. 6, this implies sing
= 0.193 at the band edge and an average value sin@ = 0.204 for the 1S exciton. For reference, the

tetragonal crystal field parameter in a similar Pbl;-based 2D MHP has been previously reported as sin 6

= 0.227 [59] while for PbBr4-based 2D MHPs the measured range is sin 8 = 0.2 — 0.32 [60,61].

Consequently, based on the DFT calculations, we expect f 1 “““/f | °**=8.7% for PEPL. This value is
somewhat higher than the experimentally determined ratios shown in Table 1 of 5.9% and 6.5% for cleaved
crystal and thin film samples, respectively. One element missing from this analysis is the fact that the
excitons are embedded in a dielectric superlattice. That is, excitons are confined to the 2D lead-halide
layers with a relatively high background dielectric constant which is surrounded by organic layers with a
lower dielectric. The resulting anisotropic dielectric environment causes a significant enhancement of the
anisotropy of the optical response above what would be expected solely due to the intrinsic exciton
anisotropy as explored in recent studies by Smith et. al. [62] and by DeCresent et al. [24]. In SI section S5.1
of the SI we apply the effective medium model of DeCresent to back-calculate the intrinsic anisotropy from
the experimentally measured anisotropy, accounting for the dielectric anisotropy effect under the

assumption that the interfaces between the 2D lead-halide layers and the organic layers may be considered

classically as abrupt dielectric interfaces. Using the experimental value (f L/f exc) s = 09% £ 1%

me

this results in a corrected estimate of the intrinsic anisotropy of (f Ly exc) =16.6 £ 3%, as

intr
compared to the estimate based on DFT+PBE+SOC of 8.7%. This discrepancy, about 48% for the cleaved
crystal sample, may be due the fact that the DFT methods applied here are restricted to single-particle band-
to-band transitions and do not account for excitonic effects, which are modelled within a simple effective
mass approximation, or alternately due to a failure of the classical dielectric interface model employed to
estimate the local field screening corrections, which assumes abrupt dielectric interfaces. As an independent

check of the reasonableness of the effective mass model and the intrinsic dielectric parameters recovered
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using the dielectric anisotropy model of DeCresent, we made a calculation of the exciton binding energy
using the dielectric parameters tabulated in Table S4 which were extracted from analysis of the ellipsometry
data at the exciton line (see SI section S5.2). This calculation accounts for the electron-hole image charge
interactions in the dielectric superlattice using the exact expressions of Guseinov [63], and employs the
experimental reduced effective mass of 0.087 Dyksik et al. [64], which is in reasonable agreement with the
value calculated using hybrid DFT (0.110, see SI section S2.2). The calculated 1s exciton binding energy
is 259 meV, in excellent agreement with the value of 250 meV originally reported by Kitazawa [46] and
the value of 265 meV recently reported by Dyksik et al. [64] This value of exciton binding energy would
suggest a fundamental (electronic) bandgap of ca. 2.65 - 2.68 eV for PEPI, based on the observed optical
bandgap (i.e. peak of the lowest energy fitted exciton state) of ca. 2.39 —2.42 eV (Table 1).

Another check of our results is afforded by application of the effective mass theory to make an estimate
of the effective crystal field, §, by accounting for quantum-confinement-induced mixing between the P1/,
and P3/; conduction band states. The approach, described in Section S6 of the ESI, utilizes a quantum well
model for the inorganic layer [38] based on the Luttinger Hamiltonian modified for the “inverted” band
ordering of the perovskites [65], which leads to mixing of the frontier conduction bands with the upper
“light electron” conduction band. The analysis results in an expression relating the effective crystal field to

the bandgap energy, E 4, the Kane energy, E;,, and the inorganic layer thickness: [66]

h? Ep(n)2

~ T 2mE,\d ™

The Kane energy in turn can be found from the exciton oscillator strength per unit area measured here
for polarization parallel to the inorganic layers, which is unaffected by the dielectric discontinuity discussed

above, using the relation [67],

fu1mato 1 (8)
S 8 cos%0

E, = hw

Here, hw is the exciton transition energy, f | *“/S is the oscillator strength per unit area for polarization

parallel to the inorganic layers, a1 is the calculated 2D exciton radius (see ESI Table S5), and phase angle
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0 is determined as sinf = 0.277 using the intrinsic oscillator strength ratio (f LI exc)intr=0.166

determined from the measured oscillator strength ratio using Eq. S67. Using the parameters in Table 1 and
Table S6 corresponding to the cleaved crystal sample, we find the Kane energy E, = 3.98 eV and the
effective crystal field § = —1.36 eV; these values are close to the respective values E, = 5.5 eV and
6 = —1eV calculated for 4F-PEPI ([pFCsHsC,H;NH;],Pbly) using DFT in Ref. [57]. The analysis here in
terms of the quantum well model then enables determination of the SOC split-off parameter using Eq. 5,
yielding Asp = 1.2eV, which matches both the value calculated from the splitting of the P1/; and P3/;
conduction band states at the I" point in DFT-HSE+SOC (See ESI Sec. 6) as well as the value determined
via DFT for 4F-PEPI in Ref. [57].

Our DFT calculations in conjunction with k- p and effective mass calculations for the exciton, in
agreement with other recent studies [22], demonstrate that the PEPI exciton dipole matrix is not strictly
zero in the out-of-plane polarization. The ellipsometry results on PEPI thin films and crystals allow us to
extract the oscillator strength for the sharp 2.4 eV exciton resonance in both the ordinary and extraordinary
axes. We find less than 10% deviation for the oscillator strengths extracted from either thin film or crystals
for a particular axis. We also see a 20% sharpening of the excitonic modes of crystals, as modeled in the
ordinary axis critical points, likely reflecting the effects of inhomogeneous broadening of the excitonic

transition in thin films.

Oscillator strength, f ( Linewidth
Axis 1 | Energy f L/ o
/sz) &, (meV)
. Thin film, 3.9 x 1013 + 8 x 1012 60 2.395 eV +
isotropic model
Thin film, IP 3.4 %103 +3x10!! 57 2.394 eV + 6.5% + 204
uniaxial model | OP | 2.2x 101241 x 1012 86 2.419 eV + w7 L L7
Cleaved P 3.6 X 1013+ 8 x 1012 44 2.385+ 51
0 0,
crystal, OP | 22x102+1x 102 86 2.419 eV + 5.9% +1%
uniaxial model

Table 1: Exciton linewidth and oscillator strength determined from critical points in PEPI thin film and cleaved
crystals. Oscillator strength is calculated as a sum of multiple terms in the exciton structure, and energy is reported as
the dominant, lowest energy point. Note that the OP critical points for the cleaved crystal are fixed to the results from
the thin film. See the Experimental Methods for details. Confidence intervals reported correspond (+/-) fit error
magnitudes estimated in CompleteEASE, i.e. estimating error on the model.
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Discussion and Outlook

Here, we have determined the uniaxial optical constants of spin-coated thin films of a prototypical 2D
lead-halide perovskite PEPI. The significant optical anisotropy of PEPI means that any isotropic model will
produce unphysical results, and our optical constants model can serve as an effective starting point for
characterizing film quality and nonidealities, calibrating quantum yield, or designing optoelectronic
devices. Furthermore, we show that the optical constants, qualitative frequency-dependent anisotropy,
birefringence in the transparency region, and exciton oscillator strengths for PEPI thin films are in excellent
agreement with findings for cleaved crystals. This indicates that the PEPI thin films form with the Pbl4
quantum wells highly aligned in-plane. One might hypothesize that this is seeded due to either the organic
or the inorganic preferentially bonding to the substrate surface, or due to the dynamics of the drying seeding
order at the solvent-air interface. Either way, we do not require perfect in-plane order to have reasonably
good agreement between n,k of the film to the crystal—both DFT and ellipsometry suggest that the crystal
can be described by a uniaxial description. It just so happens that the solution processed film does align
such that the extraordinary axis is normal to the substrate. An important clarification is that a noticeable
sharpening of the critical points occurs in the crystal, which could imply a general (and expected)
improvement in crystal quality.

The good qualitative match between our experimentally observed optical anisotropy and that predicted
for single-particle and excitonic transitions in an idealized 2D PEPI structure suggests a high degree of in-
plane alignment of the 2D lead-halide sheets in both spin-coated thin films and cleaved crystals. While prior
studies on spin-coated PEPI films suggest a high degree of in-plane alignment, the precise degree of
alignment is rarely quantified. Importantly, the ratio of extraordinary/ordinary oscillator strengths for the
excitonic transition that we extract via ellipsometry for PEPI thin films is quite close to the ratio predicted

by DFT calculations (as noted above, using DFT-PBE+SOC for the calculation of the ratio, in order to
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achieve dense k-space integration) in conjunction with a multi-band effective mass model of the excitonic

response for a perfectly ordered PEPI crystal fz/ Fo ™ 8.7%. Using the values in Table 1, we arrive at ratios

of (fZ/ £ = 6.5%) for PEPI thin films and (fz/ fo= 5.9%) for cleaved crystals without correction for local

field screening effects; accounting for these corrections within a classical dielectric interface model we find

fZ/ Fo = 18.3% and fz/ fo= 16.6% for the thin film and cleaved crystal samples, respectively. The

correspondence between the measured and the theoretical anisotropy suggests that, to within the accuracy
of our ellipsometry and computational analyses, we cannot detect statistically significant out-of-plane
disorder in our spin-coated or cleaved PEPI crystals. This apparent high degree of alignment is an especially
intriguing result for a spin-coated thin film where the formation of the perovskite layers happens
dynamically and rapidly.

Our results also emphasize the strong connection between structural anisotropy in 2D perovskites and
the contribution of specific organic and inorganic orbitals to optical transitions polarized along a particular
axis. Our discussion of the hybrid DFT calculations above focuses on organic-to-organic and inorganic-to-
inorganic optical transitions. However, Leveillee et al. [44] recently suggested that transitions including
both the organic and inorganic component contribute to peaks in the region above 3.8 eV, based on DFT-
PBE+SOC calculations, where the CBM was shifted to match the position of the HSE06+SOC CBM. To
investigate this observation, in Figure S5, we show a decomposition of the imaginary dielectric constant
according to the character of the transition. In agreement with Leveillee et al., we find that the dielectric
constant above 3.8 eV involves numerous transitions between orbitals to which both organic and inorganic
components contribute. As shown in Figure S6 for one exemplary eigenstate in the valence band, the
electronic density in these orbitals is likely hybridized between organic and inorganic components.

We note that while a transition may take place between hybridized orbitals, the dipole operator used to
express the dielectric response in the HSE06+SOC calculations within the random-phase

approximation [68] and the implementation of Ref. [55] is a local operator. This means that a transition
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can (computationally) only happen at the same spatial point, i.e., the generalized Kohn-Sham orbitals
between the organic and inorganic components or vice versa must overlap if a transition is labeled as
occurring between the components. The peak of the dielectric constant around ~6.5 eV is indeed due to
mostly within-organic transitions, since a decomposition of the dielectric constant in Figure S5 in the
supplementary material shows that organic to hybrid orbitals contribute mainly to this feature.

Our investigation also illustrates that while much additional information can be derived from theoretical
analysis of the spectra, such an analysis is very far from straightforward. Methodological development
towards understanding the optoelectronic spectra of hybrid organic-inorganic perovskites is hence severely

needed, and first attempts are already on the way [69].

Conclusion

In this study, we demonstrate that optical anisotropy must be considered to accurately understand and
quantify optical processes in 2D MHPs semiconductors. As solution-processed, partially transparent
semiconductors, perovskites are highly amenable to multimodal ellipsometric analysis. Interestingly, we
find that spin-coated thin films of PEPI exhibit a high degree of order, with anisotropic optical constants
very similar to that of an exfoliated single crystal. Combining this detailed spectroscopic study with high-
level DFT and k-p theory allows us to estimate, in a self-consistent manner, the in-plane and out-of-plane
optical constants, exciton binding energy, and fundamental electronic bandgap of the prototypical 2D
perovskite PEPI. These results highlight the potential roles that perovskite dimensionality, chemical
composition, and organic/inorganic coupling may play in tuning the energy, polarization, and oscillator
strength of optical transitions. Such tunability is attractive for optoelectronic technologies such as solar
cells, light-emitting diodes, and lasers. Importantly, the combination of multimodal ellipsometry and
structural tools (e.g. XRD) with high-fidelity computations is shown to be particularly valuable for
providing deeper understanding of the fundamental optical transitions in low-dimensional perovskites. As
such, our study provides a framework for accurately extracting the optical constants of these anisotropic

semiconductors, a prerequisite for rational design and optimization of these envisioned applications.
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Methods

All first-principles density functional theory (DFT) calculations were performed within the all-electron
electronic structure code FHI-aims [29,30,70-72]. We first optimized the geometry of PEPI based on an X-
ray structure using DFT-PBE+TS, a (2x8x8) k-space grid and FHI-aims' "tight" numerical settings. We
used the X-ray structure of Du et al., space group number 2, P1, as an initial structure for our
relaxation [45]. No space group symmetry was enforced during the relaxation. Based on the DFT-PBE+TS
relaxed geometries, we performed electronic structure calculations with the hybrid exchange-correlation
HSEO06 functional with & = 25 % Hartree Fock exchange and a screening parameter of 0.11 (Bohr radii)
1128,39,40]. We account for spin-orbit-coupling (SOC) effects at the level of 2" variational non-self-
consistent SOC [31]. Using DFT-HSE06+SOC, the imaginary dielectric constant as a function of energy
was calculated within the independent particle approximation based on the imaginary and real dielectric
function [68,73—75] using the method of Ref. [55] with a Gaussian broadening width of 0.2 eV on a
(3 x7x7)k-grid.

Atomic structures were plotted using VESTA [76].

Sample Preparation
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An 80 nm thick film of PEPI was prepared on a fused silica substrate. The powders phenethylammonium
iodide (PEAI) and Pbl, (Aldrich) were weighed out in the glovebox and dry DMF was added to prepare a
0.2 M solution based on Pb. In air, the 80 nm thick PEPI film was prepared by dropping 120 pL of solution
onto a quartz substrate, followed by spinning at 4,000 rpm for 60 seconds. After spinning, the sample was
transferred to a preheated hotplate (120 °C) and annealed for 10 minutes.

2D perovskite PEPI single crystals are synthesized based on previously reported slow-cooling
method [77]. Briefly, 200 mg (0.90 mmol) of PbO and 200 pL (1.59 mmol) of phenylethylammonium are
fully dissolved in 4 mL of HI and 0.5 mL of H;PO, solution at 90 °C. The solution is then slowly cooled to
room temperature at a rate of 2 °C/h, giving orange sheet-like crystals. The crystals are then isolated from

the parent solution by vacuum filtration, washed by a small amount of diethyl ether, and dried under vacuum.

Thin crystals were exfoliated from the parent crystal using stiff heat release tape that serves as a handle.
Sequential exfoliation steps with the tape yield successively thinner crystals. Many crystals were surveyed
to select the best surface quality, flatness, and area. Below ~1 um thickness the crystals tended to fracture
into areas too small to measure.

Optical methods:

Transmittance was collected on a Cary 7000 UV-VIS-NIR spectrophotometer for maximum precision
in the OD measurement. rSE was collected on a JA Woollam M2000DI at 45° to 75° using tape to suppress
backside reflections, and tSE was collected on a JA Woollam M2000DI from -10° to 70°. The three data
sets were processed as a multisample analysis in CompleteEASE. For bulk and cleaved crystals, rSE and
reflection Mueller Matrix were collected using focus probes and either a JA Woollam M2000 or RC2,
respectively.

For thin films, a single layer on the fused silica substrate was used for the model. Surface roughness
(50% Bruggeman effective medium approximation (EMA)) was included to significantly improved the
(RMSE). Cleaved crystals are modeled as a uniform film on a Cauchy substrate (an approximation of the
heat release tape) with up to two EMA roughness layers.

Initial fitting:

To investigate the validity of the anisotropic model, we first apply a BSpline optical constant
model [78]. The substrate was previously characterized, including quantifying UV absorption. To extend
the interpretation of these results, we replace the BSplines with general oscillators [79]. This allows us to
identify critical points, further constrains the model, and increases speed of fitting with only minimally
increasing the RMSE. All oscillators are modeled as Gaussians except for one PSemiMO at approximately
2.546 eV. We additionally test for grading of the layer and thickness nonuniformity, but these do not
improve the fit, so we disregard them.
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