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ABSTRACT: Layered metal halide perovskites (LHPs), often referred to as 2D
HPs, are promising materials for developing optoelectronics due to their tunable
optoelectronic properties and improved stability compared to nonlayered (3D)
metal halide perovskites. For integration into electronic devices, it is critical to
appropriately adjust the work function (WF) and transport energies of the LHPs to
promote efficient charge transfer between materials in the device stack. The transport
energies of LHPs can be modified by changing the A’-site cation structure, inorganic
sheet thickness, and the metal cation or halide anion. Here, we investigate how the
A’-site cation structure influences the WF, ionization energy (IE), and electron
affinity (EA) of n = 1 Sn- and Pb-based LHPs with a series of ortho- and para-
functionalized phenethylammonium (PEA) iodide derivatives. To accurately assign the IE and EA, we develop a fitting method
where the instrumental broadening, σIB, in ultraviolet and low-energy inverse photoemission spectroscopy (UPS and LEIPS,
respectively) is accounted for. Density functional theory calculations combined with UPS and LEIPS measurements show that the
dipole magnitude and direction of the A’-site cation exert a dominant influence on the WF, IE, and EA. Here, the direction and
magnitude of the dipole, as manipulated through the strength and position of the electron-withdrawing or -donating substituent on
PEA, can tune the WF by up to 1.2 eV, the IE by up to 0.9 eV, and the EA by up to 1.2 eV. The crystal structures indicate that the
Sn−I−Sn bond angles have a clear influence over the optical gap; however, the influence of these Sn−I−Sn bond angles on the
transport energies is dwarfed by the effect of the A’ dipole. These results provide insight into how to tune the WF and transport
energies of LHPs for optoelectronic device integration.

■ INTRODUCTION
Metal halide perovskites (HPs) are attractive materials for a
variety of optoelectronic devices.1−6 They exhibit desirable
optoelectronic properties, such as high absorption coefficients,
good defect tolerance, and tunable band gaps.7,8 While the
majority of HP research has been on nonlayered (three-
dimensional, 3D) HPs, layered HPs (LHPs) provide several
advantages. Layered HPs, often referred to as 2D HPs, are a
category of HPs where the inorganic structure is divided into
discrete layers by incorporating large organic A’-site
cations.9−11 The interest in LHPs arises in part from their
desirable and tunable optoelectronic properties, which include
high exciton binding energies relative to 3D HPs,12 enhanced
stability compared to 3D HPs,13 high photoluminescence
quantum yields,14 and widely tunable light-emission wave-
lengths.9 Thus, LHPs are being investigated for use in light-
emitting diodes (LEDs), transistors, photovoltaics, and photo-
detectors.15−22

Layered HPs have a general formula of A’mAn‑1BnX3n+1,
where A’, A, B, and X represent the large organic cation that
cannot fit within the 3D HP structure, monovalent small cation
that can incorporate into the 3D HP structure, divalent metal
cation, and halide anion, respectively.9,10 In these LHPs it is

often observed that a Ruddlesden−Popper (RP) phase results
when m = 2 and a Dion-Jacobson (DJ) phase when m = 1.9,10

The thickness of the metal halide sheets, in terms of the
number of inorganic octahedra between the layers of A’
cations, is indicated by n.9,10

Appropriate transport energies and interfacial energetics in
LHP or HP containing devices are important for ensuring that
charge carriers are efficiently transferred to neighboring
materials in a device stack and for modeling device physics
in optoelectronic devices.2,23−25 The LHP transport energies
can be tuned by changing the structure of the A’ cation,
changing the metal halide sheet thickness (i.e., n in
A’mAn‑1BnX3n+1), and varying the metal and halide ions.26,27

While there are only a few options for B and X, the number of
different A’ cations that can be used is nearly limitless. Here,
the A’ cation structure will influence the B-X-B bond angle, B-
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X bond length, and interlayer distance.9,28−30 For example,
when the A’-site cation is changed from butylammonium (BA)
to phenethylammonium (PEA) in A’2PbI4, the Pb−I−Pb bond
angle changes from 147.6 to 153.0°.31,32 To further tune the
interactions between the organic and inorganic layers, A’
cations with functional groups can be used.9,27 For example,
ammonium cations with alcohol groups,33 halogen groups,34

and carboxylic acid35 groups have all been employed to alter
the LHP’s structural and optical properties.
While many LHPs have been synthesized and their crystal

structures and optical properties investigated, there have been
limited efforts to understand how the A’ cation structure
impacts the work function (WF), ionization energy (IE), and
electron affinity (EA) of these materials. Here, the Kahn group
showed that Pb−I−Pb bond angle distortion and octahedral
tilting in the crystal structure influences the energy levels of n =
1 LHPs.36,37 These distortions lead to IE and EA variations of
up to 0.52 eV as the bond angle varies from 143 to 174°. The
change in the metal halide sheet thickness, n, will also influence
the IE and EA of LHPs. For example, as n increases from 1 to 5
in BA2MAn‑1PbnI3n+1, the bandgap decreases from 2.8 to 1.6
eV.38

Ultraviolet and inverse photoemission spectroscopy (UPS
and IPES, respectively) are typically used to experimentally
determine the WF, IE, and EA of 3D and LHPs, although
determining the IE and EA for HPs is not trivial. For example,
several different approaches for extracting the IE and EA from
experimentally measured spectra are used for 3D HPs.
Approaches such as linear extrapolation to the band edge,39

Gaussian fitting,40 and density functional theory (DFT) guided
fitting of experimental spectra7 are all used to assign the IE and
EA in 3D HPs. In 2D HPs, DFT calculations show the
presence of a higher density of states (DOS) near the band
edges as compared to 3D HPs, which led several groups to
assign the IE and EA of LHPs using a linear extrapolation
method.37,41,42 The use of the linear extrapolation method to
assign the energy levels of LHPs can also be difficult, as the
fitting region can be subjective and the IE or EA can change
based on the noise floor of the instrument.
Knowledge of the transport energies of LHPs are critical for

enabling effective device integration and guiding the design of
new materials; thereby, it is desirable to have a robust
procedure for extraction of the IE and EA from experimental
UPS and low-energy inverse photoemission spectroscopy
(LEIPS) spectra. In addition, establishing how A’ cation
structure influences the WF, IE, and EA requires investigation

of LHPs with structurally similar A’ cations. In this work we
investigate the influence of a series of phenethylammonium
(PEA) iodide derivatives on the WF, IE, and EA of tin-based
LHPs. Here, we change the nature of the PEA derivatives by
adding electron withdrawing and electron donating functional
groups at the ortho and para positions of the phenyl ring,
determine the crystal structures of the LHPs, and determine
the WF, IE and EA using UPS and LEIPS. To accurately assign
IE and EA values we propose a fitting method that accounts for
the instrumental broadening of the UPS and LEIPS instru-
ments. We find that the dipole direction of the A’ cation
strongly impacts the WF, IE, and EA of the LHPs.

■ RESULTS AND DISCUSSION
The series of PEA derivatives used herein as A’-site cations in
A’2SnI4 are depicted in Figure 1. These A’ cations were used to
make layered tin-based HP thin films of n = 1 and the films
were characterized by ultraviolet−visible (UV−vis) absorbance
spectroscopy, Figure S1, and X-ray diffraction (XRD), Figure
S2. The formation of the n = 1 thin films is evident from the
UV−vis and XRD spectra, with XRD spectra showing strong
peaks from the (002) planes for all the LHPs. First, to extract
the optical gaps we used Tauc plots,29 as shown for PEA2SnI4
in Figures 1b and S1 for the other LHPs. The Tauc plots were
modeled using the equation (αhν)2 = Β(hν − Εg),

29 where α is
the absorption coefficient, hν is the photon energy, Εg is the
band gap, and Β is a constant. The optical gaps for the LHPs
were extracted from the Tauc plots and an optical gap of 1.97
eV was determined for PEA2SnI4, which agrees with a previous
report.43

UPS and LEIPS measurements were carried out on thin
films of PEA2SnI4 to determine the bandgap, WF, IE, and EA.
These LHPs suffer from sample charging and sample damage
during LEIPS measurements if the films are too thick (e.g., >25
nm), which we attribute to poor out-of-plane charge transport.
Thin films (≤15 nm) were thus investigated to eliminate or
minimize sample charging. Initially, we used two different
methods to assign the IE and EA, including the linear
extrapolation method reported by Silver et al.41 for LHPs and
the Gaussian fitting method reported by Endres et al.40 for 3D
HPs. For PEA2SnI4, an IE and EA of 4.97 ± 0.05 and 3.33 ±
0.10 eV are extracted with the linear extrapolation method,
while Gaussian fitting results in an IE and EA of 4.81 ± 0.05
and 3.53 ± 0.10 eV, as shown in Figure S3. The bandgap
derived from linear and Gaussian fitting is 1.64 and 1.28 ± 0.11
eV, respectively, which are unrealistic given the 1.97 eV optical

Figure 1. (a) Chemical structures of A’-site cations and (b) Tauc plot for an n = 1 PEA2SnI4 film.
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gap. Therefore, to assign the IE and EA we developed and
deployed a new fitting method where instrumental broadening
is quantified and removed to determine the IE and EA.
Notably, Yoshida also subtracted instrumental broadening in
the initial report and subsequent applications of LEIPS,44,45

albeit using a different approach than that reported here. In
Yoshida’s work a constant instrumental broadening value, as
determined from fitting the full width half-maximum of the
Fermi edge of silver, was subtracted from the measured LUMO
onset as determined by a linear fitting process. In contrast to
molecular organic semiconductors that often yield unambig-
uous HOMO and LUMO onsets, HPs typically show more
broad onsets to the valence and conduction bands that are
more reproducibly extracted using a Gaussian fitting
procedure.40 The method we report here increases the
robustness and versatility of accounting for instrumental
broadening, and is applicable to materials with both high
and low densities of states near the band edges.
To determine the instrumental broadening, a thermally

evaporated 100 nm thick Ag film was deposited and sputter
cleaned in an ultrahigh vacuum system with an Ar+ ion gun.
UPS and LEIPS measurements were collected from the
sputter-cleaned Ag sample and the spectra are shown as
“measured” in Figure 2a,b. The simulated Fermi edge of the
metal is calculated using the Fermi function at T = 295 K,
which is represented as the simulated spectra in Figure 2a,b.
To determine the instrumental broadening in our UPS and
LEIPS measurements, the simulated Fermi function was
convolved with a Gaussian representing instrumental broad-
ening. The instrumental broadening Gaussian width was
adjusted such that the convolution obtained matched the
measured UPS and LEIPS of the Ag sample at the Fermi edge.
With this process, we determine the width of the Gaussian
from instrumental broadening, σIB, to be 0.09 and 0.20 eV for
UPS and LEIPS, respectively.
With the instrumental broadening contributions defined,

Figure 3 shows the corrected (i.e., instrumental broadening
removed) spectra and extracted IE and EA. In this IE and EA
extraction procedure, the experimentally measured onset
regions for the UPS and LEIPS spectra are first fit with
Gaussians, as shown by solid lines. The measured standard
deviation, σM, is determined from the Gaussian fit to the onset
region of the measured spectra. With σIB and σM known, we
next use a fitting routine with the convolution function
(Python code given in the SI) to determine the corrected
Gaussian fit to the material’s DOS onset with instrumental
broadening removed. This corrected Gaussian fit, with a

standard deviation of σC, is shown by the dashed lines in
Figure 3. Briefly, the fitting routine relies on the use of the
convolve function to convolve the instrumental broadening
Gaussian with the corrected Gaussian to match the measured
Gaussian fit. With σIB and σM known, σC is manually guessed
until the convoluted Gaussian matches the measured Gaussian.
The value for σC is taken when the σM value from the Python
code matches with the σM value from the Gaussian fit to the
measured spectra. The IE and EA are then calculated by
subtracting or adding, respectively, 2.1σC to or from the
Gaussian peak position. This 2.1σC is based on the intersection
of the tangent to a Gaussian at half-maximum with the
background, as shown in Figure S4, and yields the same value
as a linear fit.
Applying the fitting routine to remove instrumental

broadening we determine the IE of PEA2SnI4 to be 5.15 ±
0.05 eV and the EA to be 2.98 ± 0.10 eV for PEA2SnI4. This
extraction method results in a bandgap for PEA2SnI4 of 2.17 ±
0.11 eV, which is 0.20 eV larger than the optical gap of 1.97
eV. The exciton binding energy (Eb) determined based on our
UPS and LEIPS measured bandgap and the optical gap is
therefore 0.20 ± 0.11 eV. This value is in good agreement with
the Eb of 0.128 ± 0.016 eV for PEA2SnI4 reported based on
electroabsorption measurements and the Eb of 0.19 eV for
PEA2SnI4 extracted from temperature-dependent photolumi-
nescence.12,46,47 This agreement supports that our fitting
method enables extraction of an accurate bandgap for LHPs
from UPS and LEIPS measurements.

Figure 2. Measured and simulated (Fermi distribution at T = 295 K) UPS (a) and LEIPS (b) spectra for sputter-cleaned Ag, the extracted
instrumental broadening component, and the convolution of the simulated spectra with instrumental broadening.

Figure 3. Extraction of IE and EA for PEA2SnI4 from the UPS and
LEIPS spectra. The solid red and blue lines indicate the measured
Gaussian fits, and the dashed lines indicate the corrected Gaussian fits.
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We next determine how the A’ structure impacts the WF, IE,
EA, and bandgap. The crystal structure, and particularly the
Sn−I−Sn bond angles, are known to impact the optical gap
and bandgap of LHPs. The crystal structures are shown in
Figures 4 and S5 for the tin LHPs investigated here. The single

crystals were made using the ethanol-assisted method reported
by Ding et al.48 Unfortunately, we were unable to obtain
crystal structures for 4-TFMPEA and 4-MePEA. The six LHPs
with known crystal structures show that all cations indeed
make RP-phase n = 1 LHPs. The Sn−I−Sn bond angle varies
from 148.5 to 155.9° depending on the A’ cation. The lowest
angle is observed for 2-TFMPEA and the highest for PEA. The
ortho-substituted PEA derivatives show decreased Sn−I−Sn
bond angles compared to PEA and 4-FPEA, indicating more
distorted crystal structures. Corresponding with the smallest
Sn−I−Sn bond angle, 2-TFMPEA displays the largest optical
gap of 2.16 eV. This optical gap generally decreases as the Sn−
I−Sn bond angle increases. For example, PEA and 4-FPEA
show the largest Sn−I−Sn bond angles of 155.9 and 155.5°
and the smallest optical gaps of 1.97 and 1.95 eV, respectively.

On the other hand, the UPS-LEIPS measured bandgap does
not appear to correlate strongly with the Sn−I−Sn bond
angles. The bandgaps extracted from UPS-LEIPS measure-
ments are often 0.1 to 0.3 eV greater than the optical gap,
which is consistent with the range of exciton binding energies
previously reported for PEA2SnI4;

12,46,47 however, a few of the
LHPs have bandgaps that result in exciton binding energies
that are outside of this expected range. More detailed
investigation using more precise methods of determining the
Eb are currently being pursued.
To understand how the structure of the A’-site cation

impacts the WF, IE, and EA we must consider the molecular
dipoles, as the magnitude, direction, and orientation of dipolar
or quadrupolar moments of both self-assembled monolayers
(SAMs) and organic semiconductors can have a large impact
on these properties.49−53 Specifically, the component of the
molecular dipole (or quadrupole) perpendicular to the
substrate can significantly impact these values, which does
mean that the WF, IE, and EA are likely to vary with the
orientation distribution of the LHPs present in the specific
sample investigated. To understand how the dipole moments
of the A’ cations impact the WF, IE, and EA, we first
determined the net dipole moments of the A’ cations in their
neutral form using density functional theory (DFT) at the
ωB97XD/LANL2DZ level of theory. When evaluating the
dipole moments, we used the conformation of the A’-site
molecule extracted from the LHP crystal structure when the
crystal structure was available. For crystal structures that were
not available, we considered two orientations of ethylamine. In
one orientation the ethylamine is in plane with the benzene
ring (in the xz plane), and in the other the ethylamine is out of
plane with respect to the benzene ring (in the yz plane), as
shown in Figure 5. The out-of-plane conformation is the most
stable, by 0.3 to 3.1 kcal/mol depending on the A’ molecule.
Consistent with the higher stability, the out-of-plane
conformation is more similar to the conformation found in
the LHPs when the crystal structures are known, as evident
from the crystal structures presented in Figures 4 and S5. The
total dipole moments for either the crystal structure
determined conformation or the out-of-plane conformation
are shown in Table 1. For comparison the dipole moment for
both in-plane and out-of-plane conformations for all A’-site
molecules are shown in Tables S2 and S3.

Figure 4. Crystal structures for A’2SnI4. The top row is viewed parallel
to the plane of the layers, while the bottom presents a view that is
perpendicular to the inorganic sheets. The A’ cations were removed
from the structures in the bottom row to more adequately show the
Sn−I−Sn bond angles.

Figure 5. (a) Depiction of the in-plane and out-of-plane conformations used for DFT calculations when the crystal structure is not known. The
axes are defined such that the z axis points in the direction of the alkyl C to phenyl C (CH2−C) bond and the y axis is perpendicular to the plane of
the phenyl ring. (b) Crystal structure views of 4-FPEA (left) and 2-FPEA (right) showing that the dipole components in the z and y directions have
the most significant components perpendicular to the inorganic sheets, and thereby perpendicular to the substrate.
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From GISAXS and GIWAXS measurements, it is apparent
that the dominant orientation of the 2D sheets is with the 2D
planes oriented parallel with the substrate surface.54,55 Thus,
the major influence on the IE, WF, and EA should be the
component of the dipole that is oriented perpendicular to the
plane of the inorganic sheets. Figure 5b shows that the y- and
z-components of the dipole have significant contributions in
the direction perpendicular to the inorganic sheets, while the x-
component is generally aligned parallel to the inorganic sheet.
Across this family of PEA derivatives, the z-component of the
dipole moment (Dz) varies from −4.76 D for 4-TFMPEA to
+1.29 D for 2-TFMPEA, with the variations depending on
both the strength and position of the electron withdrawing or
donating substituent. When the electron withdrawing strength
of the substituent in the para position increases, Dz becomes

increasingly more negative. For example, in going from PEA to
4-FPEA to 4-TFMPEA Dz changes from −0.28 to −2.16 to
−4.76 D, respectively. By contrast, when PEA is substituted at
the ortho position Dz becomes increasingly more positive as the
eletron withdrawing strength of the substituent increases. For
example, Dz is −0.45 D for 2-MePEA and 1.29 D for 2-
TFMPEA due to the stronger electron withdrawing CF3 group.
The WF of the tin LHPs should vary in accordance with the

sign and magnitude of the z- and y-components of the dipole
moments of the A’ cation. This expectation is based on the
inorganic sheets being primarily oriented with the SnI2 planes
parallel to the substrate surface and the films being terminated
with the A’ cations, as is expected based on previous literature
and grazing incidence X-ray scattering measurements.54,55 The
measured WFs from the UPS spectra are shown in Table 1,

Table 1. Work Function (WF), Ionization Energy (IE), Electron Affinity (EA), Bandgap, Dipole Components, Optical Gap,
and Sn−I−Sn Bond Angle for the LHP Thin Films

A’ in A’2SnI4 WF (eV) IE (eV) EA (eV) Bandgap (eV) Dy of A’ (D) Dz of A’ (D) DN of A’ (D) Optical gap (eV) Sn−I−Sn bond angle (°)
PEA 4.67 5.15 2.98 2.17 1.08a −0.28a 0.73 1.97 155.9
2-FPEA 4.35 5.01 3.08 1.93 0.72a 1.29a 1.29 2.02 151.2
2-TFMPEA 4.60 5.07 2.78 2.29 1.01a 1.29a 1.61 2.16 148.5
2-MePEA 4.52 5.27 3.07 2.20 1.17a −0.45a 0.20 2.14 151
3-FPEA 4.9 5.46 0.81a −1.02a 0.05 1.99 153.7
4-MeOPEA 4.42 4.92 2.55 2.37 0.91a 0.61a 1.09 1.98 154.0
4-FPEA 5.17 5.56 3.24 2.32 1.07a −2.16a −0.35 1.95 155.5
4-MePEA 4.55 5.09 2.58 2.51 1.06b 0.17b 0.75 1.94 -
4-TFMPEA 5.55 5.95 3.74 2.21 1.27b −4.76b −1.70 1.96 -
4-ClPEA 5.25 5.68 1.05c −2.41c −0.52 1.94 -

aBased on the conformation extracted from the crystal structure. bBased on the out-of-plane conformation. cBased on substituting Cl for F in the
conformation extracted from the crystal structure of 4-FPEA.

Figure 6. Secondary electron cutoff (SECO) regions of the Sn LHPs UPS spectra for the (a) para-substituted derivatives and (b) ortho-substituted
derivatives. Plots of (c) WF vs DN and (d) EA and IE vs DN for the Sn LHP films. The WF is determined by the formula WF = hν − SECO, where
hν is 10.2 eV for these UPS measurements. In (d) the filled markers are IE points and open markers are EA points.
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with the secondary electron cutoff (SECO) region of the UPS
spectra shown in Figure 6a,b. For para-substituted derivatives,
the WF significantly increases when increasing the electron
withdrawing nature of the substituent. For example, with the
most electron donating methoxy group the work function is
4.42 eV, while the most electron withdrawing CF3 group leads
to a work function of 5.55 eV. A similarly large variation in WF
can be obtained by changing the position of the substituent on
PEA. For example, by changing the position of a single fluorine
atom from the para to ortho position the WF decreases by over
0.8 eV, from 5.17 to 4.35 eV. These are massive variations in
the WF and they result from changing only a single substituent
or its position on PEA.
The plot of the WF vs the A’ dipole component that is

normal to the SnI2 plane (DN) is displayed in Figure 6c. Here,
DN was calculated by determining the angle(s) between the
phenyl group and the SnI2 plane based on the crystal structure
and the sum of the Dz and Dy components in the direction
normal to the SnI2 plane (see Figure S6). All para substituted
derivatives have angles between 34 and 36°, thereby an angle
of 35° was used for the para substitued derivatives with
unknown crystal structure. Figure 6c shows that the WF
indeed varies with DN. For example, as DN decreases from 1.29
to −0.35 to −1.70 D for 2-FPEA, 4-FPEA, and 4-TFMPEA the
WF increases from 4.35 to 5.17 to 5.55 eV, respectively.
In addition to the WF, the UPS and LEIPS spectra shown in

Figure S7 through S10 and summarized in Figure 6d highlight
that the nature and position of the substituent has a large
influence on the IE and EA of the LHPs. These shifts parallel
that of the WF and resemble trends seen in organic
semiconductors, where the direction of the quadrupole
moment of the organic semiconductor relative to the substrate
results in shifts in the IE.51−53 Figure 6d shows the relationship
between DN and the IE and EA for the series of Sn LHPs,
where the IE and EA for the LHPs were determined using the
described method to remove instrumental broadening. As can
be seen in Figure 6d, as DN increases from −1.7 to +1.6 the IE
and EA both decrease by ca. 1 eV.
The relationships between the electron withdrawing group

strength and position, DN, WF, IE, and EA are highlighted in

Figure 7 and SI Figures S8 and S9. In general, Figure 7 shows
that the WF of all the Sn LHPs is closer to the IE than the EA,
which is commonly observed for Sn HPs due to defects that
lead to p-type character.7,56,57 For the para substituted
derivatives, as the strength of the electron withdrawing group
increases and Dz decreases from −0.28 to −2.16 to −4.76 D
for PEA, 4-FPEA, and 4-TFMPEA, the IE increases from 5.15
to 5.56 to 5.95 eV, respectively. Similar increases in the EA
from 2.98 to 3.24 to 3.74 eV, respectively, are also observed for
this series. Alternatively, as the electron donating strength of
the substituents at the para position increase and DN increases,
the IE and EA decrease. For example, 4-MeOPEA results in a
decreased EA, WF, and IE relative to 4-MePEA and PEA.
Figures 7 and S9 illustrate how switching a substituent from

the para to the ortho position of the A’ cation impacts the UPS
and LEIPS spectra for the LHP films. For fluorine, Figure S9a,
when the position is changed from ortho to para Dz decreases
from 1.29 to −2.16 D, which results in an increase of the IE
from 5.01 to 5.56 eV and increase in the EA from 3.07 to 3.24
eV. Similar trends are reproduced for 2-TFMPEA and 4-
TFMPEA, Figure S9b, where the dipole in the z-direction
decreases from 1.29 to −4.76 D and the IE and EA increase by
0.88 and 0.96 eV, respectively. These trends are reversed for
the electron donating methyl groups. Here, Dz increases from
−0.45 to 0.17 D in going from 2-MePEA to 4-MePEA, which
results in a decrease in the IE and EA of 0.18 and 0.49 eV,
respectively.
Based on the data presented, the change in IE, EA, and WF

for this series of Sn LHPs is dominated by the A’-site dipole
with minimal influence from changes in the crystal structure.
For example, going from 2-TFMPEA to 4-TFMPEA may be
proposed to relate to the changes in crystal structure, as 2-
TFMPEA shows the highest distortion with the smallest Sn−
I−Sn bond angle. However, a similar change is observed in
going from 2-FPEA to 4-FPEA, where 2-FPEA is much less
distorted than 2-TFMPEA. Furthermore, in going from 2-
MePEA to 4-MePEA the opposite change in IE and EA is
observed, which solidifies the role of the dipole. This
comparison highlights that the dipole of the A’-site molecule
exerts a dominant influence on the IE and EA, and that shifting

Figure 7. EA (top), WF (middle dashed lines), and IE (bottom) for the series of A’2SnI4 investigated along with the relative dipole moments
indicated by the length of the red arrows. *The EAs for 4-ClPEA2SnI4 and 3-FPEA2SnI4 were calculated by adding the optical gap to the IE values.
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the position of a substituent can change the IE and EA by
nearly 1 eV.
To test the generality of these trends we performed UPS

measurements on a similar series of A’2PbI4 analogues, with
these UPS plots and fits shown in Figure S12. Similar to the
trend with 3D HPs, the Pb-based LHPs show increased IEs
relative to their Sn counterparts.7 The WF and IE values were
extracted using the previously detailed methods and these
values are plotted vs DN in SI Figure S13. The same trends as
observed for the Sn LHP series are also apparent for the Pb
series, with the WF and IE decreasing as DN increases from
negative to positive. This Pb LHP series shows even greater
changes in WF and IE with the change of the dipole moment
of the A’-site cation, with variations of ca. 1.5 eV in both WF
and IE as the A’-site cation is varied.

■ CONCLUSION
Our results show that changing the electron withdrawing
strength or position of substituents on A’ cations in LHPs
directly impacts the A’ dipole moment and causes a significant
shift in the WF, IE, and EA of LHPs. Varying the A’ dipole
strength enables the WF of LHPs to be adjusted by up to 1.2
eV, with comparable changes in the IE and EA. Overall, our
study emphasizes that the A’ cation structure plays a critical
role in tuning electronic properties in layered Sn HPs.
Furthermore, we present a new fitting method to account for
instrumental broadening in UPS and LEIPS measurements.
Applying this fitting method provides accurate IE and EA
values for LHPs and should be widely applicable to other
material classes. We expect this fitting method will be
especially useful to researchers performing and interpreting
UPS, IPES, and LEIPS measurements.
In terms of adjusting the WF, IE, and EA in LHPs, the A’

dipole is the most influential parameter. Additional parameters,
such as the orientation distribution of inorganic sheets, are also
likely to have a major effect on these parameters. Investigating
parameters such as this orientation distribution and changes in
Sn−I−Sn bond angles in the absence of significant changes in
the A’ dipole will also be important for directing the design and
selection of LHPs. In general, the insights gained through this
work will enable more efficient selection and design of LHPs,
or their neighboring transport layers, for application in
optoelectronic devices.
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