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ABSTRACT: We utilized two organic dications containing, respectively, a pyridinium and an imidazolium core to construct new n = 1 (where 
n refers to the number of contiguous 2D inorganic layers; i.e., not separated by organic cations) two-dimensional (2D) lead-iodide perovskites 
1 and 2. The former material exhibits a (100)- and the latter a very rare 3 ´ 3 (110)-structural type. Compared with primary ammonium func-
tionality, their constituent ring-centred positive charges have lower charge density. As a result, [PbI6]4- inter-octahedral distortions of the inor-
ganic lattice are reduced (Pb-I-Pb bond angles are as high as 166o and 174o, respectively). This results in bathochromically shifted optical fea-
tures. In addition, the compact nature of the dications produce super short lead-iodide sheet separations, with respective iodide-iodide (I···I) 
distances as small as 4.149 Å and 4.278 Å. These are amongst the shortest separations of adjacent lead-iodide layers, in such materials, ever 
reported. When crystallized as thin films on top of substrates, the resulting 2D perovskite layers do not adopt a regular growth direction parallel 
to the surface. Instead, the crystallites grow with no fixed orientation. As a consequence of their proximate inorganic distances and unusual 
crystallization tendencies, the resulting 2D perovskites exhibit low excitonic activation energies (93.59 meV and 96.53 meV, respectively), en-
hanced photoconductivity in solar cells, and unprecendented incident photon-to-current conversion rates of up to 60%. More importantly, 
mesoporous 2D layered perovskite solar cells with power conversion efficiencies (PCEs) of 1.43% and 1.83% were achieved for 1 and 2, respec-
tively. These are the highest values obtained, thus far, for pure n = 1 lead-iodide perovskites and more than 20 times higher than those obtained 
for materials templated by more conventional cations, such as phenylethylammonium (0.08%). 

INTRODUCTION 

Two-dimensional (2D) hybrid lead-iodide perovskites with 
chemical formulas (RNH3)2PbI4 or (NH3RNH3)PbI4, where R rep-
resents an organic functional group,1-2 are derived from their 3D con-
geners by slicing the inorganic lattice along certain crystallographic 
axes (e.g., the (100)- or (110)-planes). This can be induced through 
incorporation of moderately-sized organic cations, such as the com-
monly used phenylethylammonium (PEA)3-4 and 1-butylammo-
nium (BA) ions.5-6 The resulting 2D materials possess greater syn-
thetic versatility and moisture stability than pure 3D lead-iodide per-
ovskites.7-8 Thus, attempts have been made to exploit these materials 
as solar absorbers in photovoltaic (PV) applications.7-8  

However, the organic cations are known to possess much lower 
dielectric constants than the neighboring inorganic layers.9-10 This, 
combined with constraints imposed by growth of the inorganic lat-

tice in one direction (e.g., parallel to the surface), causes the inor-
ganic layers to experience quantum confinement.11-12 In addition, the 
separation of one inorganic layer from the next can be large. For ex-
ample, in the BA-13 and PEA-based3 2D perovskites the shortest io-
dide-iodide (I···I) distances are ~8.40 and ~10.20 Å,  respectively. As 
a consequence of these factors, 2D perovskites possess relatively 
poor semiconducting properties, such as limited interlayer charge 
transport, large bandgaps, and high excitonic binding energies (e.g. 
> 300 meV for aliphatic cation-based 2D perovskites).14-17 This man-
ifests in typical solar cell and incident photon-to-current efficiencies 
significantly poorer than their 3D congeners. Thus far, the highest 
efficiencies reported for devices containing pure 2D lead-iodide per-
ovskite photoactive layers are based upon 1,4-butyldiammonium,18 
histammonium19 and, very recently, pyrene-O-propyl-ammonium8 
cations. They exhibit respective PCEs of 1.08%, 1.13%, and 1.38%, 
with typical external quantum efficiencies ranging from 25 to 35%. 



 

One might imagine that the aforementioned optoelectronic issues 
can be mitigated, and improved photovoltaic characteristics ob-
tained, by judicious selection of ammonium cations. For instance, 
highly compact dications can engender small lead-iodide sheet sep-
arations, which might allow for charge transport enhancement.18 Ad-
ditionally, doubly-charged cations exhibit reduced solubility, which 
leads to rapid crystallization and might result in deviation from typi-
cal crystallization behaviour during spin coating.19 This could be ad-
vantageous. Similarly, incorporation of “diffuse” positive charges 
would be expected to relax the inorganic inter-octahedral tilt angles, 
thereby resulting in a red shift of the UV-vis absorption profile and a 
reduced bandgap.20-21 Lastly, it has been proposed that incorporating 
an aromatic core might allow for charge transport across the organic 
layers, thereby reducing electronic confinement.9  

Spurred by the aforementioned “design criteria”, we prepared two 
new organic dications (Figure 1), designated as pyridinium ethyl 
ammonium (PyrEA) and imidazolium ethyl ammonium (ImEA), 
which successfully template formation of the 2D lead-iodide perov-
skites PyrEA[PbI4] (1) and ImEA[PbI4] (2). In order to disentangle 
the influence of these cations upon the structural and optoelectronic 
properties of the resulting materials, the 2D perovskite of the con-
ventional cation phenylethylammonium ((PEA)2[PbI4]; 3) is in-
cluded as a point of comparison. It was selected because PEA-based 
2D perovskites have been widely explored for applications, including 
light emitting diodes (LEDs)22-23 and field-effect transistors 
(FETs),24-25 and in fundamental studies.26-29  

 

 
Figure 1. Molecular structures of the dications PyrEA, ImEA, and 
PEA. 

 
RESULTS AND DISCUSSION 

Structural Properties. The crystal structures of 1 and 2 shown in 
Figures 2a and 2b, respectively, confirm successful formation of 2D 
lead-iodide perovskites. Despite the structural similarity of PyrEA 
and ImEA to PEA, the inorganic layer separations in 1 and 2 (9.899 
Å and 9.537 Å, respectively) are almost half those in 3 (16.073 Å). 
This is due to the highly compact nature of the dications PyrEA and 
ImEA. Significantly, the shortest I···I contacts of 4.278 Å and 4.149 
Å in 1 and 2, respectively, are among the shortest interlayer distances 
ever recorded for 2D lead-iodide perovskites. For comparison, with 
histammonium,19 diimidazolium,30 1,4-diammonium naphthalene,31 
and N,N-dimethylphenylene-p-diammonium21 cations respective 
I···I closest contacts of 4.386, 4.423, 4.902, and 4.978 Å are observed.  

Interestingly, whereas 1 adopts the more common (100) config-
uration, the inorganic layer in 2 is corrugated. More specifically, it 
displays a 3 ´ 3 (110) structural type. While the first 3 ´ 3 (110)-
oriented lead bromide perovskite was published recently,32 2 is the 
first example in the lead-iodide family templated by a single organic 

cation. This unusual structure is, presumably, obtained due to the 
presence and relative position of the N-H functionality within the 
imidazole core, which controls the hydrogen bonding interactions 
with neighboring bridging iodide ions of the inorganic layers (2.646 
– 3.258 Å, Figure S1). Notably, a similar inorganic architecture was 
not obtained when the imidazolium-core was replaced with the iso-
meric pyrazolium-core. Instead, the latter templates formation of a 
1D organic-inorganic lead-iodide hybrid, both in bulk materials and 
thin films (Figure S2). Meanwhile, the related histammonium cation 
only leads to formation of the conventional (100) structure (Figure 
S3). A more detailed discussion of the crystal structures of 1, 2, and 
3 is presented in the SI, with the associated crystallographic and re-
finement data of all hybrid perovskites crystal structures described 
herein summarized in Table S1. 

Analysis of the crystal structures of 1 and 2 reveals that they have, 
on the whole, more distorted inorganic lead-iodide octahedra than 
3. The degree of intra-octahedral distortion each perovskite exhibits 
can be quantified by comparing the following, previously reported, 
parameters: octahedral elongation (λoct), octahedral angle variance 
(σ2

oct), and octahedral bond length distortion (∆oct). The equations 
for each parameter and an explanation of their meanings can be 
found in the SI. The resulting values (Table 1) represent the lead-
iodide bond length and angle deformations in their constituent 
[PbI6]4- octahedra, with larger values indicating a greater degree of 
distortion.33-36 The greater distortions in 1 and 2, relative to 3, are be-
lieved to stem from the comparatively large bulk of their ring-cen-
tred positive charges and the associated non-ideal (or absent) hydro-
gen bonding interactions with iodides of the inorganic layers.  

 
Table 1. Distortion parameters derived from the single crystal X-ray 
structures of 2D perovskites 1-3α 

Compound λoct (avg)
b σ2

oct (avg)
c 

∆oct (avg) 

(×10-4)d 
1 1.0070 24.18 1.24 
2 1.0076 23.26 7.97 
3 1.0009 2.80 0.61 

αAveraged distortion parameters are given because X-ray structures 
of ImEA[PbI4] and (PEA)2[PbI4] contain three and two geometri-
cally distinct octahedra, respectively. Details are given in the SI. bOc-
tahedral elongation. cOctahedral angle variance. dOctahedral bond 
length distortion.  

 

The effect of structural distortions and ordering of octahedra 
manifest in single crystal Raman spectroscopy measurements. In or-
der to resolve individual vibrational modes, Raman spectra of 1-3 
were collected at room temperature (Figure 3) and also at 80 K (Fig-
ure S4), where more accurate data fitting can be achieved. Fitting de-
tails and parameters are provided in the Supporting Information. It 
has previously been shown for lead-iodide perovskites that low 
wavenumber modes are mainly due to vibrations of the inorganic 
sublattice, while the modes above ~150 cm-1 originate from molecu-
lar vibrations of the organic cations.37-39  

According to previous assignments, the modes below ~70 cm-1 are 
associated with I-Pb-I bending. In particular, the two bands around 
40 cm-1 are likely vibrations distorting the octahedra.40-42 The pres-
ence of two distinct bands is due to inequivalence of the axial and 
equatorial iodine atoms, as well as distortion of the octahedra. 
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Figure 2. Single crystal X-ray structures of 2D perovskites (a) (PyrEA)[PbI4] (1), (b) (ImEA)[PbI4] (2), and (c) (PEA)2[PbI4] (3). Inorganic 
layer separations, defined as the distances between successive mean equatorial planes within an inorganic sheet, are 9.899, 9.537, and 16.073 Å 
for 1, 2, and 3, respectively. Gray, purple, brown, and blue spheres represent Pb, I, C, and N atoms, respectively. H atoms are omitted for clarity. 

 

Similarly, the vibrations in the range of 70-150 cm-1, assigned to Pb-
I stretching,43 exhibit different frequencies for the in-plane and out-
of-plane modes. Most notably, the frequency difference of the two 
most intense modes in 3 (b1 and b2) is equal to 6 cm-1, while in 1 and 
2 it reaches 8 and 9 cm-1, respectively. Those two modes can be at-
tributed to distortions of octahedra42 in different directions, with 
greater distortion resulting in larger splitting. The bands observed 
between 90 and 130 cm-1 are broader and more poorly resolved in 1 
than they are in 3. This is due to a higher number of distinct vibra-
tional modes in the former relative to the latter, which results from a 
greater variety of Pb-I bond lengths. Such a scenario is consistent 
with the more distorted crystal structure of 1 compared to that of 3. 

Meanwhile, the case of 2 is more complicated than those of 1 and 
3. This is most likely due to the distinct 3 ´ 3 (110) structural type 
seen for 2, wherein the frequency shifts and band broadening might 
be due to the different connectivity of the octahedra, in addition to 
the afore discussed structural distortions. It should be emphasized 
that a better understanding of how the vibrational properties of 1-3 
depend upon their structural distortions would require precise 
assignment of their Raman spectra via computational studies. 

Optical Properties. Investigation of the photophysical proper-
ties of 1-3 were undertaken using thin film samples (see SI for exper-
imental details and photos of spincoated thin films of 1-3), as they 
more closely mimic the PV device settings required for application. 
To ensure surface consistency, scanning electron microscope 
(SEM) images were recorded and confirm that all films are smooth 
and compact (Figure S5). Absorption spectra of all hybrid perov-
skites under study are presented in Figure 4a and their absorption 
profiles are summarized in Table 2. 

In analogy to other 2D perovskites, the intense bands in the spec-
tra of 1 and 2 at 544 and 522 nm, respectively, can be attributed to 
excitonic absorptions of the 2D lead-iodide lattices. Both are red 
shifted with respect to the analogous transition in 3 (514 nm). How-
ever, a fair comparison can only reasonably be made between 1 and 
3, since they are both (100)-oriented (and 2 is not). As such, 1 rep-
resents a rare example of a heavily bathochromically shifted 2D per-
ovskite, and we are aware of only six other compounds reported to 
exhibit similarly shifted absorption features.21, 44-46 It is also notewor-
thy that 2 has a lower energy excitonic transition than 3. This is be-

cause other works report that (110)-oriented structures characteris-
tically display blue-shifted bandgaps relative to their (100) conge-
ners.32, 43  

We attribute the aforementioned bathochromic shifts to higher 
overall Pb-I-Pb bond angles between the adjoining [PbI6]4- octahe-
dra in 1 (159o to 174o) and 2 (146o to 166o) relative to 3 (151o to 
153o) (see Figure S6). This is consistent with previous reports, in 
which it was revealed through Hu ̈ckel tight-binding band structure 
calculations, that combinations of in-plane and out-of-plane distor-
tion angles (Figures S6d and S6e) have the greatest impact on the 
tuning of the bandgap. More specifically, more ideal Pb-I-Pb angles 
were shown to allow for increased orbital overlap, which results in 
greater band dispersion and, thus, smaller bandgaps.20, 47-49 We be-
lieve that the observed Pb-I-Pb bond angle relaxation is due to the 
lower charge density of pyridinium and imidazolium cations relative 
to primary ammonium groups. As a consequence, there is a signifi-
cantly reduced coulombic driving force for bringing the lead-iodide 
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Figure 3. Low wavenumber Raman spectra of (PyrEA)PbI4 (1), 
(ImEA)PbI4 (2), and (PEA)2PbI4 (3), recorded at room tempera-
ture. Circles represent experimental data; red, blue, and green lines 
are the respective fitting components; and pink lines correspond to 
the resulting cumulative fits. Spectra are normalised and labels b1 
and b2 correspond to the most intense vibrational modes. 
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octahedra into close proximity with the organic countercations, 
which would otherwise necessitate compression of the Pb-I-Pb bond 
angles between neighboring octahedra (thus, creating distortion).20 
As such, this work demonstrates that reduction of bond angle distor-
tions can be achieved by judicious choice of organic countercations. 

 
Table 2. Summary of selected optical parameters for 1-3α 

Compound 
Excitonic 

absorption 
(nm) 

Bandgap 
(eV) 

Excitonic 
emission 

(nm) 

RT PL 
FWHM 

1 544 2.48 558 44 nm 

2 522 2.54 527 31 nm 

3 514 2.58 525 21 nm 
αBandgaps are obtained through linear fitting of the thin-film UV-vis 
absorption spectra (see SI). Excitonic emission position and photo-
luminescence full width at half-maximum (PL FWHM) are taken 
from the actual room temperature PL spectra of the 2D perovskites, 
and not the constituent peaks of Gaussian fits of the data. 

  

In order to eliminate the possibility that the red shifted absorption 
features of 1 and 2 derives from charge transfer between the inor-
ganic and organic components, we synthesized the (100)-oriented 
2D piperidinium ethylammonium perovskite (PipEA)[PbI4] (Fig-

ure S7). Consistent with observations for 1 and 2, the resulting per-
ovskite is still red in color (Figure S7c, inset), despite the cation used 
being aliphatic in nature and, thus, having no low-lying unoccupied 
molecular orbitals. Therefore, it’s bathochromically shifted exci-
tonic band at 541 nm (Figure S7c) can be attributed to the mildly 
distorted Pb-I-Pb angles in its inorganic lattice (value of 164o to 
174o), rather than charge transfer. 

At room temperature, upon excitation at 480 nm, both 1 and 2 
show broad photoluminescences (PLs) consisting of respective nar-
row bandgap emissions peaks centred at 557 nm (P1a) and 529 nm 
(P2a) that overlap with broader, longer wavelength Gaussian-fitted 
peaks at 582 nm (P1b) and 540 nm (P2b), respectively (Figure 4b; 
Table 2). In contrast, 3 exhibits a typical narrow band emission (full 
width at half maximum, FWHM = 21 nm) at 525 nm(P3), with a 
Stokes shift of just 9 nm, that can be fit by a single Gaussian. As with 
that observed in the lead-iodide perovskite templated by 2,2-(eth-
ylenedioxy)bis(ethylammonium),43 we attribute the existence of 
two types of emissions in 1 and 2 to the presence of a larger variety 
of distinct radiative centers in their highly distorted octahedra.  

To evaluate the charge carriers dynamics of the materials, time-
resolved (TR) PL spectroscopic measurements were performed for 
1-3. For all three compounds, two decay time constants were needed 
to accurately fit the fluorescence decay profiles (Figure 4c and Table 
S2), which were recorded at their respective PL wavelength maxima. 
(The residuals for the fit and the instrument response function can 
be found in Figure S8). It was found that 1 and 2 (τave = ~620(60) 

 

 
Figure 4. (a) UV-vis absorption spectra of (PyrEA)PbI4 (1), (ImEA)PbI4 (2), and (PEA)2PbI4 (3). (b) Photoluminescence (PL) spectra of 1-
3, plus Gaussian fittings, recorded at RT, using excitation at 405 nm. (c) Time-resolved photoluminescence (TRPL) decays and fits for 1-3. (d) 
Temperature-dependent integrated PL intensity for 1-3. Excitonic binding energies (values given) were extracted by fitting to the Arrhenius 
equation. 
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and ~730(70) ps, respectively) feature longer average decay life-
times than 3 (τave = ~400(40) ps). More specifically, 1 and 2 exhibit 
biexponential decay composed of ~410(40) ps (90%) and 
~2.50(0.20) ns (10%) components and ~350(30) ps (81%) and 
~2.35(0.20) ns (19%) components, respectively. On the other hand, 
fitting fluorescene decay of 3 requires ~360(40) ps (99%) and 
~4.51(0.40) ns (1%) components. Although it is tempting to attrib-
ute these differences to structural factors, further investigations are 
required before assignment of the decay mechanisms can be made. 
Regardless, the slower PL decay of 1 and 2, relative to 3, which result 
from greater contributions of the slower decay component, infers 
that more useful free-charge carriers can be generated in the former 
two cases during use as solar absorbers. 

To further assess the photogenerated charge carriers behavior in 
1, 2 and 3, we also investigated their emission quenching behavior 
by carrying out temperature-dependent PL measurements between 
77 and 300 K. The resulting spectra are presented in Figure S9. For 
clarity, intensities of the peak emissions have been normalized. (Fig-
ure S10 shows evolution of the PL spectra with retention of relative 
intensity information.) Satisfactory fitting of the low-temperature 
PL features of 3 and 1 requires one and two Gaussians, respectively, 
while three are required for 2. Details of PL peak deconvolutions are 
presented in Figure S11. Using P1a, P2a, and P3 extracted from the 
temperature-dependent measurements, excitonic activation ener-
gies of 1, 2, and 3 can be estimated by plotting emission intensity 

against the inverse of temperature (Figure 4d) and fitting them to 
the following equation: 

𝐼 𝑇 =
𝐼$

1 + 𝐴𝑒)*+/-./
												(1) 

where, I0 corresponds to emission intensity at low temperature, Ea to 
the activation energy, and kB to the Boltzmann constant. 

From the fit of total PL intensity as a function of temperature to 
Equation 1,27-28, 53 approximate activation energies of 96.5 and 93.6 
meV were extracted for 1 and 2, respectively. Remarkably, these val-
ues are less than half of that obtained for 3, which in agreement with 
previous work is estimated to be 229.9 meV.9 Moreover, the Ea val-
ues of 1 and 2 are among the lowest reported for an n = 1 lead-iodide 
perovskite. We propose that such low values derive from short sepa-
ration between the inorganic layers, effectively, making them more 
“3D-like” in character. The activation energy obtained for 3 may well 
represent the excitonic binding energy and, if that is the case, the de-
crease of integrated PL intensity upon lowering the temperature can 
be attributed to partial ionization of the excitons, as was the case in 
the study conducted in ref [8]. However, this may not be the case for 
1 and 2, as the higher density of defect states arising from their rela-
tively more distorted lead-iodide octahedra could lead to other pos-
sibilities. To explore this possibility, investigations that include sin-
gle crystal photophysical studies of the materials have been initiated. 

 
  

 

 
Figure 5. (a) Typical cross-sectional scanning electron micrograph of 2D perovskite solar cells, with mesoporous architecture, employed in this 
study. (b) Photovoltaic current density-voltage (J−V) characteristics of best performing solar cells fabricated using (PyrEA)PbI4 (1), 
(ImEA)PbI4 (2), and (PEA)2PbI4 (3) as the solar absorbers. Dotted and solid lines represent measurements in the absence and presence of 
white light irradiation (1 sun; AM 1.5G), respectively. (c) External quantum efficiency (EQE) spectra of the best performing solar cells con-
taining 1-3 (standard, vertical device configuration). Statistical representations of (d) Short-circuit current density (Jsc) and (e) power conver-
sion efficiency (PCE) measured for 6 photovoltaic devices each for 1, 2, and 3. Data for the device performance parameters open-circuit voltage 
(Voc) and fill-factor (FF) are provided in the supporting information.  

 

1 2 3

0.0

0.5

1.0

1.5

2.0

Compound

P
C

E
 (%

)

1 2 3

0

1

2

3

4

5

Compound

J s
c
(m
A
/c
m
2 )

300 400 500 600 700
0

10

20

30

40

50

60

1
2
3

Wavelength (nm)

E
xt

er
na

l Q
ua

nt
um

 E
ff

ic
ie

nc
y 

(%
)

0

1

2

3

4

5

 In
te

gr
at

ed
 C

ur
re

nt
 D

en
si

ty
(m

A
/c

m
2 )

0.0 0.2 0.4 0.6 0.8 1.0
-1

0

1

2

3

4

5

C
ur

re
nt

 D
en

si
ty

(m
A

/c
m

2 )

Voltage (V)

 1 (Dark)
 1 (Light)
 2 (Dark)
 2 (Light)
 3 (Dark)
 3 (Light)

(c)(a) (b)

(e)

500 nm

(d)



 

Application in Solar Cells, Crystallization Behavior, and 
Electrical Properties. To exploit the superior semiconducting 
properties of 1 and 2, (n = 1 where n refers to number of contiguous 
inorganic 2D layers; i.e., not separated by organic cations) 2D per-
ovskite solar cells adopting the mesoporous architecture were fabri-
cated (Figure 5a). The band energy diagram specifying the energies 
of the valence and conduction bands of 1-3 relative to the other 
charge transporting layers comprising the devices is given in Figure 
S12. The optimized precursor concentration for spin-coating DMF 
solutions of all materials was found to be 0.50 M. (Details of concen-
tration-dependent device performance parameters, average device 
performances, and corresponding characterization data can be 
found in Tables S3-S7.) Current density-voltage (J-V) characteris-
tics of the best devices fabricated from each of the 2D perovskites are 
presented in Figure 5b. To our delight, for active layers of similar 
thickness, as evidenced by scanning electron micrographs (Figure 
S13), much higher short circuit current densities (Jsc) could be har-
vested for photovoltaic devices containing 1 and 2 (2.23 and 3.12 
mA/cm2, respectively) compared with those of 3 (0.32 mA/cm2). 

Closer examination revealed that, in addition to reduced inor-
ganic sheet separations, orientation of the 2D perovskite crystallite 
grains also plays a role in the generation of higher photocurrent in 1 
and 2. Glancing angle X-ray diffraction (GAXRD) patterns for thin 
films of 1 and 2, both on top of glass and on top of TiO2-coated flu-
orine-doped tin oxide (FTO), show very different behavior to 3 
(Figure S14). While 3 prefers to grow with the 2D lead-iodide layers 
parallel to the substrate, even in device settings (Figure S14c), the 
crystallites in 1 and 2 tend to display no fixed orientation (Figures 
S14a and S14b), regardless of the nature of the substrates used. Such 
a tendency is more pronounced in 1, where peaks ascribed to (020), 
(002), (112), (140) and (034) reflections are found to coexist in 
comparable intensity (see SI). This unique crystallization property 
is distinct to that of histammonium-based lead-iodide perovskite, 
where a preferential perpendicular growth orientation was sug-
gested.19 

The effect of crystallite orientation on photocurrent collection 
was probed by performing conductivity measurements using a dif-
ferent configuration of electrodes. While the electrodes were placed 
perpendicular to the perovskite layers in the aforementioned solar 
cells devices (a “vertical” configuration), in four-probe measure-
ments they were evaporated parallel to one another (Figure S15a). 
In the latter setting, upon white light irradiation, 3 displays higher 
photocurrent. At a bias as low as 2.0 V, the current generated by 3 
increases from 14.79 pA (dark) to 63.39 nA (light), corresponding 
to an on/off ratio of ~4286 (Figure S15d). Meanwhile, induced cur-
rent only increases from 12.67 pA (dark) to 1.13 nA (light) in the 
case of 1 and from 10.25 pA (dark) to 0.70 nA (light) for 2, leading 
to respective on/off ratios of only 89 and 68 (Figures S15b and 
S15c). This represents an approximate fifty-fold greater current en-
hancement in 3 relative to 1 and 2.  

The contrast in conductivity behaviour seen for 1-3 between the 
two device configurations derives from the relative orientations of 
the electrodes and inorganic lattices. More specifically, when studies 
are performed for 3 using the four-probe configuration conductivity 
within the lead-iodide layers is measured, while in the perpendicular 
arrangement of electrodes it is between layers. In contrast, regardless 
of electrode orientation, conductivity in 1 and 2 is always between 
less-oriented layers. Nonetheless, it is interesting to note that alt-
hough charge carrier hopping from one less-oriented grain to an-
other in 1 and 2 cannot proceed as efficiently as it does within the 

lead-iodide layers of 3, it proves to be more efficient than inter-layer 
transport, where propagation through space is required for charge 
collection. 

 

 
Figure 6. Summary of progress in efficiency of solar cells based upon 
pure n = 1 2D lead-iodide perovskites as a function of templating or-
ganic cations. 

 

Finally, incident photon-to-current efficiency (IPCE) spectra pre-
sented in Figure 5c affirm the aforementioned device results. The in-
tegrated current densities were found to be 2.49 mA/cm2 and 3.94 
mA/cm2 for 1 and 2, while in the case of 3 it was only 0.73 mA/cm2. 
In addition, they exhibit absorption onsets similar to their UV-vis ab-
sorption spectra, indicating that the bathochromic shifts in 1 and 2 
contribute to generation of useful charge carriers. Moreover, the 
IPCE results also demonstrate better conversion of light to useful 
charge carriers in 1 and 2, despite them having similar absorption co-
efficients as 3 (Figure S16). The superior charge collection proper-
ties observed in devices based on 2 relative to those of 1 can be at-
tributed to a number of factors. Not only does the former possess a 
longer charge carrier lifetime and lower exciton activation energy, it 
also features better crystallization properties and lower surface 
roughness. The latter two factors are evident from excitation power-
dependent PL experiments (Figure S17), where trap densities of 
(6.03 ± 1.2) ´ 1017 and (5.68 ± 1.82) ´ 1017 cm-3 were measured for 
1 and 2, respectively, and atomic force microscopy (AFM) measure-
ments (Figure S18), from which respective surface roughness values 
of 43 and 17 nm were obtained. 

In particular, the IPCE of up to 60% measured for 2 is, to our 
knowledge, the best ever demonstrated for a pure n = 1 lead-iodide 
material. For comparison, histammonium-19 and butyl-1,4-diammo-
nium-based18 2D perovskites with comparable inorganic layer sepa-
ration were previously reported to be capable of demonstrating IP-
CEs of only 30% and 35%, respectively. The high IPCE values of 1 
and 2, coupled with good open circuit voltages (Voc) of 0.82 – 0.83 
V and fill-factors (FF) of over 50 %, allowed photovoltaic cells with 
power conversion efficiencies (PCEs) of 1.43 – 1.83 % to be ob-
tained for these materials. Statistical representations of Jsc and PCE 
(See Figures S19a and S19b for parameters Voc and FF, respectively) 
of 6 devices based on 1, 2, and 3, depicted in figures 5d and 5e, con-
firm reproducibility of the device fabrication process.  

The improvement in photovoltaic devices made out of 1 and 2 
represents a greater than 20-fold improvement over those fabricated 
using the well-studied PEA cation (Table 3). More importantly, the 
best performing cells represent the highest values reported, so far, for 



 

n = 1 lead-iodide 2D perovskites. This includes the recent report by 
Stupp and co-workers detailing enhancement of out-of-plane con-
ductivity of a n = 1 perovskite by use of highly conjugated pyrene 
organic cations. Their work culminated in a device with a PCE of 
1.38%.8 Our distinct approach attests to the advantages of employ-
ing compact organic dications, which can engender bathochromati-
cally shifted optical features, very short inorganic layer separation 
and unique crystallization properties. Figure 6 summarizes the pro-
gress in efficiency of solar cells based upon pure 2D lead-iodide per-
ovskites templated by different organic cations. 

 
Table 3. Summary of photovoltaic parameters from the best per-
forming solar cells fabricated from 1-3α 

Compound 
Voc 
(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Thickness 

(nm) 
1 0.82 2.49 70.34 1.43 191 nm 
2 0.83 3.94 56.15 1.83 171 nm 
3 0.80 0.37 25.17 0.08 183 nm 

αConcentration of precursor solution used in spin-coating of all com-
pounds was 0.50 M. Voc = open circuit voltage; Jsc = short circuit cur-
rent density; FF = fill factor; and PCE = power conversion efficiency. 
Thickness of the active layer was determined from scanning electron 
micrographs of each sample (see SI for details). 

 
CONCLUSIONS 

In conclusion, we have successfully employed pyridinium ethyl 
ammonium (PyrEA) and imidazolium ethyl ammonium (ImEA) di-
cations to template formation of the new 2D hybrid lead-iodide per-
ovskites (PyrEA)PbI4 (1) and (ImEA)PbI4 (2). Their properties 
were compared with the well-studied 2D perovskite (PEA)2PbI4 (3), 
templated by the phenyl ethyl ammonium cation (PEA). As a con-
sequence of the compact nature of their dications, 1 and 2 are en-
dowed with super short 2D inorganic layer separations. Further-
more, the relatively low charge density of the cationic aromatic cores 
of PyrEA and ImEA leads to relaxation of the Pb-I-Pb inter-octahe-
dral distortions. This causes 1 and 2 to have bathochromically 
shifted optical features relative to 3. However, as is apparent from X-
ray crystallographic and Raman spectroscopic analyses, the presence 
of bulky pyridinium and imidazolium rings in 1 and 2, combined 
with their inefficient hydrogen bonding interactions with terminal 
and/or bridging iodides of the inorganic layers, results in an overall 
increase in structural intra-octahedral distortion compared with 3. 
As a consequence, 1 and 2 both exhibit broad photoluminescences 
at room temperature. Based upon preliminary temperature- and flux 
density-dependent PL investigations, this can be attributed to the 
presence of defect states.  

Low solubility of the organic dications PyrEA and ImEA, even in 
polar organic solvents like dimethylformamide (DMF), causes 1 and 
2 to manifest unique crystallization behavior. More specifically, 
upon spincoating, the inorganic layers do not adopt a regular growth 
direction parallel to the surface of the substrates. Instead, their crys-
tallites have no fixed orientation. Such unusual growth properties fa-
cilitate better charge transport and collection within conventional 
perovskite solar cell (PSC) architectures, in which the electrodes are 
located on the top and bottom of the devices. This, combined with 
longer lifetimes of photoinduced charge carriers and lower excitonic 
activation energies than those of 3, allows harvest of short-circuit 

current densities (Jsc) from PSCs containing 1 and 2 of more than 
2.5mA/cm2. Superior charge collection in these materials is affirmed 
by incident photons-to-current efficiency (IPCE) measurements for 
the corresponding devices, which show unprecendented 2D perov-
skite IPCE conversions of up to 60%. Coupled with good open cir-
cuit voltages (Voc) of 0.82 – 0.83 V and fill-factors (FF) of over 50 %, 
photovoltaic cells with power conversion efficiencies of 1.43 – 1.83 
% can be obtained for 1 and 2. These values are the highest reported, 
so far, for pure 2D lead-iodide perovskite solar cells.  

The current work details a new class of organic dications, wherein 
close proximity of their positive charges leads to lead-iodide perov-
skites with significantly enhanced optoelectronic properties. Further 
work, currently in progress, is directed towards fabrication of photo-
voltaic devices containing materials composed of mixtures of either 
PryEA or ImEA with methyl ammonium or formamidinium. This 
should afford materials with higher numbers of contiguous inorganic 
layers (i.e., n > 1). In addition, more in-depth photophysical investi-
gations of 1 and 2 intended to elucidate the impact of structural dis-
tortions upon the optoelectronic properties of 2D lead-iodide per-
ovskites have been initiated. 
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