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FULL PAPER

The Impact of Stoichiometry on the Photophysical 
Properties of Ruddlesden–Popper Perovskites

Herman Duim, Sampson Adjokatse, Simon Kahmann, Gert H. ten Brink, 
and Maria Antonietta Loi*

2D Ruddlesden–Popper perovskites are interesting for a variety of applications 
owing to their tunable optical properties and their excellent ambient stability. As 
these materials are processable from solution, they hold the promise of pro-
curing flexible and cost-effective films through large-scale fabrication techniques. 
However, such solution-based deposition techniques often induce large degrees 
of heterogeneity due to poorly controlled crystallization. The microscopic proper-
ties of films of (PEA)2PbI4 cast from precursor solutions of different stoichi-
ometry are therefore investigated. The stoichiometry of the precursor solution 
is found to have a large impact on the crystallinity, morphology, and optical 
properties of the resulting thin films. Even for films cast from stoichiometric 
precursors, differences in photoluminescence intensities occur on a subgranular 
level. The heterogeneity in these films is found to be thermally activated with an 
activation energy of 0.4 eV for the emergence of local variations in nonradiative 
recombination rates. The spatial variation in the distribution of trap states is 
attributed to local fluctuations in the stoichiometry. In line with this, the surface 
can successfully be passivated by providing an excess of phenylethylammonium 
iodide (PEAI) to an as-cast film, enhancing the photoluminescence by as much 
as 85% without significantly altering the film’s morphology.
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tunable band gap, and long charge carrier 
diffusion lengths[1,2] make these materials 
exceedingly good materials for photovoltaics, 
with power conversion efficiencies now 
reaching values as high as 25.2%.[3] The 
recent string of successes of metal halide 
perovskites is, however, by no means lim-
ited to photovoltaics, but extends to a myriad 
of other optoelectronic applications such 
as light-emitting diodes, photonic devices, 
X-ray detectors, and gas sensors.[4–10]

The closely related perovskite-like 
compounds of lower dimensionality (2D, 
1D, and 0D) have also attracted consider-
able attention in recent years owing to 
their versatile photophysical properties 
and suitability for light emission.[11] Of 
these low-dimensional perovskites, the 
most widely studied are the Ruddlesden–
Popper (RP) perovskite phases of the form 
A′2An-1BnX3n+1. In these (quasi-) 2D perov-
skites, thin sheets of perovskite of layer 
thickness n are sandwiched between long 
organic cations A′, leading to the natural 

formation of multiple-quantum-well structures.[12,13] The strong 
quantum and dielectric confinement of charge carriers in these 
perovskite layers give rise to exciton binding energies that can 
be as large as a few hundred meV, depending on the thickness 
of the perovskite layer.[14,15] By tuning the length and nature 
of the spacer cation or the thickness and composition of the 
perovskite layer, emitted light can be tuned from the violet to 
the near-infrared spectral region.[16] Using this approach, bright 
blue,[17] green,[17,18] and red[19] light-emitting diodes with high 
color-purity have already been successfully reported.[20]

Recently, we have demonstrated that high-quality pinhole-
free films of the 2D perovskite 2-phenylethylammonium lead 
iodide ((PEA)2PbI4) can be fabricated using a scalable blade-
coating technique.[21] Not only does this pave the way for the fab-
rication of large-area devices based on 2D perovskites, but these 
films can also be used as excellent templates for the formation 
of high-quality 3D perovskite films trough a cation exchange 
reaction.[21–23] As such, blade-coated films of 2D perovskite hold 
great potential for fabrication of large-area perovskite layers for 
a wide variety of optoelectronic applications. Typically, however, 
metal halide perovskites suffer from a large degree of hetero-
geneity in properties such as grain sizes, crystallinity, trap state 
densities and chemical composition in the resulting thin films 
owing to poor control over the crystallization.[24] Such structural 
disorder arising from the fabrication conditions can have a sig-
nificant impact on the material’s optoelectronic properties.[25]

1. Introduction

Metal halide perovskite semiconductors of the form ABX3, where 
A is a monovalent cation, B a divalent metal cation, and X a halide 
anion, have shown great promise for the development of versa-
tile and high-efficiency optoelectronic devices owing to their out-
standing photophysical properties. Their strong light absorption, 
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In this work, we, therefore, investigate the (microscopic) 
photoluminescence (PL) properties of blade-coated films of the 
archetypal pure 2D RP perovskite ((PEA)2PbI4) in relation to 
the stoichiometry of their precursor solution. We obtain macro
scopically smooth and uniform films of the RP perovskite for 
different stoichiometries, but by using confocal laser scanning 
microscopy (CLSM), we show that the photoluminescence 
properties are highly heterogeneous on a microscopic scale. 
The PL intensity is locally enhanced even within individual 
grains at the perovskite–air interface, which we attribute to vari-
ations in the density of defect states owing to fluctuations of the 
stoichiometry in the precursor solution during crystallization. 
The extent of the heterogeneity in thin films on a microscopic 
scale is an important consideration for their implementation in 
devices and can easily be overlooked given that these variations 
occur on a scale smaller than the typical laser spot sizes used in 
conventional PL measurements.

2. Results and Discussion

2.1. Passivation of Surface Trap States

A scalable blade-coating technique was used to deposit thin 
films of the Ruddlesden–Popper perovskite (PEA)2PbI4, of 

which a schematic crystal structure is provided in Figure  1a. 
The high quality of the films fabricated via this method is evi-
denced by the complete surface coverage and a high degree 
of orientation and narrow linewidths in the XRD pattern, as 
reported in Figure S1 (Supporting Information).[26] Optically, 
these films exhibit typical narrow exciton absorption and emis-
sion lines with a small Stokes shift of 17 nm (Figure S1, Sup-
porting Information). The photoluminescence has an FWHM 
linewidth of only 18 nm with CIE-color coordinates x = 0.191, 
y  = 0.783, and a corresponding color purity of 94.9%. The 
photoluminescence quantum yield (PLQY) of the blade-
coated film was measured to be 1.4%, which is substantially 
higher than previously reported PLQY values for thin films 
of (PEA)2PbI4 (<0.1%)[27] and (PEA)2PbBr4 (0.35%).[28] CLSM 
reveals the presence of large spatial heterogeneities in PL inten-
sities in these films, as shown in Figure  1b, indicating large 
differences in local trap state densities. A similar observation 
can also be made for films that are spin cast albeit on a smaller 
scale (Figure S2, Supporting Information).

In a previous work, we have established the important role 
the surface chemistry plays in the passivation of surface trap 
states of the 3D perovskite CH3NH3PbBr3.[29] In line with 
this and recent reports on the successful passivation of trap 
states in both 3D and 2D perovskites,[18,30,31] we attempt to 
remedy any surface trap states introduced by vacancies such 
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Figure 1.  a) Schematic representation of the crystal structure of (PEA)2PbI4. b) Normalized PL intensity map of a blade-coated film of (PEA)2PbI4.  
c) Steady-state PL spectra of the film before and after surface treatment and d) the corresponding TRPL decays, fitted by biexponential decays with 
lifetimes τfast = 91 ps, τslow = 330 ps and relative weight factors of Afast = 72% (71%) and Aslow = 28% (29%) for the pristine (10 min, PEAI) film.
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as VPEA, VI, and VPEAI that might result from PEAI-poor condi-
tions during the film’s crystallization. We purposely passivate 
the surface of an as-cast film through a simple ligand treat-
ment. After submerging the films in a solution of PEAI in iso-
propanol (IPA) (50 × 10−3  m) for 10 min, an increase in the 
average photoluminescence intensity by 85% was observed, 
as is shown in Figure 1c. If the ligand treatment is too short 
(30 s), however, no PL increase is observed. Furthermore, if 
the film is exposed to IPA alone, the film partially dissolves 
and the PL is quenched (Figure S3, Supporting Informa-
tion). These findings consolidate our prior assumption that 
PEAI plays an important role in the surface chemistry of the 
(PEA)2PbI4 film.

Paradoxically, from the time-resolved PL (TRPL) data in 
Figure  1d, it becomes clear that the average exciton lifetimes 
are not significantly affected by the ligand treatment as would 
typically be expected for the elimination of slow trapping pro-
cesses. The increase in the integrated PL intensity instead 
stems from an increased PL intensity at t = 0 (normalized TRPL 
as well as data for shorter delay times are provided in Figure S4 
in the Supporting Information). Assuming that the absorption 
of the film does not significantly change with the ligand treat-
ment, this means that the exciton population participating in 
radiative recombination must have increased after the ligand 
treatment. This suggests that initially a sizable number of 
excitons undergo ultrafast nonradiative recombination on a 
time scale shorter than the temporal resolution of our detector 
(<2 ps). The ligand treatment seems to effectively suppress this 
recombination channel, presumably through the removal of 
vacancies of PEA, PEAI or iodide.

To further investigate the effect of PEAI on the perovskite 
surface, we performed CLSM on a film before and after the 
ligand treatment. Figure  2a,b shows a side-by-side compar-
ison of the PL intensity map of the pristine film and the film 
after PEAI treatment. In both cases, a large degree of spatial 
heterogeneity in PL intensity can be observed. Upon passiva-
tion, a clear overall increase in PL intensity is readily observed 
from these images. The semilogarithmic histograms repre-
senting the distribution of the pixels’ PL counts of the maps in 
Figure 2c show the presence of two superimposed pixel popu-
lations. Here, the main pixel distribution is relatively narrow 

and is centered at PL counts just below 1000. Superimposed 
on this is a much broader population of pixels extending to 
high PL values that stems from the presence of the brightest 
areas in Figure  2a,b. Upon PEAI treatment, both these pixel 
populations show a shift to higher PL counts accompanied 
by a significant broadening. This corresponds to an overall 
increase in PL intensity which is visible as a brightening of 
both the darker as well as the brighter areas of the pristine 
film.

2.2. Influence of Stoichiometry on the Film Quality

We then investigated the influence of the stoichiometry of the 
precursor solution on the blade-coated film quality and optical 
properties. We cast (PEA)2PbI4 films according to a well-estab-
lished recipe,[32,33] i.e., precursor solutions in a mixture of 
solvents (DMF:DMSO 4:1 v/v) of different stoichiometry that 
are either lead-rich (molar ratio PEAI:PbI2 = 1:2, 1:1), stoichio-
metric (2:1) or lead-poor (3:1 and 4:1).

The absolute intensities of the PL in Figure  3a show that 
the highest PL intensity is obtained when a stoichiometric pre-
cursor solution (PEAI:PbI2 = 2:1) is employed. Films cast from 
a solution with a relative excess of PbI2 exhibit a significant 
decrease in the PL intensity, whereas large excesses of PEAI 
only have a minimal effect on the photoluminescence intensity 
of the film. This is in line with a recent report from our group, 
in which we demonstrated the severe reduction in PL quantum 
yield upon photo-induced degradation of (PEA)2PbI4 to PbI2 
due to the loss of organic cations from the crystal surface.[34] 
Interestingly, the presence of large amounts of PbI2 also effec-
tively suppresses the broad low-energy emission that is (weakly) 
present in the stoichiometric and PEAI-rich films (Figure S5, 
Supporting Information). Such broad emission bands are often 
observed in low-dimensional perovskite and their nature is the 
topic of ongoing debate. Often they are attributed to the recom-
bination of self-trapped excitons.[35] At this point, we merely 
mean to highlight that the strong dependence of this broad 
emission on the stoichiometry of the precursor solution sug-
gests an extrinsic origin and we shall further confront this issue 
in a separate report.

Adv. Funct. Mater. 2019, 1907505

Figure 2.  CLSM photoluminescence intensity maps of a) a pristine film of (PEA)2PbI4 and b) the same film after 10 min of PEAI treatment. Both images 
are displayed on the same intensity scale for comparison. c) Histograms obtained from four 100 × 100 µm2 areas of the same film before (black) and 
after (red) PEAI treatment.
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While all blade-coated films show complete surface cov-
erage, moving away from stoichiometry to either an excess 
or deficit of PbI2 has a pronounced impact on the film’s mor-
phology. This impact can be readily observed from the reflected 
light and CLSM images in Figure S6 (Supporting Informa-
tion). Of particular interest are the stoichiometric (2:1) and 
the lead-rich case (PEAI:PbI2 ratio of 1:2), on which we focus 
in Figure  3b–e. The spatially resolved PL map obtained from 
the lead-rich film (Figure  3b) shows the presence of large 
areas of quenched luminescence surrounded by a network of 
brightly emitting film. Contrarily, in the case of the stoichio-
metric film, the PL map in Figure  3c shows the presence of 
densely packed grains separated by darkened grain bounda-
ries, as well as areas of increased PL intensity in the interior of 
apparent grains. Comparison of the features in these PL maps  
to the film’s morphology, as observed by scanning electron 
microscopy (SEM) in Figure 3d,e shows that the quenched PL 
in the lead-rich film coincides with the presence of large plate-
lets on the perovskite surface. We assign these platelets to be 
clusters of lead iodide, the formation of which is corroborated 
by prominent diffraction peaks from PbI2 (Figure S7, Sup-
porting Information). Additionally, the reduced intensity and 
broadening of the diffraction peaks from the (00n) perovskite 
planes indicates the considerably poorer crystallinity compared 
to that of the stoichiometric film, solidifying the notion that 
the presence of large quantities of PbI2 has a negative impact 
on the crystallization in these doctor bladed films. The SEM 

image of the stoichiometric film (Figure 3e), on the other hand, 
shows a flat and featureless surface topography with faintly 
visible grain boundaries, but no apparent correlation between 
the film’s morphology and the local variations in PL intensity 
(Figure 3c). We shall discuss this issue further below.

For films blade-coated from solutions that lie closer to the 
ideal stoichiometry of 2:1 (namely, 2:1.3, 2:1.1, 2.1:1, and 2.3:1), 
the observed changes are less severe. A minor increase in PL 
intensity can be observed for films that are cast from a 2:1.3 solu-
tion, while all other stoichiometries result in a modest reduction 
of PL intensities, showing the lack of a real trend, as can be seen 
in Figure S8 (Supporting Information). The PL maps of these 
films reveal that going from the lead-rich condition of 2:1.3 to 
the PEA-rich conditions, the degree of heterogeneity increases 
considerably (Figure  4). Under slightly PbI2-rich conditions, 
heterogeneity is suppressed to a large extent in the PL map of 
these films as compared to that of the stoichiometric film. Here, 
however, we should be careful as many different effects can 
contribute to this observation. A different starting stoichiom-
etry can determine a very different nucleation mechanism and 
even a different film thickness. Certainly not comparable to what 
is obtained with the post-treatment with one of the precursors 
(vide supra). Interestingly, when exchanging phenylethylammo-
nium for butylammonium (BA) the photoluminescence of the 
resulting films is strongly quenched, as can be seen from the 
full-color photographs of the (PEA)2PbI4 and (BA)2PbI4 films 
under UV excitation (Figure S9, Supporting Information). The 

Adv. Funct. Mater. 2019, 1907505

Figure 3.  a) Boxplot of the PL intensities of films cast from precursor solutions of different stoichiometry showing a clear intensity reduction for lead-
rich films. Individual boxplots are based on five data points per sample. b) CLSM PL map of the lead-rich (PEAI:PbI2 = 1:2) and c) stoichiometric (2:1) 
film. d,e) SEM images obtained from the same films as in (b) and (c), respectively.
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latter film is considerably rougher and its PL map (Figure S10, 
Supporting Information) reveals the presence of large grains 
with limited PL heterogeneity; demonstrating that also the 
nature of the organic cation plays an important role in the crys-
tallization and distribution of trap states in 2D perovskites.

2.3. PL Heterogeneity in Blade-Coated Films

Clearly, large variations in PL intensity exist throughout 
the film on a microscopic level despite the excellent surface 

coverage and homogeneity of all blade-coated films on a macro
scopic scale, and are strongly dependent on the stoichiometry 
of the precursor solution. It is especially interesting that even 
in the case where a stoichiometric solution is used, consider-
able spatial fluctuations in PL intensities still persist.

The reflected laser light micrograph (800  nm) in Figure  5a 
shows the presence of distinct grain boundaries. The same 
large grain boundaries are also clearly observable as areas of 
low luminescence in the PL map in Figure 5b, as well as some 
smaller boundaries that are not observable through reflected 

Adv. Funct. Mater. 2019, 1907505

Figure 4.  Normalized PL maps of films cast from precursor solutions with small deviations from stoichiometry, as indicated by the PEAI:PbI2 ratios 
listed below the PL map of the corresponding film. Scale bars are 25 µm.

Figure 5.  a) Reflected light micrograph obtained from a stoichiometric film using the reflection of an 800 nm laser, showing the surface morphology 
of the film. b) Normalized PL map obtained by exciting the (PEA)2PbI4 film at the perovskite–air interface and c) from the perovskite–glass interface 
with a 488 nm cw laser. d) Grayscale intensity map of the photoluminescence intensity of a blade-coated (PEA)2PbI4 film obtained using CLSM with 
a 400 nm pulsed laser. e) Steady-state photoluminescence spectra measured at the bright spot A (black) and the dark spot B (red) along with f) their 
corresponding PL decay traces. Solid gray lines indicate Gaussian and biexponential fits to the data in (e) and (f), respectively. A band-pass filter was 
applied to the image in (a) to reduce artifacts from interference between the incident and reflected laser beam.
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light microscopy. While the bright features show a tendency to 
be in close proximity of grain boundaries, they do not appear 
to conform to single grains. Indeed, the size of these features 
varies and they occur within the interior of individual perov-
skite grains. For ease of comparison, an overlay of the PL map 
onto the reflected light micrograph is provided in Figure S11 
(Supporting Information) as a composite image. Curiously, 
excitation of the perovskite film from the glass-perovskite 
interface shows sharply defined grain boundaries exhibiting 
low intensity but highly uniform PL from the interior of the 
grains (Figure  5c). The strong subgranular variation in PL in 
these films is thus a feature unique to the top surface of the 
perovskite film and does not stem from structural features 
that extend throughout the bulk of the film. This is further 
confirmed by the lack of a correlation between areas of high 
luminescence and individual crystal domains in the fluores-
cence and polarized white-light transmission micrographs 
in Figure S12 (Supporting Information). A similar observa-
tion has recently been reported for the 3D perovskite FAPbI3, 
where special subgrain boundaries with increased nonradiative 
recombination were found to exist in apparent single grains.[36]

To better understand the nature of these variations, we selec-
tively probed the PL at a representative bright and dark area in 

the map of Figure  5d. The bright and dark areas are denoted 
as spot A (black) and spot B (red), respectively. The integrated 
PL spectra of both these areas are displayed in Figure  5e and 
show no apparent difference other than the expected differ-
ence in intensity. The time-resolved decay profiles of the PL 
in Figure  5f show a biexponential decay with a fast and slow 
decaying component τfast = 75 ps (63%) and τslow = 363 ps (37%) 
for the dark spot, which are both considerably prolonged for 
the bright spot to τfast = 92 ps (66%) and τslow = 492 ps (34%). 
Reduced PL intensity consequently coincides with a reduced PL 
lifetime, which indicates the presence of additional nonradia-
tive decay channels due to trap states.

The spatial variation in PL intensities shows a strong 
dependence on the sample temperature. As can be seen in 
Figure 6a, the heterogeneity becomes more pronounced as the 
temperature increases (additional data given in Figure S13 in 
the Supporting Information). We probe the PL decay dynamics 
at both 10 and 293 K in the areas indicated in Figure 6b,c, in 
which the red circle indicates an area that is perceived as dark-
ened at room temperature and the black circle denotes a bright 
area. We find that at 10 K the difference between the PL life-
time of the spots vanishes almost entirely and shows a small 
increase with respect to the PL lifetime of the bright spot 

Adv. Funct. Mater. 2019, 1907505

Figure 6.  a) PL intensity map of the perovskite film at selected temperatures, demonstrating the temperature dependence of spatial variation in PLQY. 
Images are 50 µm × 50 µm. b,c) Close-up PL map of the (PEA)2PbI4 film at 10 and 293 K, respectively. d) TRPL traces obtained from both a bright (black) 
and dark (red) area at 10 K (filled symbols) and 293 K (open symbols) with their corresponding biexponential fits (solid lines). e) Plot of the ratio of 
the PL intensity at a dark spot (Idark) and that of a bright spot (Ibright) as a function of temperature obtained from three independent combinations of a 
dark and bright spot (indicated by the different symbol shapes in A and E, where in A a black symbol denotes a bright area and red a dark area). The 
red line shows a modified Arrhenius fit to the data with an inflection point at 258 K and an activation energy of 0.4 eV.
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at room temperature (Figure  6d). The trapping mechanism 
responsible for recombination in the darkened regions at room 
temperature is thus fully suppressed at cryogenic tempera-
tures. Plotting the ratio of PL intensity Idark/Ibright of the dark 
and bright areas indicated by the symbols in Figure 6a over the 
full temperature range reveals a transition from the relatively 
homogeneous “bright state” at low temperatures to a highly 
heterogeneous “dark state” at high temperatures, as indicated 
in Figure  6e. This behavior can be described adequately by a 
modified Arrhenius equation (red line) with an inflection point 
around 260 K, corresponding to a large activation energy of 
0.4 eV for this nonradiative recombination channel. This transi-
tion can also be clearly observed in the normalized histograms 
of the PL maps shown in Figure S14 (Supporting Information). 
While at low temperature the histogram appears to be closely 
matching a Gaussian distribution, indicating a single type of 
emitting species, a clear shoulder due to the bright features 
develops at higher PL intensity upon temperature increase.

At this point it should be noted that despite the homo-
geneous appearance of the film on a macroscopic scale, the 
size and density of these bright spots and grains on a micro-
scopic scale does depend strongly on the area of the blade-
coated film under investigation. Within a single film, one 
can find areas that show a large number of small bright fea-
tures, whereas other areas have fewer but larger features. In 
some extreme cases, we observed circular features that can 
be as large as 200 micrometers in diameter. These features 
manifest themselves as areas of high PL intensity in CLSM 
and can also be readily observed in reflected light microscopy 
(Figure S15, Supporting Information). Considering the rela-
tively fast crystallization of hybrid perovskites from solution 
and the large difference between the top and bottom surface of 
our films, it is reasonable to assume that the spatial distribu-
tion of trap states strongly depends on the crystallization pro-
cess. It has in fact been recently reported that local depletion/
enrichment of the precursor solution during crystallization has 
a very strong influence on the crystallization dynamics during 
the blade-coating of 3D perovskites, resulting in local differ-
ences in morphology and PL.[37,38]

We therefore rationalize our findings in the context of 
local differences in the stoichiometry of the precursor solu-
tion during the film’s crystallization: regions that are relatively 
enriched or depleted in either PbI2 or PEAI will strongly impact 
the dynamics of the crystallization and therefore the local 
crystal quality. A local deficiency in one of the precursors is 
expected to lead to a large number of dangling bonds and asso-
ciated trap states; creating areas of reduced luminescence in 
the film. In contrast, a local enrichment in PEAI or PbI2 might 
effectively passivate such trap states and will be witnessed as a 
relatively bright area.

3. Conclusion

In summary, we have fabricated thin films of the Ruddlesden–
Popper perovskite (PEA)2PbI4 from precursors solutions of dif-
ferent stoichiometry using a scalable blade-coating technique. 
The stoichiometry of the precursor solution is found to have 
a pronounced influence on the crystallinity, morphology and 

optical properties of the thin films. Even for films that are cast 
from a stoichiometric precursor solution, a large degree of het-
erogeneity in photoluminescence intensities was observed on 
a microscopic scale with local variations in PL occurring on a 
subgranular level. From low-temperature PL measurements, 
we were able to identify a nonradiative recombination channel 
with an activation energy of 0.4  eV that is responsible for the 
local reduction in PL intensity. This spatial variation likely 
arises from local fluctuations in the stoichiometry and a spa-
tial distribution of surface trap states. By applying an excess 
of PEAI to the as-cast film, the photoluminescence intensity 
can be increased by as much as 85%, providing a simple way 
to reduce nonradiative recombination without affecting the 
morphology or crystallinity of the film. The findings of this 
work thus illustrate the potential of blade-coating as a means 
to deposit high-quality 2D perovskite films for optoelectronic 
applications and underline the crucial role stoichiometry and 
crystallization dynamics play in the microscopic properties of 
such films.

4. Experimental Section
Film Fabrication: Thin films were cast on glass substrates, which 

were ultrasonically cleaned sequentially in detergent solution, deionized 
water, acetone, and isopropanol. After drying in an oven at 140  °C for 
at least 10  min, the substrates were treated with ultraviolet ozone for 
20  min and immediately transferred into a nitrogen-filled glovebox  
for film deposition.

The 2D (PEA)2PbI4 perovskite precursor solution was prepared by 
dissolving PEAI (98.0% TCI) and PbI2 (99.99% TCI) at a molar ratio as 
given in the main text in a mixed solvent of DMF and DMSO (volume 
ratio 4:1) to form a solution of 0.5 m in concentration. The solutions 
were stirred for at least 3 h at room temperature before deposition. To 
blade-coat the 2D films, the glass substrates were preheated and held at 
a temperature of 80 °C. The precursor solution was dropped onto the 
substrate and swiped linearly by a metal blade at a speed of 10 mm s−1. 
The gap between the glass substrate and the blade was fixed at 400 µm. 
The spin coated films were fabricated using a two-step spin coating 
process with antisolvent treatment. The spin coating process uses 
1000 rpm for 10 s followed by 4000 rpm for 30 s. 10 s prior to the end 
of the spin coating cycle the antisolvent (chlorobenzene) was added to 
the film. In both cases the films were immediately annealed at 100 °C 
for 10 min.

Absorption Measurements: Absorption measurements were performed 
using a UV–vis–NIR spectrophotometer (Shimadzu UV-3600).

Photoluminescence Spectroscopy: For the PL measurements, the 
samples were excited by the second harmonic (400 nm) of a mode-locked 
Ti:sapphire laser (Mira900, Coherent). The beam was spatially confined 
by passing through an adjustable iris. The beam power was adjusted 
by the use of adjustable neutral density filters. The PL of the sample 
was collected and focused onto a monochromator with 50 lines mm−1 
and the dispersed spectrum was then imaged by a Hamamatsu image 
CCD. For time-resolved measurements, a Hamamatsu streak camera 
operating in synchroscan or single-sweep mode was used to disperse 
the photoluminescence signal in time with the appropriate temporal 
resolution.

Confocal Laser Scanning Microscopy: A Nikon C1 confocal 
microscope system was used to capture CLSM images, fluorescence 
and transmission micrographs. For this, either a 40× ELWD objective 
or an oil-immersion 100× objective was used. For CLSM, samples 
were excited by a 488  nm continuous wave laser, the principal beam 
of an 800  nm pulsed laser or the second harmonic of this laser. The 
photoluminescence map was captured using photomultiplier tubes 
operating in the spectral region 485–545 nm, or by recording the output 
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of the optical fiber with the system described under photoluminescence 
spectroscopy.

Reflected Light Microscopy: Reflected-light micrographs were captured 
using an Olympus BX51M microscope equipped with 5×, 10×, and 50× 
objectives and an Olympus ColorView Camera.

X-Ray Diffraction: X-ray diffraction was performed under ambient 
conditions. The X-ray data were collected using a Bruker D8 Advanced 
diffractometer in Bragg–Brentano geometry and operating with a Cu Kα 
radiation source (λ = 1.54 Å) and Lynxeye detector.

Atomic Force Microscopy: The atomic force microscopy (AFM) images 
were taken using a Bruker NanoScope V instrument in the ScanAsyst 
mode.

Scanning Electron Microscopy: The scanning electron microscopy 
(SEM) images were obtained using an FEI Nova Nano SEM 650 
instrument with an accelerating voltage of 10 kV and a low-vacuum GAD 
detector.
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