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Abstract 17 

Wide bandgap (WB) perovskites are of interest for envisioned applications in coloured and semi-18 

transparent solar cells. For this, low dimensional perovskites (LDP) are of promise as they pair a wide 19 

bandgap with stability. However, so far, the power conversion efficiency (PCE) of LDP solar cells 20 

barely touched a few percentages, mainly due to inefficient charge transport. To overcome such limit 21 

is essential to control the growth of the crystalline backbone, which is dictated by the alignment of 22 

the inorganic planes. Here, we demonstrate an effective strategy, based on the judicious choice of 23 

additives and controlled seed growth in the perovskite solution, to guide the crystallization of LDPs 24 

inorganic layers perpendicularly to the substrate. The vertically aligned LDP solar cells (with a 25 

bandgap of 2.0 eV, n = 2) outperformed their non-oriented 2D counterpart, boosting the PCE to a 26 



 2 

record value of 9.4 %. Furthermore, this sets a benchmark for the stability of WB PSCs, where 80% 27 

of the initial performance was retained after ~100 h illumination. To broaden the scope of our method, 28 

we fabricated semi-transparent LDP devices (transmittance > 30%) with a PCE of 6 % paving the 29 

way for the development of tuneable smart solar devices. 30 

 31 

Introduction 32 

Low-dimensional perovskites (LDP) show a layered structure, where organic and inorganic layers 33 

alternate1,2. The inorganic backbone is composed by stacking n layers of perovskite octahedra, spaced 34 

by organic cations, n defining the dimensionality of the LDP3,4. Compared to the well-known three-35 

dimensional (3D) halide perovskites, LDPs offer a higher resilience to degradation and wider band 36 

gaps, thanks to the confinement effect which rules its layered crystalline structure5–8. So far, LDPs 37 

have been mainly implemented as interface modifiers in perovskite solar cells (PSCs), leading to the 38 

highest power conversion efficiencies (PCEs) reported so far thanks to a combined enhancement of 39 

charge extraction and stability 6,9–11. On the other side, LDPs used alone as active layer show limited 40 

performances with PCE < 2 % for n < 2,12 due to the preferential parallel-to-the-substrate growth of 41 

inorganic layer13–15 that hinders the vertical charge transport in the device2,16–19. In order to address 42 

this constraint, we demonstrate a rational growth and crystal orientation of phase pure n = 2 LDPs, 43 

by using a strategy based on perovskite’s seeds growth in the precursor solution and enhanced 44 

crystallization kinetics through methylammonium chloride (MACl) additive. Such control over the 45 

crystalline orientation, boosts the perovskite solar cell (PSC) performances, achieving a record PCE 46 

of 9.4 %. The vertically oriented LDP with a 2.0 eV band gap outperformed by more than 1000 % the 47 

reference, consisting of the common horizontally aligned material. Importantly, while the standard 48 

PSCs - based on common 3D perovskite - with similar band gap suffer from poor stability under 49 

illumination due to severe halide segregation,20,21 our vertically aligned LDP device retains more than 50 

80 % of its initial performance (T80) after ~ 100 h under continuous illumination. Lastly, we show the 51 

versatility of our approach by fabricating semi-transparent devices with an average visible 52 
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transmittance (AVT) higher than 30 % and a PCE of 6 %, resulting in a light utilization factor (LUE) 53 

of about 1.86 %. Overall, our results break the current limits in the use of LDPs in high technological 54 

impact optoelectronics, ranging from WB photovoltaic devices for semi-transparent applications into 55 

smart buildings and greenhouses to optical and photonic devices.  56 

 57 

 58 

 59 

 60 

 61 
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Main 75 

 76 

Figure 1. a) Sketch representing the two experimental approaches for preparing LDP thin films. b) Results of the 
dynamic light scattering measurements performed on the LDP precursor solutions as prepared (fresh solution), after 
annealing or ageing treatment. c) SEM morphologic analysis on LDP thin film processed through process A (left) 
and process B (right). d) Optical analysis of samples A and B: UV-Vis light absorption (left) and photoluminescence 
(right).  
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Figure 1 shows the experimental approach to prepare the LDP with chemical formula TMA2MAPb2I7 77 

(RnAn-1PbnX2n+1) where R is thiophene methylammonium (TMA), A is methylammonium (MA), and 78 

X is iodide (I). We show two different experimental approaches for the preparation of the LDP: i) 79 

process (A) consists of the dissolution of the precursor powders in the stochiometric ratio in 80 

dimethylformamide (DMF) solvent and the successive spin coating and annealing steps (the details 81 

are described in supporting information - SI), a standard protocol which is commonly used in 82 

literature;14,15,22 ii) process (B) is optimized by substituting 70 % of the methylammonium iodide 83 

(MAI) content in the solution with the MACl. In addition, the resulting precursor solution is annealed 84 

at 60° C for 2 h, before deposition, following the steps identical to process (A). On the one hand, the 85 

addition of MACl in the solution helps in increasing the kinetics of crystallization during the 86 

deposition process23–25. On the other hand, the thermal annealing of the precursor solution facilitates 87 

the nucleation of clusters inside of it, which plays a role during the crystallization of the thin film 88 

regulating the orientation of the crystals26–28. Figure 1b shows dynamic light scattering (DLS) 89 

measurement results, which gives insight about the nucleation of the clusters inside the solutions. We 90 

tested a freshly prepared solution, a thermally annealed one (60° C for 2 h), and an aged solution that 91 

has been left in an N2 atmosphere at room temperature for 5 weeks. We note that in all three cases, 92 

the biggest fraction of particles is in the 1-4 nm diameter range, which is linked to the dissolved 93 

precursors of the perovskite. However, in the cases of thermal annealed and aged solutions, a relevant 94 

fraction of particles start to appear in the 100 nm range, which demonstrates the formation of 95 

perovskite clusters upon aging or thermal treatment.  96 

Figure 1c shows the morphology of the LDP thin films prepared by following the two different 97 

processes by scanning electron microscopy (SEM). The two samples are significantly different in the 98 

two cases: the sample prepared with process A (sample A in the following) presents a continuous 99 

surface covered by large and flat crystals, whereas, in the case of process B (sample B), the material 100 

shows an indented surface with small crystals and strong contrasts. However, despite the different 101 

morphology, the optical properties of the two materials are preserved (see Figure 1d). The optical 102 
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absorption presents the features typical of two different LDP phases: a predominant n = 2 with a 103 

strong excitonic peak at 570 nm, and a second minor n = 3 phase with an excitonic peak at 615 nm. 104 

This indicates that the modifications in the processing do not affect the purity of the perovskite phase. 105 

We estimate the bandgap of the material from Tauc’s plot interpolation for a direct semiconductor 106 

(Figure S2), deriving a bandgap of 2.0 eV. Photoluminescence (PL) spectra presents two emission 107 

peaks centered at 580 nm and 630 nm ascribable to the n = 2 and n = 3 LDP phases, which dominate 108 

due to energy transfer happening from low to high n phases29,30.  109 

 110 

 111 
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 113 

The structural properties in terms of X-Ray Diffraction (XRD) analysis are presented in Figure 2. 114 

Figure 2a shows the experimental XRD patterns for sample A and sample B, compared with the 115 

simulated pattern created with CrystalDiffract from the single crystal LDP structure reported in the 116 

literature31. The results are strikingly different: the relative intensities of peaks of sample A are very 117 

close to those of the simulated one, with a slightly higher intensity for the (0k0) peaks. Differently, 118 

in the pattern of sample B, the huge intensity of the (202) peak at 2θ values of 28.78° (CuKα) hinders 119 

most of the peaks except those at 4.23° and 14.32°, associated with (020) and (111) respectively. Also, 120 

no signals coming from n = 3 LDP impurities is detected, suggesting that in both samples the volume 121 

of the n = 3 phase is minor. From these results, we can assert that the two samples crystallize in two 122 

very different ways, in particular in the case of sample B the material spontaneously tends to grow 123 

with a strong preferential orientation as indicated by the overwhelming intensity of the (202) peak. 124 

Such an orientation coincides with a preferential vertical orientation of the inorganic sheets of the 125 

LDP with respect to the substrate. Contrarily, sample A orients preferentially with the inorganic planes 126 

arranged parallelly to the substrate, as represented in the cartoon (Fig.2a). Such results demonstrate 127 

that a fine adjustment in the crystallization process takes place and successfully reshapes the 128 

crystalline properties of the material. Figure 2b depicts the retrieved unit cell of the LDP. By looking 129 

at the unit cell, we note that by changing the preferential growth plane, the thin film exposes its 130 

inorganic planes, containing the PbI6
- octahedra, oriented in a different direction with respect to the 131 

Figure 2. X-Ray diffraction studies on the differently oriented LDP thin films. a) On the left, experimental XRD 
pattern for sample A and sample B and simulated pattern calculated from single crystal data reported in the 
literature. On the right, the cartoon depicts the two different crystalline orientations of the samples in which the 
inorganic perovskite octahedra n = 2 layers are oriented parallel/perpendicular to the substrate for the case of the 
horizontal/vertical sample. b) Representation of the unit cell for the TMA2MAPb2I7 n = 2 LDP in which the different 
families of planes have been depicted with different colours (the lattice planes corresponding to the (101), (151), 
and (010) are represented in blue, red, and green respectively). The legend reports the family of planes considered 
for the further analysis and the 2theta angles at which their X-Ray reflection is detectable. c) Pole Figure images 
and Wulff stereographic projection for the different conditions considered. Pole figure images for the vertical and 
horizontal samples have been taken at different incident angles corresponding to the diffraction of the different 
families of planes. The outer dark grey ring in the calculated projection indicates a prohibited range for the 
experimental setup coinciding with the maximum sample tilt chi = 85°, so that the point within this area cannot be 
detected during the experiment. 
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substrate. Thus, when the [101] (or [010]) crystalline direction dominates, the preferred orientation 132 

of the LDP’s inorganic backbone is vertical (or horizontal).  133 

Figure 2c shows the results of the texture analysis we performed through XRD Pole Figure (PF) 134 

measurements. This technique is based on the acquisition of XRD data by varying the incidence angle 135 

along two different axes to build PF maps. In such way, it allows one to prove the different orientations 136 

of thin film crystalline samples by comparing them with the Wulff stereographic projection (WSP) 137 

calculated from single crystal data. Indeed, WSP predicts the PF images for a single crystal perfectly 138 

aligned along the [101] (in red) or [010] (in yellow) crystallographic direction. By comparing them 139 

with the PFs experimental data for the two samples, the vertical (sample B) and horizontal (sample 140 

A) ones, it is possible to understand the preferential orientation of the crystals in the thin film. We 141 

investigate the orientation of three different lattice planes (the same as those shown in Figure 2b): the 142 

(202), (151), and (080) that correspond to reflection at 28.73°, 17.83°, and 17.11° respectively. The 143 

strong peak at the centre of PF (202) confirms such preferential growth of the vertical sample along 144 

the [101] direction in which crystals tend to grow with a fibre-textured disposition as suggested by 145 

the ring observed in the PF (151) corresponding to the tilted plane reflections. Conversely, in the case 146 

of the horizontal sample, the PF (202) presents higher intensity in the outer ring coinciding with the 147 

diffraction of the (101) family of planes. Those are the responsible for the central peak of PF (080), 148 

confirming that in the horizontal sample the orientation is less prevailing, and a random disposition 149 

is more likely to take place. 150 
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 151 

Figure 3. a-d) TEM analysis on the structure of vertical LDP: a) large area cross-sectional HAADF-S-TEM image and 
b) HR-HAADF-STEM of the full device, showing large vertical grains. c) HR-TEM of a single inorganic stack of n = 2 
LDP, with a dimension about 13.06 Å, separated by organic layers. White arrows represent 5 atoms stacks that compose 
the inorganic layer of the material. d) HR-TEM and corresponding FFT (insert) of LDP along zone axis <001>, 
confirming the lattice parameter of the material (a = b = 7.36 Å). e) Voltage-Current density curves (reverse and forward 
scan) for the PSC devices in which the horizontal/vertical LDP stands as a photoactive layer. The inset shows the stack 
of the device under investigation. f) External quantum efficiency and integrated current density for the horizontal and 
vertical devices. g) The sketch represents how the LDP is oriented within the device in the case of the horizontal/vertical 
device, inhibiting/favouring the extraction of charge carriers towards the external electrodes. h) Maximum power point 
tracking for three different 2.0 eV WB single-junction perovskite solar cells plotted on a logarithmic time axis. The red 
curve shows the experimental results for the stability of the LDP-based solar cell presented in this work (full data on SI). 
The data of the other two curves, related to 3D perovskite-based WB devices, have been reproduced from the literature 
(ref. 20 and 33). 
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Furthermore, to visualize the alignment of the LDP, we perform a transmission electron microscopy 152 

(TEM) analysis on the cross-section of the vertical sample. The high-angle annular dark-field 153 

scanning TEM (HAADF-S-TEM) images are depicted in Figure 3a-d in a prototype device 154 

configuration based on ITO/MeO-2PACz/LDP/PCBM/SnOX/Ag architecture. From the cross-section 155 

images, all the different layers composing the device stack are recognizable (elemental mapping is 156 

given in Fig. S5). The LDP layer is composed of large vertical grains that have followed a preferential 157 

columnar growth, aligned perpendicular to the ITO substrate with a length in the order of 300 nm, as 158 

much as the total thickness of the layer. By enhancing the magnification (Fig.3b), it is possible to 159 

observe the lack of grain boundary in the vertical direction, which makes charge transport within 160 

grains easier. Further increasing the resolution through the high-resolution TEM (HR-TEM) 161 

technique (Fig.3c-d), we observe that the features in the LDP layer correspond to the perpendicular 162 

alignment of the inorganic planes, in agreement with XRD. Indeed, in Figure 3c the vertical features 163 

can be ascribed to the layered structure of the LDP, in which the bright lines represent the inorganic 164 

sheet of the material with a spacing of about 13.06 Å that corresponds to the stack of two PbI6
- 165 

octahedra layers, as for the case of an n = 2 LDP. Furthermore, Figure 3d shows HR-TEM and 166 

corresponding First Fourier Transform (FFT) along zone axis <001>, confirming that the lattice 167 

parameter of the material corresponds to a = b = 7.36 Å and that the n = 2 dimensionality of the 168 

perovskite in its RP phase (Fig.3d)32. 169 

To fully exploit the potential of a controlled crystalline orientation, we fabricate PSCs in the inverted 170 

configuration. Figure 3e shows the characteristic J-V curves for the devices based on the horizontal 171 

and vertical LDP (statistical distribution is presented in Fig.S3). The horizontal sample shows PCE 172 

around 0.8 %, strongly limited in its performances from the low short circuit current density (Jsc), in 173 

agreement with the literature15,18. Differently, the vertically oriented sample shows a best PCE of 9.4 174 

%, with JSC = 10.6 mA/cm2, a fill factor (FF) of 63.2 %, and an open circuit voltage (VOC) of 1.40 V 175 

which is, to the best of our knowledge, the highest reported so far for a device based on LDP with n 176 

≤ 2 (see Table S1 as reference).  177 
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To deeply investigate the difference in performances between the horizontal and vertical devices, we 178 

perform external quantum efficiency (EQE) measurements (Figure 3f). From the data, we note that 179 

the orientation of the LDP phase strongly affects the performances in terms of photogenerated current. 180 

However, at lower wavelengths, the EQE signal is significantly different for the two samples. The 181 

vertical sample achieves values of EQE higher than 80 % whereas the horizontal sample barely 182 

overcomes 25 % over the spectrum. Such a behaviour could be associated with a difference in the 183 

charge carriers’ transport within the two devices, mainly related to the different alignment. Indeed, as 184 

schematically depicted in Figure 3g, in the case of the vertical device, the extraction of carriers is 185 

maximized since the alignment of the inorganic planes favours the transport towards the two 186 

electrodes. Additionally, the stability at its maximum power point (MPP) under continuous 187 

illumination has been tested. The vertical device shows a T80, determined as the time necessary to 188 

reach 80% of its initial efficiency, of about 97 h. This results into a high stability, as visualized in 189 

Figure 3h (further stability data are reported in Figure S5) in which we compared our device with the 190 

best 2.0 eV PSC based on 3D perovskite reported in the literature so far20,33. Such behaviour can be 191 

associated with a different degradation mechanism occurring in the vertically aligned LDP 192 

encompassing the traditional instability limits of the 3D counterpart related to the intermixing of 193 

halide anions, which leads to halide segregation under illumination. In our case, no halide segregation 194 

happens (see also PL stability measurements Figure S8): the LDPs allow reaching a wide bandgap (≥ 195 

2.0 eV) with pure iodine composition, reducing instability issues, and ultimately extending the 196 

lifetime of the devices. To verify the broad applicability of our method we also verify the orientation 197 

using mixed I/Br LDP formulations. Our findings indicate that the incorporation of Br alters the 198 

bandgap of the material, thus enabling colour and transparency modulation in devices with varying 199 

ratios of halides and demonstrating potential of such LDPs also for ultra-wide bandgap applications 200 

(Figure S7). 201 
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The vertical aligned LDP has been also tested in semi-transparent PSCs substituting the opaque Ag 202 

electrode with the Indium Zinc Oxide (IZO) transparent electrode, as shown in Figure 4a. The light 203 

transmission analysis, represented in Figure 4b, shows the high transmittance of the device that 204 

reaches values higher than 80 % in the region > 620 nm, resulting in a calculated AVT (see SI for 205 

details) of the device of 31 %, which meets the requirements for window-integrated photovoltaic 206 

applications. Concerning the performances (Figure 4c), the devices exhibit a consistent VOC of about 207 

1.30 V and a PCE of 6 %, resulting in an LUE of 1.86 %, in accordance with semi-transparent devices 208 

based on 3D perovskites reported in the literature.34,35  209 

 210 

 211 

Figure 4. Semi-transparent WB solar cell based on LDP material. a) Device stack and picture of 
the device showing the characteristic red colour and transparency. b) Light transmittance of the 
full device from which AVT has been calculated. c) Box charts reporting the performances of the 
semi-transparent devices over a batch of 25 solar cells in terms of VOC, JSC, FF and PCE. 
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Conclusions 212 

We demonstrate an effective strategy to control the crystal orientation of 2.0 eV LDPs and their 213 

successful implementation in solar cells. We established a method which forces the vertical alignment 214 

of the inorganic backbone of LDP with n = 2 dimensionality, essential for maximizing the charge 215 

extraction in photovoltaic devices. Through this method, we obtain 2.0 eV WB stable devices with 216 

PCE higher than 9 %, the highest reported so far among PSCs based on n ≤ 2 LDPs. With such 217 

progress, WB perovskite absorbers become a viable opportunity for stable and efficient triple junction 218 

concepts. In this direction, we demonstrate that such vertically aligned materials can be effectively 219 

integrated into semi-transparent devices with a high grade of transparency (AVT 31 %), a PCE of 6 220 

% and LUE of 1.86 %. Our approach can open new applications for LDPs, representing a new frontier 221 

material for building-integrated photovoltaics, smart windows, agri-photovoltaics and multijunction 222 

devices.  223 

 224 

 225 
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