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Recent attempts to improve solar cells performance increasing their spectral absorption interval incorporate up-

converting fluorescent nanocrystals on the structure. These nanocrystals absorb low energy light and emit higher energy 

photons that can then be captured by the solar cell active layer. However, this process is very inefficient and it needs to be 

enhanced by different strategies. In this work, we have studied the effect of nanostructuration of perovskite thin films 

used in the fabrication of hybrid solar cells on its local optical properties. The perovskite surface was engraved with a 

focused ion beam to form gratings of one-dimensional grooves. We characterized the surfaces with a fluorescent scanning 

near-field optical microscope, and obtained maps showing a fringe pattern oriented in a direction parallel to the grooves. 

By scanning structures as a function of the grooves depth, ranging from 100 nm to 200 nm, we observed that a 3-fold 

luminescence enhancement could be obtained for the deeper ones. The near-field luminescence was found to be 

enhanced between the grooves, not inside them, independently of the groove depth and the incident polarization 

direction. This indicates that the ideal position of the nanocrystals is between the grooves. In addition, we also studied the 

influence of the inhomogeneities of the perovskite layer and we observed that the roughness tends to locally modify the 

intensity of the fringes and to distort their alignment. All the experimental results are in good agreement with numerical 

simulations.

A INTRODUCTION 

Thin films-based solar cells are nowadays the subject of 

intense research efforts due to their remarkable properties
1,2

. 

Compared to bulk materials, the small amount of matter 

involved in thin film fabrication makes them very competitive 

in terms of costs, waste and pollution, as well as the amount of 

energy needed to produce them. In addition, the possibility of 

using thin films for making flexible devices opens the way to 

develop new applications such as curtains, backpacks, clothes 

and other daily items. A recent example of thin films-based 

devices are hybrid halide perovskite solar cells (PSCs)
3-5

, which 

have a single-junction power conversion efficiency (PCE) above 

25% and are therefore potential candidates to compete with 

silicon solar cells
6-8

 due to their cost advantage in fabrication 

and installation. For further development to increase the 

efficiency of perovskite solar cells, one of the strategies is 

based on the optimization of optical absorption. For that, 

many approaches have been proposed using micro and 

nanostructures able to modify the incident plane wave by 

scattering within the active layer or by trapping and 

concentrating light in high intensity near-field zones. For 

example, numerous dielectric materials, arranged to form 

photonic crystals
9,10

, nano-antennas
11

, nanoprisms,
12

 or 

microlenses
13

, have been tested and showed an improvement 

of solar cells efficiency. In the case of PSCs
14-17

, it has also been 

observed that the texturization of the substrate, the electron 

transport layer (ETL) or directly the absorbing layer can 

increase the efficiency of the devices. Finally, metallic 

nanoparticles, which support surface plasmon resonances, can 

also improve the cell characteristics thanks to the 

enhancement of the local electromagnetic near-field
18-20

. In 

addition to increasing optical absorption, plasmonic particles 

can also modify the generation of excitons, enhance the 

charge separation, and diminish the recombination rate, thus 

easing the electron and hole transport in the devices
21

. 

Usually, nanostructuration is performed in order to enable 

light trapping and absorption in a wavelength range which is 

directly absorbed by the active material, typically in the visible 

part of the solar spectrum for PSCs. In this article, our aim is 

different, as we want to study the effect of a 

nanostructuration on the optical properties of a PSC in the 

near-infrared (NIR) wavelength range, which is not usually 

absorbed. The goal is to produce intense and localized local 

electromagnetic fields able to boost the up-conversion 
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luminescence of nanocrystals that would be further embedded 

in the absorbing layer or situated at the interface between the 

absorbing layer and another adjacent material (the electron or 

the hole transport layers, or the metallic contact for 

instance)
22-24

. The principle of this effect is straightforward. 

Some rare-earth cations like Er
3+

 can absorb the NIR photons 

unabsorbed by PSCs and reemit it by luminescence in the 

visible range, at wavelengths which can be harvested is 

absorbed by PSCs. However, this effect is rather weak 

compared to the fluorescence in organic molecules or 

semiconducting quantum dots since it depends on a two 

and/or three-photon absorption process whose cross-section 

efficiency is low
25,26

. Boosting the up-conversion absorption 

process and the emitted luminescence can be done with 

plasmonic
22,23,25,27-30

 or dielectric nanoparticles
29-31

. In the case 

of metallic nanoparticles, the luminescence enhancement 

arises either from an increase of the local electromagnetic 

field
22,32,33

 due to plasmonic resonances, or from an increase of 

the decay rate
34-37

. In the case of dielectric micro- and nano-

structures, on the other hand, incident light can be trapped 

and concentrated in different zones due to the refractive index 

contrast between the structures and the environment. Mie 

resonances, due to the local charges and displacement 

currents induced by the incident wave, can also produce 

strong electromagnetic fields both inside and outside the 

particles
37

. 

The use of top-down lithography techniques to obtain micro- 

and nano-structuration in perovskite-based devices has 

consolidated in the last years
38-39

, and in particular, direct 

patterning by means of focused ion beam (FIB) has already 

been demonstrated to be a technology compatible with these 

materials
40,41

. Here, we have employed FIB to engrave grooves 

arrays on perovskite thin films. As a proof-of-concept, we will 

show that these grooves can generate strong variations of the 

local electromagnetic field and induce large up-conversion 

luminescence enhancements compared to a flat surface. The 

enhancement depends on the dimensions of the structure 

(width, depth and period) and on the polarization direction of 

the incident light. We paid particular attention to the influence 

of the grooves depth, which is a parameter that strongly 

influences the contrast and the luminescence enhancement. 

We will also show that the presence of roughness and defects 

generate fluctuations and hot spots that modify the 

luminescence. Although the structures have been fabricated 

on a sub-millimeter scale, they can also be created on much 

larger scales using, for instance, interference lithography or 

soft lithography
42,43

. 

B TECHNIQUES AND METHODS 

 

A Perovskite deposition. Fluorine-doped tin oxide (SnO2:F or 

FTO) coated SiO2 substrates (FTO thickness = 500 nm) were 

cleaned by four successive ultrasonication baths with soap (2% 

Hellmanex in water), deionized water, acetone and 

isopropanol, for 15 min each. Then the dried FTO substrates 

were treated by an oxygen plasma process during 10 min. A 

thin (50 nm) compact layer of TiO2 (cp-TiO2) was prepared 

according to the recipe given in ref 44. Briefly, a drop of a sol-

gel precursor solution of titanium (IV) isopropoxide was spun 

at 4000 rpm for 25 s onto FTO substrates. The samples were 

annealed in an oven in air first at 120 ℃ for 15 min and then at 

450 ℃ for 60 min. After cooling down to room temperature, 

the substrates were transferred to an Ar-filled glovebox to 

prepare the perovskite absorber layer. In the following 

descriptions, the compounds formamidinium and 

methylammonium will be referred as FA and MA respectively. 

The mixed cation perovskite 

Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 precursor solution was 

synthesized by dissolving FAI (1 M), MABr (0.2 M), PbI2 (1.1 

M), and PbBr2 (0.2 M) in a solvent mixture of anhydrous 

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) 

(4:1, v/v) according to previous reports
17

. In parallel, a stock 

solution containing 1.5 M of CsI dissolved in DMSO was added 

into the above-mentioned precursor solution to achieve the 

desired composition
45

. The perovskite precursor solution was 

spin-coated onto the cp-TiO2 surface performed by a 

consecutive two-step process first at 1000 rpm for 10 s and 

then at 5000 rpm for 45 s. During the second spin-coating step, 

100 μl chlorobenzene was dropped on the spinning substrate 

after 30 s of spinning. After spin-coating, the substrates with 

perovskite film were annealed at 100 ℃ for 60 min on a hot-

plate. The thickness of the obtained perovskite film was 500 

nm. The structure of the sample is illustrated in Fig. 1(a). 

 

Figure 1: (a) Structure of the patterned perovskite thin film; (b) influence of the Ga 

ions dose on the etching depth; (c) SEM picture of the perovskite surface with 

etched squared motives of different depths. The depths are indicated on top of 

each square. (d) AFM image of the same zone than (c) with corresponding rms 

roughness values. 
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B FIB nano-fabrication process. The sample was then introduced 

into the chamber of a focused ion beam system (Raith 

ionLINE), equipped with a Ga ions source. Milling was 

performed with a Ga+ beam accelerated at 30 kV, ion current 

of 44 pA, a fixed beam step size of 6 nm and 50 ion scans 

(loops) for each structure. To calibrate the milling rate of the 

perovskite film, squared motives were created and 

characterized by atomic force microscopy (AFM). We show in 

Fig. 1(b) the influence of the Ga ions dose on the etched 

depth. A linear relationship was measured, enabling to adjust 

the depth with the dose in future fabrication runs. The surface 

appearance and roughness created by the FIB milling on the 

perovskite film was characterized by scanning electron 

microscopy (SEM) and AFM. As shown on the SEM picture in 

Fig. 1(c), the perovskite surface looks identical between etched 

and un-etched zones, with alternative white and dark grains, 

as usually observed on this material
4
. The rms roughness, 

measured by AFM, is indicated on Fig. 1(d) for the squares 

shown in Fig. 1(c), where the depth of each motive is also 

written on its top. It varies between 27 nm to 60 nm and is of 

the same order of magnitude as that on the un-etched zones 

(around 30 nm). 

In this study, we chose to analyze arrays of one-dimensional 

(1D) structures made of grooves with a period, p, equal to 500 

nm and 1 µm. Each array had a size of 50 x 50 µm
2
, in such a 

way that several patterns with different parameters could be 

fabricated on the same sample. We show in Fig. 2(a) a SEM 

picture of an array with a period equal to 500 nm, and a 

groove width (w) and depth (d) equal to 150 nm and 380 nm, 

respectively. Although some grains, which are probably 

residues from the erosion process, remain on the surface, the 

grooves are regularly spaced with abrupt edges confirming 

that the direct milling of a perovskite material with a FIB can 

be performed in a well-controlled and non-destructive way. 

 

C Near-field measurement technique. In order to measure the 

localization of the electromagnetic field and to evaluate the 

luminescence enhancement, we used a homemade scanning 

near-field optical microscope (SNOM) whose probe is a 

fluorescent nanocrystal. This nanocrystal is made of KY3F10 

codoped with Er
3+

 (2 mole %) and Yb
3+

 (8 mole %) ions and is 

glued at the end of a sharp AFM tip
31,33

. The nanocrystal 

synthesis is described in the electronic supplementary 

informations file. The diameter of the nanocrystal used in this 

study was between 50 nm and 200 nm. The principle of the 

experiment is described in Fig. 2(b), which also contains the 

definition of direction axis. The sample is set on a scanning 

stage and illuminated in a transmission mode with an 

internally modulated laser beam (exc = 975 nm, fmod = 320 Hz, 

Ppeak = 30 mW) focused on a 50 µm wide spot. The tip scans 

the sample in the tapping mode and the nanocrystal is excited 

at exc by the electromagnetic field localized on the surface. 

After the absorption of two photons, it emits light by 

luminescence in the 525 - 550 nm range. A simplified energy 

band diagram of the up-conversion excitation is shown in the 

inset of Fig. 2(b). A more detailed energy band diagram and a 

Figure 3: (a), (b) and (c) Luminescence images (the polarization of the impinging wave 

is parallel to the grooves) measured by scanning the structures with p = 1 µm, w = 250 

nm and d = 100 nm (a), d = 150 nm (b), and d = 200 nm (c). The insets are cross 

sections extracted from the images in a direction perpendicular to the grooves (u); (d) 

measured contrast and intensity ratio as a function of the depth; (e) FDTD calculation 

of the near-field intensity for the three structures. The maps are cuts in a plane 

perpendicular to the surface and to the grooves (uz-plane). Light polarization is again 

parallel to the grooves.

Figure 2: (a) SEM picture of a 500 nm period grating with 150 nm wide grooves milled 

in the perovskite surface; (b) sketch of the experimental configuration for near-field 

measurements; (c) luminescence image obtained on a structure with p = 1 µm, d = 

200 nm and w = 250 nm. Light polarization is parallel to the grooves; (d) same than (c) 

but with p = 500 nm. The insets are the corresponding AFM images simultaneously 

acquired during scanning (color scale: 0 - 300nm). 
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luminescence spectrum are shown in the electronic 

supplementary information file. The emitted light is collected 

with a large numerical aperture objective (N.A. = 0.8) and is 

sent to a photomultiplier tube connected to a lock-in amplifier. 

The images are recorded with a homemade Labview program 

that also drives the movement of the scanning stage. 

 

D Simulation methods. A finite difference time domain (FDTD) 

method has been used to calculate the near-field intensity 

with a proprietary code Lumerical®, which provides us with a 

robust and reliable solver for Maxwell’s equations. We use an 

impinging plane wave from the substrate side, of unit 

amplitude everywhere. In the simulation region we employ 

periodic boundary conditions using as unit cell a span of 5 

trenches in the plane (x and y directions) and perfect 

absorbing layers in the vertical (z-direction) that spans 10 μm. 

The refraction index of the perovskite material used was n = 

2.32 at 975 nm wavelength as measured in ref. 46 by 

ellipsometry on a similar compound. The refractive indexes for 

the rest of involved materials are: SiO2 = 1.45; FTO = 1.43, TiO2 

= 2. Technical parameters are: mesh size 5 nm in the xy-plane 

for the whole simulation, in z it is varied from 5 nm in the 

trenched area, to 25 nm deep in the air and substrate. The 

pulse duration has been set to 1 ps, more than enough to 

ensure that all radiation has exited the simulation region. 

Under these conditions the total field is computed to give rise 

to the near field intensity color plots. All fields are normalized 

to the intensity of the impinging plane wave. 

C RESULTS AND DISCUSSION 

 

We show in Fig. 2(c) and 2(d) two luminescence images 

obtained on structures having a period of 1 µm and 500 nm, 

respectively. The corresponding AFM images are shown in the 

insets (axes are defined in Fig. 2(b)). A portion of unstructured 

perovskite surface is visible on the lower left part of the 

images. The polarization of the incident laser beam was 

parallel to the grooves. As we can see, the presence of the 

grooves creates bright and dark lines, oriented in a direction 

parallel to the grooves. Although the measured quantity is the 

nanocrystal luminescence, we recently observed on other 

structures
31,33

 that it is directly linked to the intensity of the 

near-field on the surface at the excitation wavelength. The 

observed light contrast lines are due to the refractive index 

difference between the air and the perovskite (n = 2.32), which 

perturbs the incident plane wave and tends to confine the light 

in some particular zones. They result from the combination of 

the zero order diffraction and other modes in the perovskite 

layer that are evanescent in the vertical z-direction. These 

periodic structures constitute then a ridge waveguide grating 

directly engraved in the perovskite. Among the different 

geometrical parameters that influence the intensity of the 

electromagnetic field and the luminescence, we decided to 

analyze in more detail the effect of the groove depth on the 

contrast. 

Figure 4: Topography (a,b,c,d) and luminescence (e,f,g,h) measured by scanning the array with period p = 1 µm and grooves size w = 250 nm and d = 200 nm; (b,d,f,h) are 

cross-sections extracted from images (a,c,e,g). FDTD maps (i,j,k,l) of the electromagnetic near-field intensity calculated in the uv-plane parallel to the surface (i,k), and in the 

uz-plane perpendicular to both surface and grooves (j,l) for the same array. The light polarization is either parallel (e,f,i,j) or perpendicular (g,h,k,l) to the grooves. 
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We therefore characterized three structures having the same 

period (p = 1 µm), the same groove width (w = 250 nm) and 

three groove depths (d = 100 nm, d = 150 nm, and d = 200 

nm). The incident polarization was parallel to the grooves. The 

luminescence images are displayed in Fig. 3 and luminescence 

intensity cross-sections in the direction perpendicular to the 

grooves are shown in the insets. The oscillatory behavior is 

huge and presents highly contrasted fringes. If we compare the 

maximum intensity of the fringes Imax to the intensity on the 

unstructured surface Ib, we find that the ratio Imax / Ib increases 

from 2 to 3 when the grooves depth increases from 100 nm to 

200 nm [Fig. 3(d)]. Similarly, the contrast, defined as (Imax - Imin) 

/ (Imax + Imin) where Imin is the minimum fringes intensity, also 

plotted in Fig. 3(d) as a function of the depth, augments from 

0.45 to 0.65. So, both the intensity and the contrast increase 

with the grooves depth. To confirm the measured results, 

FDTD simulations, showing the variations of the near-field 

intensity with d, are depicted in Fig. 3(e). The maps are cuts in 

the plane perpendicular to the surface and to the grooves (uz-

plane). As we can see, the oscillatory behavior is very similar to 

the one of the experiments, and the contrast also increases as 

the depth increases (as it is confirmed by the increasing 

intensity of the bright lines appearing in the simulation plots). 

From the cross-sections, we see that the bright lines are 

located between the grooves whereas the minimum is located 

above them. This result can also be extracted from a careful 

comparison between luminescence and topographic 

experimental data, see Figs. 2(c-d), and it will be confirmed 

later (Fig. 4). In the simulation, two bright spots of less 

intensity are also visible on the sides of the grooves but they 

do not appear on the luminescence images, probably because 

of the lack of resolution of the fluorescent nanocrystal used in 

the measurements and also because they are mainly located 

inside the perovskite material. These experiments and the 

simulation indicate that the maximum luminescence 

enhancement takes place between the grooves. 

All the previous images were measured with an illumination 

whose polarization was parallel to the grooves. We next 

studied the influence of the polarization direction on the 

luminescence enhancement. We focused on the sample with 

the larger contrast (p = 1 µm, w = 250 nm, and d = 200 nm) 

and compared the images obtained with both parallel and 

perpendicular polarizations [see Figs. 4(e) and 4(g)]. We 

cannot compare the relative intensities of the two images 

because the excitation intensity is different for each situation; 

however, it appears that the contrast is better in the case of 

the parallel polarization than for the perpendicular one. 

Moreover, the bright line is broader in the case of the 

perpendicular polarization. To understand this broadening, we 

calculated by FDTD the near-field intensity on this structure for 

both polarizations [see Figs. 4(i), 4(j), 4(k) and 4(l)]. In the case 

of the perpendicular polarization, the simulation reveals that 

the near-field is in fact composed of two peaks located on both 

sides of the grooves. These two peaks are not clearly 

contrasted, the intensity dropping only by ~30 % between 

them [Figs. 4(k) and 4(l)]. In the experimental image, on the 

other hand, these two peaks are merged in a single one. The 

reasons that can explain this are: i) an eventual lack of 

resolution induced by the fluorescent nanocrystal glued at the 

tip end due to its size, and ii) some roughness and residues 

that can enlarge the near-field distribution, thus impeding the 

separation and merging the two fringes. These two 

explanations are both credible and explain why we only see a 

single but broader peak. Moreover, by aligning and comparing 

the cross-sections taken along the direction perpendicular to 

the grooves (u-axis) in both experimental topography and 

luminescence images [Figs. 4(b), 4(d), 4(f) and 4(h)], as well as 

the FDTD maps, it can be seen that, independently of the 

polarization, the observed luminescence enhancement is 

located between the grooves. Considering the application we 

described in the introduction, i.e. the incorporation of 

fluorescent up-converting nanocrystals inside the 

nanostructured solar cell, illuminated by an unpolarized solar 

radiation, this experiment indicates that the nanocrystals have 

to be placed at this exact location, between the grooves. 

From the luminescence maps shown in Fig. 2, 3, and 4, we see 

that the bright lines are not perfectly lined up and that they 

are not of constant intensity. This may be due to some 

residues left from the milling but also to the roughness of the 

perovskite surface. Following this idea, we next tried to 

evaluate the effect of roughness on the near-field distribution 

on the surface. For that, we performed new FDTD calculations 

where we introduced some roughness in the perovskite 

surface using a built-in Lumerical® function for a random 

Figure 5: AFM image of the topography of the perovskite surface (a); calculated FDTD 

maps of the near-field intensity for a groove array (p = 1 µm, w = 250 nm and d = 200 

nm) incorporating roughness in the uz-plane for parallel (b) and perpendicular (c) 

incident light polarizations, and in the uv-plane for parallel (d) and perpendicular (e) 

polarizations.
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interface. We used a rms value of 40 nm and a correlation 

length of 200 nm, to resemble the grain size and height 

fluctuations observed experimentally (see AFM image in Fig. 

5(a), where a nominal roughness of 30 nm was obtained, with 

grain sizes ranging between 50 and 400 nm). The results for an 

array of grooves with p = 1 m, w = 250 nm and d = 200 nm 

are shown in Fig. 5(b-e), where intensity near-field maps taking 

into account the roughness are depicted along uz- and uv-

planes for both light polarization directions. Compared to the 

FDTD maps without roughness shown for instance in Figs. 4(i), 

4(j), 4(k) and 4(l), both the intensity and the shape are 

modified from fringe to fringe. The intensity can be locally 

enhanced and forms hot spots where luminescence is 

increased. In the case of the perpendicular polarization [Figs. 

5(c) and 5(e)], we can see that the roughness tends to enlarge 

the fringes and merge them. Combined to the space-averaging 

due to the size of the fluorescent nanocrystal, it is not 

surprising that we were not able to separate the two fringes in 

the luminescence experiments [see Figs. 4(g) and 4(h)]. The 

effect of roughness is less important in the case of parallel 

polarization for which the fringes are more separated and 

contrasted [Figs. 5(b) and 5(d)]. As measured experimentally 

[see Fig. 4(f)], the full width at half maximum of the fringes for 

this polarization is approximately 400 nm, in agreement with 

the FDTD simulations shown in Fig. 4(i) and Fig. 5(d). This 

means that the luminescence enhancement, compared to the 

unstructured perovskite surface, occurs in this entire large 

zone. For our application, this situation is very interesting 

because this area is wide enough to be easily covered with a 

large amount of fluorescent nanocrystals, thus contributing 

effectively to the improvement of the solar cell efficiency by 

increasing the absorption of infrared radiation and its re-

emission in the visible range. 

Another positive effect that could have both the 

nanostructuration and the presence of fluorescent 

nanocrystals is the improved scattering and trapping of visible 

light inside the perovskite layer. This could result in an 

enhanced absorption of the visible range of the solar spectra 

compared to the flat surface. We did not make this study here, 

keeping focused on the near-field effects in the NIR, but it 

could be interesting to couple the effect of the 

nanostructuration in these two spectral zones (absorbed 

visible light and unabsorbed NIR) and optimize the structures 

to maximize both of them. On the other hand, many questions 

could be raised on the negative effects that could have the 

nanocrystals on the electrical properties of the solar cells. If we 

refer to recent studies, it has been reported that the 

incorporation of plasmonic
20,21

 or dielectric
47

 nanoparticles 

improved the PCE of the devices, thus we are therefore 

confident that fluorescent nanocrystals would have a very 

limited negative effect. Finally, in this study, we only varied the 

depth of the grooves, but a deeper optimization of their width 

as well as of the period of the array could be done by FDTD 

and would probably contribute to design structures that 

provide larger luminescence enhancements. 

Conclusions 

We fabricated perovskite thin films used in hybrid solar cells 

and engraved their surface with a focused ion beam. Our aim 

was to create zones where infrared light is both localized and 

enhanced to boost the luminescence of up-converting 

nanocrystals placed on the material. We created arrays of 

grooves of variable depth and we studied them by near-field 

luminescence microscopy. We observed periodic luminescence 

variations and the formation of fringes oriented in the 

direction parallel to the grooves. A luminescence 

enhancement by a factor of 2 to 3 was measured when the 

nanocrystals are situated between the grooves compared to 

the unstructured perovskite surface. We found that the 

enhancement and the intensity contrast were both larger 

when increasing the groove depth. The polarization of the 

incident light has also an effect on the electromagnetic field 

distribution. Either a single or two fringes appear when the 

incident polarization is parallel or perpendicular to the 

grooves, respectively. All the experimental results are in good 

agreement with numerical calculations performed by FDTD. 

The influence of the inhomogeneities of the perovskite layer 

was also studied and showed that the roughness tends to 

locally modify the intensity of the fringes and to distort their 

alignment. The measurements and simulations indicate that 

they can lead to additional hot spots. From our study, we 

showed that, for unpolarized radiation, which is the operating 

situation of solar cells under sunlight, the ideal position of the 

nanocrystals is between the grooves, where luminescence can 

be enhanced. As a prospect, further optimization could be 

made by changing the period and the width of the grooves and 

by improving the quality of the surface to reduce the 

roughness. The design of two-dimensional structures like 

squares or circular disks could also lead to larger 

enhancements, and the structures would in that case be 

insensitive to polarization effects. 
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††The nanocrystal fabrication procedure, the characterization, 

and the near-field tip fabrication procedure have been 

described in the ESI data file. 
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