
1 

 

Multimode Lasing in All-Solution-Processed UV-Nanoimprinted Distributed 

Feedback MAPbI3 Perovskite Waveguides  

Iakov Goldbergab§*, Nirav Annavarapuab§, Simon Leitnerac, Karim Elkhoulyab, Fei Handa, 

Niels Verellenad, Tibor Kunaa, Weiming Qiuae, Cedric Rolina, Jan Genoeab, Robert 

Gehlhaara, and Paul Heremansab* 

 

AFFILIATIONS 

aIMEC, Kapeldreef 75, Leuven, 3001, Belgium 

bESAT, KU Leuven, Kasteelpark Arenberg, Leuven, 3001, Belgium 

cMU Leoben, Franz-Josef-Straße 18, Leoben, 8700, Austria 

dDepartment of Physics and Astronomy, KU Leuven, Celestijnenlaan 200D, Leuven, 3001, Belgium 

eDepartment of Chemistry, KU Leuven, Celestijnenlaan 200F, Leuven, 3001, Belgium 

*Email: Iakov.Goldberg@imec.be; Paul.Heremans@imec.be 

§
Iakov Goldberg and Nirav Annavarapu contributed equally to this paper 

 

ABSTRACT  

In this work, we present an all-solution fabrication approach of external second-order 1D distributed 

feedback (DFB) gratings using soft UV-nanoimprint lithography (UV-NIL) above archetypical 

methylammonium lead iodide (MAPbI3) perovskite films. This high-throughput method can be carried 

out in ambient environment and requires only slightly elevated temperatures as low as 70 °C, gentle 

imprint pressure, and the use of compatible UV-NIL resin. Under stripe-shaped optical excitation, we 

observe simultaneously occurring optical phenomena in our high-gain strong-scattering perovskite films, 

namely amplified spontaneous emission, random lasing, and 1D DFB lasing. In pursuit of distinguishing 

these mechanisms, we explore far-field emission patterns and output polarization. Additionally, the DFB 

lasing is hardly attenuated when a thin absorbing indium tin oxide (ITO) film, commonly used as an 
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electrode in fully contacted electrical devices, is inserted between the perovskite film and the DFB 

grating. As a result, we reproducibly achieve single- and multi-mode, low-threshold (below 

100 µJ⋅cm-2), narrow linewidth (below 0.2 nm), and strongly polarized (extinction ratio above 50) 

optically pumped DFB lasing for MAPbI3 waveguides with and without an adjacent ITO layer. We 

believe that the proposed resonator integration approach can be extended toward complete electrically 

active devices, enabling an alternative integration scheme to achieve current-injection lasing. 

KEYWORDS: metal halide perovskite, UV-NIL, perovskite lasers, distributed feedback lasers, cavity 

fabrication, cavity integration  
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Introduction 

The unique optoelectronic properties of metal-halide perovskite semiconductors have enabled the rapid 

development of high-efficiency light-emitting devices. Owing to their rich chemistry,1 long carrier 

lifetimes,2 high charge carrier mobility3 and optical gain values,4 these materials are also widely 

explored as a lasing medium. To date, many different perovskite laser architectures have been reported 

such as whispering-gallery-mode,5 Fabry–Perot,6 distributed feedback (DFB),7 vertical-cavity surface-

emitting lasers,8 etc.  

To demonstrate low-threshold lasing, the development of fabrication methods for photonic perovskite 

sub-μm structures is necessary. Well-established lithography techniques rely on the extensive use of 

polar solvents that are not compatible with chemically fragile organic metal-halide perovskites.9 In 

addition, temperatures as low as 85 °C can trigger thermally-activated decomposition of many of these 

perovskites even under inert conditions.10 Thus, numerous less destructive perovskite patterning 

methods have been suggested in the literature. Perovskite film deposition atop pre-patterned 

substrates11,12 or functional layers13 is suitable to form the desired periodic nanostructures. In another 

approach, by virtue of their soft nature, perovskite films can be directly patterned by thermal 

nanoimprint lithography (T-NIL)14,15 under high pressure at elevated temperatures. In particular, T-NIL 

combines direct surface texturing with thermal recrystallization that modifies the perovskite morphology 

and grain size.14,16 However, the use of high imprint pressures (up to 900 bar)17 and thermal heating 

cycles cause stamp wear that reduces the imprint quality, whereas long T-NIL cycle times (up to 40 

min)12,18 limit the attainable throughput. 

In electrically active devices, the perovskite layer is sandwiched between other functional materials. 

Thin-film morphology is strongly dependent on processing techniques and can be modulated by the 

underlying layers.  As a result, in multi-layered structures with embedded corrugations, thickness 

variations of deposited layers can lead to undesirable leakage currents,13,19 strong local electric fields,20 
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and device instability.21 To circumvent these limitations, a 1D DFB resonator can be placed external to 

the active region, e.g., above the perovskite. This enables index-coupling between the optical modes and 

a grating structure while maintaining a constant thickness of the active perovskite medium. A similar 

top-layer resonator configuration was demonstrated by placing polymer gratings, individually defined 

via e-beam lithography (EBL), above methylammonium lead bromide films.22 A more scalable method 

was utilized for dye-doped organic polymers.23,24 The patterns were transferred into photosensitive resist 

using water-based interference lithography, but this method is not applicable to organolead halide 

perovskites due to their instability towards water.25  

Herein, we explore soft UV-nanoimprint lithography (UV-NIL) to manufacture high-density 

nanostructures directly atop archetypical spin-coated methylammonium lead iodide (MAPbI3) 

perovskite films. UV-NIL offers several advantages over more traditional T-NIL. First, the use of a less 

viscous UV-curable resist eliminates the need for high imprint pressures, in contrast to those used in T-

NIL.26 The low viscosity of the curable resin reduces the time necessary for a pattern transfer,27 and the 

transfer can be facilitated at room temperature. In contrast to the low-pressure T-NIL, which often 

requires tailoring of perovskite crystallization dynamics to achieve the desired imprint quality,13,28 UV-

NIL process conditions can be established independently. We show that commercially available UV-

NIL products formulated with propylene glycol methyl ether acetate (PGMEA) solvent are suitable for a 

high-fidelity pattern transfer to perovskite-based optical lasers. We investigate the lasing properties of 

these 1D DFB perovskite lasers using stripe-shaped excitation beam. We remark that similar 

illumination conditions are efficient in guiding the random lasing (RL) emission even from the pristine 

non-imprinted perovskite films, and extensive investigations must be carried out to distinguish observed 

“look-alike” phenomena. We explore emission linewidth, stimulated emission threshold, polarization, 

and lasing mode patterns for different architectures. Moreover, we observe DFB lasing even when an 

absorbing indium tin oxide (ITO) film, commonly used as an electrode in fully contacted electrical 
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devices, is inserted between the perovskite film and the DFB grating. To explain the origin of multiple 

lasing peaks observed at pump fluences above the fundamental lasing mode threshold, we additionally 

employ a coupled mode theory simulation of the grating structure.29 We expect that the UV-NIL 

resonator integration approach can be extended towards complete device stacks for injection lasing, and 

would advantageously result in an entirely planar electrical device structure with external DFB grating. 

UV-NIL Fabrication Route 

The fabrication flow of soft UV-NIL-imprinted 1D DFB perovskite lasers can be broken down into three 

distinctive steps (Figure 1 a). In the first step, a Si master template, which has the same pattern as the 

desired grating, is made using EBL patterning followed by dry etching. The master is coated with a 

fluorinated anti-sticking layer (ASL) to prevent the adhesion of the replication material. Then, the 

imprint patterns are transferred onto a flexible polyethylene terephthalate film via UV-assisted curing of 

the intermediate working stamp material. This working stamp, now featuring the inverted pattern of the 

Si master, is separated from the master template, concluding the working stamp fabrication. The Si 

stamp can be reused tens to hundreds of times as long as the quality of the ASL and etched features is 

not compromised. 

In the third step, the working stamp pattern is gently laminated into a compatible UV-NIL photo-curable 

resin that is spin-coated above the ca. 110-nm-thick MAPbI3 perovskite layer formed on a glass 

substrate. As-deposited perovskite films exhibit polycrystalline morphology with a root-mean-square 

roughness of 10.7 nm (Supplementary Figure S1). At the chosen perovskite thickness, amplified 

spontaneous emission (ASE) threshold is approaching a minimum, while also permitting a 12 % mode 

intensity overlap with the grating layer (Supplementary Note S1). There should be no chemical 

reaction between the UV-NIL resin and the perovskite. Following the results of a Hansen solubility 

analysis (Supplementary Table S1), we identify PGMEA as a promising organic solvent, with low 

environmental toxicity, to be used in the UV-NIL resin formulation. To improve the adhesion between 
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MAPbI3 and the UV-NIL resin, thereby facilitating the final demolding, the perovskite can be first 

coated with isopropyl alcohol (IPA)-based adhesion promoter. To transfer the pattern into the UV-NIL 

resin, the working stamp features are laminated over the freshly deposited, uncured resin using gentle 

pressure with the NIL roller. The perovskite-resin assembly is then subjected to 100-second UVA 

irradiation at 100 mW·cm-2 (equivalent to AM 1.5G one sun), which converts the liquid UV-NIL resin 

into a cross-linked solid polymer. The working stamp is delaminated and can be immediately reused to 

transfer sub-μm features into the next perovskite device, which is an obvious throughput feature. In-

depth fabrication details and a description of the used materials are provided in the Experimental 

Methods and Supplementary Experimental Methods sections. 

The thickness of residual resist, i.e., a non-imprinted UV-NIL resin layer, is a function of the design 

pattern and its density, the initial thickness of the coated resist, fluidic properties of the resin, capillary 

forces, etc.30 Typically, the initial thickness of the resin must be heuristically adjusted to achieve a 

minimum residual layer thickness. In our experiments, the resulting residual resin thickness after the 

imprint varied between 10 and 30 nm (Figure 1 b). The presence of a residual layer affects the 

waveguiding properties, namely the degree of mode overlap with the corrugated grating layer. On the 

other hand, the polymeric residual layer can act as an adequate encapsulation layer, protecting MAPbI3 

from excess water and oxygen permeation. Much thicker residual layers can further reduce the electric 

field intensity overlap with the grating layer, and thus should be avoided.31 

Figures 1 b and d depict cross-sectional scanning electron microscopy (SEM) images of the UV-NIL 

imprinted perovskite waveguide taken at different tilt angles. The rounded grating profile originates 

from the initial Si master (Supplementary Figure S2). The up-close SEM images reveal the 

characteristic perovskite morphology. The lateral dimensions of the largest fabricated 1D DFB, which is 

used for the optical investigations in this work, are 140 × 40 μm2 (Figure 1 c, bottommost structure). 

According to the atomic force microscopy (AFM) measurement displayed in Figure 1 e, the peak-to-
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valley distance of the corrugated grating layer is approaching 80 ± 10 nm, as defined by the master 

mold. The periodicity of the second-order gratings under investigation is measured to be around 408 ± 5 

nm while the grating duty cycle is around 45 %. The perovskite layer properties, all the DFB fabrication 

conditions, the grating layer periodicity, residual layer thickness, and other grating features remain fixed 

across this work. 

 

Figure 1.  (a) UV-NIL fabrication approach, (b) cross-sectional SEM, (d) tilted cross-sectional SEM, 

and (e) AFM analyses of the fabricated resin/perovskite DFB grating. A UV-NIL resin layer in (b) is 

highlighted in cyan. A 110-nm-thick perovskite layer in (d) is highlighted in red. (c) Optical microscope 

image of the UV-NIL-imprinted DFB gratings above MAPbI3. The studied grating dimensions are 140 × 

40 μm2 (lowest structure). 
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Optical Characterization   

Unless otherwise stated, we employ a stripe excitation geometry to optically characterize various 

perovskite-based structures. In the case of imprinted UV-NIL resin-perovskite waveguides, the stripe 

excitation geometry promotes modes propagating perpendicular to the grating groves, thus preventing 

parasitic loss of gain through lateral ASE modes. The sample is illuminated from the glass side with a 

532 nm, 3 ns, 20 Hz Q-switched laser. A uniform intensity profile is maintained along the stripe length, 

which is fixed at ≈ 140 μm. The Gaussian transverse stripe excitation profile is maintained at ≈ 24 μm 

FWHM. The pump energy is controlled by a combination of a variable neutral density filter and a 

polarizer. Photoluminescence (PL) is collected normal to the sample using a 50X magnification 

microscope system and is directed towards a spectrograph (HRS-500) coupled with an intensified CCD 

array detector. The CCD camera allows probing the spectra while preserving spatial information along 

one axis (parallel to the entrance slit of the spectrograph). To measure emitted mode polarization, a 

linear polarizer is placed between the microscope and the spectrometer. Far-field spectral images of the 

outcoupled emission from the gratings are obtained by introducing a Bertrand lens in the microscope 

system, thus revealing the angular distribution of light emitted normal to the sample.32 The schematic of 

the setup and the pump beam spatial profiles are provided in Supplementary Figure S3.  

Results and Discussion 

First, we examine the PL properties of MAPbI3 perovskite films covered by a plain UV-NIL resin layer, 

which are processed according to the proposed UV-NIL protocol without feature transfer. Significant 

reduction of the PL intensity or increase in ASE threshold in reference to bare perovskite films, 

characterized in Supplementary Figure S4, would be associated with chemical- or photodegradation,33 

had such occurred during the UV-NIL process steps, or with additional surface-roughness induced 

scattering losses coupled with a lower confinement factor of the mode in the gain volume.  
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Resin-coated perovskite films are excited with gradually increasing fluences I from 20 up to 220 µJ⋅cm-2 

(Figure 2 a). PL evolves from a characteristic spontaneous emission (SE) with a fixed linewidth of ≈ 50 

nm towards ASE at Ith = 78 µJ⋅cm-2. A series of narrow lines, spanning the gain bandwidth, appear 

immediately after, which can be attributed to random lasing (RL). A random cavity can occur in any 

gain medium where light travels in a closed loop and accumulates an overall phase shift of 2m after 

multiple scattering events. RL was observed both in perovskite thin films34–36 and QDs.37,38 In the case 

of polycrystalline films, RL strength could be manipulated by varying surface roughness,36 

morphology,39 and even the underlying substrate.40 RL forms in such cavities when the gain of the 

scattered mode overcomes the total radiation losses, and these modes are emitted in a speckle-like 

pattern.41,42 RL peaks are randomly distributed within the gain bandwidth and vary significantly across 

different sample excitation positions over the sample.  

Unlike ASE, RL modes are characterized by narrow spectral features down to FWHM of ≈ 0.3 nm 

(Figure 2 b). While new RL peaks appear at higher fluences, the spectral position of lower-threshold 

modes remains unchanged. A maximum polarization extinction of ≈ 11 was measured for an RL peak at 

111 µJ⋅cm-2, in contrast to ASE which should not have a distinct polarization direction.43 The input-

output intensity curve undergoes a superlinear transition from the SE regime to the stimulated emission 

regime above the threshold fluence (Figure 2 c).  

Near-identical behavior is observed for the reference bare MAPbI3 films on glass under stripe excitation 

(Supplementary Figure S4). Narrow RL modes emerge at Ith = 51 µJ⋅cm-2, bypassing ASE. This 

eliminates the UV-NIL processing as a possible cause for the appearance of RL. Instead, the 

morphology of the layer and/or the stripe excitation geometry of the pump might be responsible for 

promoting RL. Our nanocrystalline MAPbI3 films contain strong scattering sites while simultaneously 

possessing high optical gain. At first glance, our perovskite films display homogeneous morphology and 

minor thickness variations without apparent material voids, which cannot explain the random lasing 
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phenomenon. The exact origin of strong scattering centers requires further investigation, which is 

outside of the scope of this work. 

In contrast to the stripe excitation, circular illumination (⌀ 400 µm) of the pristine MAPbI3 film 

produces a smooth ASE signal, devoid of RL lines and with extinction reaching a mere 1.5 

(Supplementary Figure S5). It is apparent that ASE and RL signals are present together in our system, 

and the excitation geometry determines the strength of each effect in the PL spectrum. A narrow-line 

excitation activates only a few random cavities, which may produce a dominant signal due to a higher 

closed-loop amplification. On the other hand, a large circular excitation volume permits multiple ASE 

modes, which reduce the available gain for random cavities, resulting in a stronger ASE signal than any 

individual closed-loop random cavity.  

Upon imprinting 1D DFB gratings in UV-NIL resin, a periodic index perturbation in the waveguide is 

created which scatters guided modes internally. Lasing from such a structure is obtained when the 

internally scattered modes within the gain bandwidth form a standing wave that satisfies the Bragg 

condition (λ𝐷𝐹𝐵 = 𝑛𝑒𝑓𝑓Δ𝑏𝑟𝑎𝑔𝑔). Figure 2 d shows lasing spectra obtained from the imprinted resin 

structure (Δ𝑏𝑟𝑎𝑔𝑔 ≈ 412 nm) when excited using a stripe geometry perpendicular to the grating grooves. 

A clear ASE band becomes prevalent at Ith = 51 µJ⋅cm-2. For the planar resin-perovskite waveguide, 

only scattered ASE within the numerical aperture (NA = 0.55) cone of the microscope objective reaches 

the spectrometer. In contrast, a grating can be very efficient in vertical ASE signal outcoupling.44 Only 

at a higher excitation fluence of 94 µJ⋅cm-2, a narrow peak appears which we attribute to DFB lasing. 

This trend suggests that ASE and DFB lasing co-exist within the film, and that the modal gain at the 

ASE threshold is insufficient to overcome imprinted grating reflection losses. Perovskite gain media 

may display similar thresholds for ASE and lasing, in particular for low-quality-factor 1D feedback 

structures.44  The existence of very strong competing ASE or RL signals is considered undesirable as it 

depletes the density of inverted states,45 thereby lowering the available gain coupled to the lasing mode.  
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The measured FWHM for the fundamental DFB lasing mode reaches ≈ 0.16 nm, corresponding to a 

cavity quality factor Q (Q =  λ λFWHM⁄ ) of ≈ 4900 (Figure 2 e). Similarly, very high Q factors were 

achieved in other external index-coupled perovskite DFBs, where the narrow linewidths were attributed 

to symmetry-protected bound states in the continuum.22 Another notable feature of this mode is its very 

strong polarization, with an extinction ratio above 60. The recorded DFB lasing threshold is comparable 

to other optically-pumped second-order perovskite DFB lasers fabricated by various methods such as T-

NIL, EBL, or via the deposition above a corrugated substrate (Supplementary Table S2). We note that 

excitation source parameters must be accounted for as they significantly influence the reported threshold 

values.17 The longer pulses can impose thermal stress,46 increasing the amplification threshold.  

No other distinct narrow resonances show up until a pump fluence of 119 µJ⋅cm-2. Above this fluence, 

additional spectral features emerge, whose origin is discussed later in the manuscript. In contrast to a 

planar waveguide that is dominated by RL, DFB lasing is characterized by a steeper growth of the 

stimulated emission signal, Figure 2 f. This indicates that the feedback introduced by the DFB grating 

enhances the process of stimulated emission above the threshold. Unlike the RL modes that are prone to 

chaotic spectral fluctuations of the lasing peaks when moving the excitation across the sample, 1D DFB 

grating modes are largely position-invariant. The measured DFB lasing wavelength shifts within ± 2 nm 

when probing different areas across the grating (Supplementary Figure S6). The variation can be 

primarily caused by imperfect grating feature replication in the resin, inherent to the UV-NIL process. 
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Figure 2.  (a) PL spectra, (b) high-resolution emission spectra at 111 µJ⋅cm-2, and (c) integrated PL 

output (black) and linewidth (red) for the slab resin/MAPbI3/glass waveguide. The FWHM represents 

the linewidth of the corresponding ASE (Lorentzian) envelope. Inset in (a) depicts polarized emission 

output at 111 µJ⋅cm-2 with RL extinction reaching 11. (d) PL spectra, (e) high-resolution emission 

spectra at 102 µJ⋅cm-2, and (f) integrated PL output (black) and linewidth (red) for the imprinted 
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resin/MAPbI3/glass structure. The FWHM is provided for the ASE envelope and then for the 

fundamental DFB lasing mode at ≈ 784 nm. Inset in (d) depicts the intensity polar plot at 102 µJ⋅cm-2 

with the DFB lasing extinction reaching 64. Note: 90° recording in (e) is scaled 10x for clarity. (g) 

Simplified schematic, depicting competing ASE, RL, and 1D DFB lasing mechanisms under the stripe 

excitation geometry. Dimensions are not to scale. (h) Fourier image of the imprinted DFB laser structure 

at 102 µJ⋅cm-2. 

This discussion suggests that three distinct phenomena (ASE, RL, and DFB lasing) compete in our 

strongly scattering perovskite films (Figure 2 g). The dominant mechanism is determined by the lowest 

loss mode and the highest Q-factor cavity. Without external feedback features, MAPbI3 waveguides are 

dominated by the RL and ASE modes. Upon grating imprinting, DFB lasing and ASE modes define the 

emission output. However, we consider spectral features, rate of superlinear PL growth, and polarization 

data alone insufficient in contrasting these “look-alike” processes. DFB lasing can be verified by 

assessing the spatial coherence of emitted radiation as well-defined output beams.47  

Second-order scattering from the grating grooves causes waveguided modes to be outcoupled at specific 

angles, depending on their effective index, relative to the sample normal.28,48
 Above the DFB lasing 

threshold, a homogeneous SE pattern transforms into an anisotropic beam with a very low divergence 

orthogonal to the grating grooves, and a large divergence along them (Figure 2 h).47 Furthermore, this 

angular dispersion can be explored using a microscope fitted with a Bertrand lens to image far-field 

emission characteristics.49 Lasing occurs when cavity modes fall within the gain bandwidth and the 

scattered mode momentum is zero, which corresponds to an outcoupled angle almost exactly normal to 

the surface.48 The measured angular dispersion of a MAPbI3 waveguide with the imprinted resin is 

shown in Figure 3 a, with intense lasing light being emitted close to the TE mode crossing. In addition, 

a non-negligible amount of DFB lasing light is scattered omnidirectionally. Low beam divergence 

(≈ 1.3° FWHM of the main lobes) and a sharp double-lobe far-field emission pattern are clear 
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indications of spatial coherence in our DFB laser.50–52 The fitted lines show theoretical outcoupling 

angles of the waveguide modes when they interact with a periodic index perturbation of 412 nm, which 

match well with the structural DFB measurement. The measured ellipsometry data (Supplementary 

Figure S7) are incorporated into a model of the waveguide stack in Ansys Lumerical (Supplementary 

Figure S8). The effective indices of the fundamental guided TE and TM modes across multiple 

wavelengths are calculated using a Finite Difference Eigenmode solver.  

A similar far-field measurement, performed on a planar resin-perovskite waveguide, shows no 

remarkable features in the angular domain (Figure 3 b). The recorded angular intensity in the 

microscope image of the outcoupled signal resembles a Lambertian emission profile (Supplementary 

Note S2). Thus, by examining far-field mode patterns, we can clearly distinguish 1D DFB grating-

induced lasing from random lasing. 

 

Figure 3. Angular spectrum of (a) 1D DFB-imprinted resin/MAPbI3/glass structure as a function of 

wavelength and observation angle in k-space at 102 µJ⋅cm-2. The angular cross-section in a cavity length 

direction features a double-lobe beam pattern, characteristic of the second-order surface-emitting 1D 

DFB, with a finite amount of astigmatism at ≈ 784 nm lasing wavelength (right, depicted by the black 

arrow). The objective NA restricts the detectable angular range to ± 33.3°. The fitted lines are calculated 

from the modal dispersion relations for the TE and TM modes. Angular spectrum of (b) planar 

resin/MAPbI3/glass waveguide in k-space at 111 µJ⋅cm-2. (Right) Angular cross-section, integrated over 

gain bandwidth, resembles a Lambertian far-field beam pattern (red dashed line). 
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We have demonstrated that UV-NIL can be utilized to fabricate sub-μm features directly above the 

standalone perovskite film on glass. Hereafter, we aim to assess whether this fabrication route can be 

extended to current-injection perovskite lasers. In a simplified scenario, such a functional electrical 

device would comprise an active perovskite gain layer surrounded by a pair of conductive electrodes. To 

maintain the planarity of an entire structure in line with this work, the grating can be integrated directly 

above the top electrode. This would further increase the optical separation between the waveguide 

modes originating in the perovskite gain layer and the external grating, reducing their coupling. On the 

other hand, a completely planar electrical architecture would benefit from the more uniform current 

injection that will yield a predictable and homogeneous gain profile. 

Conventional highly conductive contact layers placed in close vicinity from a gain layer induce free-

carrier optical absorption losses, resulting in a significant increase in the amplification threshold.53,54 

Therefore, an electrode (which also acts as an optical spacer) cannot be chosen arbitrarily. An example 

of a compatible electrode is a thin (20 nm) ITO layer, inserted directly in between the perovskite layer 

and the grating. The use of such a thin ITO layer is desirable to reduce absorption losses while also 

permitting higher mode overlap with the grating. The use of a similar thin ITO contacting scheme was 

widely explored for fully-contacted low-loss organic structures,55–57 suggesting that this can be a viable 

solution for perovskite-based lasing devices. Not only can this transparent electrode inject charge 

carriers into the electrical device but also it can serve as an additional buffer layer to protect the 

perovskite layer against contact with undesirable UV-NIL chemistry.  

Insertion of a thin ITO layer between the resin and MAPbI3 results in a near-identical operation for this 

planar slab waveguide under stripe excitation, confirming no adverse influence of the electrode on the 

optical performance (Supplementary Figure S9). The PL spectra extracted from the imprinted ITO 

stack are shown in Figure 4 a. Single narrow DFB lasing mode (FWHM ≈ 0.2 nm) emerges at a pump 

fluence close to 78 µJ⋅cm-2, producing a polarization extinction of 58 (Supplementary Figure S10). 
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The ITO stack, impressed with the same grating features as the ITO-free structure, displays DFB lasing 

upon optical pumping at a very similar wavelength. This can be attributed to a very small impact of the 

20-nm ITO layer on the waveguide effective index. Additionally, process fluctuations introduced during 

the perovskite deposition and UV-NIL imprint may also result in slight thickness variability between the 

two stacks, tuning the resonant wavelengths closer to each other. Upon a further fluence increase, an 

additional lasing mode at ≈ 785.5 nm becomes visible (Figure 4 b). While the emission linewidths are 

similar for the two modes, the polarization extinction of the second mode (15:1) is weaker than that of 

the fundamental mode (51-58:1). On the other hand, polarization extinction of the higher-order mode is 

greater than the attenuation typically observed for RL modes. Thus, the second mode could either 

originate from a random cavity and have enhanced outcoupling due to the grating, or be a higher order 

DFB lasing mode supported by the grating, and distinguishing between the two phenomena is not trivial.  

To study the cause of the second lasing peak, we perform two additional spectral measurements across 

the DFB grating at 86 µJ⋅cm-2 (Figure 4 c). While RL produces sharp peaks at arbitrary wavelengths 

relative to the excitation position, higher-order DFB grating modes exist at specific wavelengths. At 

lasing threshold fluence, a single antisymmetric lasing mode should exist within the grating. Due to a 

low threshold gain margin, at higher fluences the waveguide gain increases, and a competing higher-

order mode can be supported by the grating.58 The spectral positions of these DFB lasing modes can be 

reproduced using a coupled mode simulation (elaborated in Supplementary Note S3).29 The best fit is 

obtained by tuning the input parameters such as the effective indices, the grating length, period, and duty 

cycle. Importantly, the grating dimensions are set close to the experimentally measured values. The 

simulated lasing peak positions labeled “Mode±1” and “Mode±2” (centered around the photonic stop 

band) are placed above the measured multimode lasing peaks (Figure 4 c). The measured lasing spectral 

positions vary between the lowest threshold gain modes supported by the grating, and the dominant 

lasing mode is determined by the overlap of the intrinsic gain spectrum of the material and that of the 
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grating modes. The signal from a higher-order mode may dominate when local defects/scatterers in the 

grating modify the near-field intensity of the fundamental mode more strongly than that of the higher-

order mode. Alternatively, it could be argued that the fluctuations in the lasing period could stem from 

nonuniformities or phase slips in the grating periodicity over the three probed locations. However, the 

lasing peaks observed in each of the three spectra consistently overlap with the simulated grating modes. 

Therefore, the existence of multiple lasing peaks at very similar wavelengths (supported by simulations) 

over different grating excitation positions suggests that we observe higher-order DFB lasing modes 

rather than RL outcoupled by the grating.  

In addition, we examine the angular dispersion for the two modes at Position 1 at 86 µJ⋅cm-2 (Figure 4 

d). Intense lasing light is emitted close to the TE mode crossing, with characteristic mode patterns close 

to zero momentum. We note that a double-lobe pattern of Mode-1 at this fluence cannot be resolved, 

while it clearly appears at 78 µJ⋅cm-2 (Supplementary Figure S10). A small angular deviation from the 

optimal excitation direction (i.e., perpendicular to the grating grooves) in this particular measurement or 

an insufficient angular resolution of our setup could be responsible for this. 
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Figure 4. (a) PL spectra and (b) high-resolution emission spectra at 86 µJ⋅cm-2 for the imprinted 

resin/ITO/perovskite DFB on glass at Position 1. Inset in (b) depicts polarized emission output at 86 

µJ⋅cm-2 for the fundamental mode at ≈ 781 nm and a higher-order mode at ≈ 785.5 nm with DFB lasing 

extinction reaching 51 and 15, respectively. (c) DFB lasing observed over the grating in three different 

locations at 86 µJ⋅cm-2. The simulated mode positions are calculated based on coupled-mode equations. 

(d) Angular spectrum at a pump fluence of 86 µJ⋅cm-2 at Position 1. Note: Mode2 cross-section in (d) is 

scaled 5x for clarity. The fitted lines are calculated from the modal dispersion relations at 

Δ𝑏𝑟𝑎𝑔𝑔 ≈ 404 nm for the TE and TM modes.  

By increasing the grating quality, reducing the thickness of the residual UV-NIL resin layer, optimizing 

the duty cycle, and engineering the grating depth or groove slopes it is possible to modulate the DFB 

feedback strength and reduce the lasing threshold.31,59,60 In addition, a stronger coupling to the grating 
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can be achieved by employing a higher refractive index UV-NIL resin. Finally, we conclude that 

threshold and spectral analyses alone are insufficient to assert DFB lasing from the strongly scattering 

perovskite films. Using spatial coherence measurements and a coupled-mode theory, one can get a 

deeper insight into the origin of various spectral features. Unlike RL modes, DFB lasing peaks are 

characterized by minor spectral fluctuations when exciting different grating areas. Using this rigorous 

approach, we have demonstrated the capabilities of the UV-NIL technique to fabricate index-coupled 1D 

DFB lasing cavities above standalone MAPbI3 films and above more complex multilayered 

electrode/MAPbI3 structures. With the advantage of preserving the planarity of the fragile gain layer, 

UV-NIL can be further explored as a grating integration approach towards thin-film injection lasers.  

Conclusions 

In this work, we have proposed a novel all-solution soft UV-NIL processing approach to fabricate 

second-order 1D DFB optical lasers above archetypical MAPbI3 perovskite gain layers. High optical 

gain coupled with the strong scattering properties of our perovskite films resulted in a significant PL 

signal dependence on the excitation geometry. For the narrow excitation stripes, the PL of the pristine 

and non-imprinted optical stacks was dominated by random lasing above the amplification threshold, 

superimposed on an amplified spontaneous emission Lorentzian envelope. Upon imprinting, DFB lasing 

was promoted in the films. To distinguish between the three co-existing phenomena, we analyzed far-

field radiation patterns. Finally, we successfully applied the UV-NIL fabrication route to a more 

complex stack with an ITO interlayer between the planar perovskite layer and the imprinted UV-NIL 

resist. We investigated single mode and multimode lasing obtained from such a structure and employed 

coupled mode theory to differentiate between DFB and random lasing. The observation of DFB lasing 

from this structure reveals the potential of soft UV-NIL for the integration of optical feedback structures 

in more complex devices such as current-injection perovskite lasers.  
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Experimental Methods 

Perovskite deposition. MAPbI3 perovskite films were prepared under nitrogen atmosphere above glass 

substrates via one-step spin-coating. First, perovskite precursor salts MAI (CH3NH3I; Greatcell Solar 

Materials) and PbI2 (TCI Chemicals) were mixed in equimolar proportion and dissolved in the N,N-

dimethylformamide (DMF; Sigma-Aldrich) to obtain 1.2 M solution. The solution was further diluted by 

the addition of DMF to obtain ≈ 110-nm-thick perovskite film upon spin-coating. 50 µl of the final 

solution were spin-coated onto pre-cleaned glass substrates at 6000 rpm for 34 sec. The wet film 

was quenched by dropping 150 µl of toluene (Sigma-Aldrich) four seconds after the start of the 

spinning. Finally, annealing at 70 °C for five minutes was conducted to remove the excess solvent and to 

crystallize the film.  

ITO sputtering. ITO (20 nm; 2 mTorr; O2/[O2+Ar] flow ratio ≈ 3 %; deposition rate ≈ 2 nm·min-1) was 

DC-magnetron sputtered at mild conditions to reduce the bombardment impact on the perovskite layer. 

The substrate was kept at -5 °C during the deposition. The deposited ITO films are characterized by ≈ 

600-800 ⋅sq-1 sheet resistance. 

UV-NIL fabrication. First, 1D DFB pattern was engraved into the Si master stamp using e-beam 

lithography and reactive ion etching. The Si stamp was coated with a fluorinated anti-sticking layer 

(ASL2-EVG; EV Group GmbH). Then, an intermediate flexible polymer stamp, bearing an inverse Si 

stamp pattern, was fabricated. UV-NIL resin was spin-coated at 3000 rpm and then annealed at 70 ºC for 

five minutes. The working stamp was employed to transfer the grating structures into the UV-NIL resin 

(PGMEA-based, EVGNIL UV/A3; EV Group GmbH), spin-coated above MAPbI3 or ITO/MAPbI3 

structures. To improve the adhesion between MAPbI3 and the resin, the perovskite or ITO was first 

coated with an IPA-based adhesion promoter (EVGPRIM K; EV Group GmbH) dynamically at 3000 

rpm and annealed at 70 ºC for five minutes. The adhesion promoter and the UV-NIL resin were 

deposited under inert glovebox conditions. The thickness of the ASL layer is well below several nm and 
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was ignored in the optical simulations. The working stamp was brought in contact with a wet UV-NIL 

resin. Upon a 100-second flood exposure at 100 mW·cm-2 with the stamp still in place, the working 

stamp was carefully separated from the resin, completing the external UV-NIL 1D DFB fabrication. 

These last steps were conducted in an ambient cleanroom environment with a relative humidity of 43 %. 

Additional UV-NIL processing details are located in the Supplementary Experimental Methods 

section.  

Optical and structural measurements. ASE and lasing performance were characterized using a Q-

switched laser (CryLaS FTSS 355-300, 3 ns in FWHM, 20 Hz), which produces frequency-doubled 

pulses at 532 nm wavelength. The PL emerging from the sample was imaged by a microscope equipped 

with a Mitutoyo 50X infinity corrected objective (f = 4 mm), coupled with a tube lens (f = 200 mm). 

The imaged PL was focused on the entrance of an imaging spectrometer (Teledyne Princeton 

Instruments SpectraPro HRS-500), and the spectra were recorded using a digital intensified camera 

(Teledyne Princeton Instruments PI-MAX 4 with a spectral resolution of 0.03 nm). To obtain far-field 

images, a Bertrand lens (f = 150 mm) was added to the microscope beam path. Optical characterization 

was carried out in the ambient environment without additional encapsulation. No deterioration of optical 

performance was observed under these measurement conditions. The schematic of the optical 

experimental setup is shown in Supplementary Figure S3. Cross-sectional SEM images were obtained 

using the FEI Nova 200 scanning electron microscope system. SEM specimens were cleaved from the 

identical devices with Si/SiO2 as an underlying substrate. AFM images were produced using a Bruker 

Dimension Edge system in a tapping mode to evaluate the film morphology and the UV-NIL imprint 

quality. AFM measurements were conducted in air. The thicknesses and the n/k coefficients of the 

employed films were extracted using spectroscopic ellipsometry measurements (RC2, J.A.Woollam). 

Optical simulations. To extract the resonance spectrum of the 1D DFB laser and the electric field 

intensity distribution within the structure (Supplementary Figure S8), finite-difference time-domain 
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simulations in Ansys Lumerical were performed. A single period of the grating structure was excited by 

a broadband TE dipole, and periodic boundary conditions were applied along the waveguide to simulate 

infinite periods.  

To simulate theoretical outcoupling angles, which were fit to the far-field images, the effective index of 

the average waveguide structure over one period was calculated using a Finite Difference Eigenmode 

solver in Ansys Lumerical. The mode momentum and mode outcoupling angles were calculated using 

the TE and TM effective indices.48 To model the DFB laser resonances, a custom python code was 

written to solve the coupled wave equations.61  
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