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Abstract
Promising new materials like solution-processable perovskites may provide devices with superior properties, e.g. for opto-
electronics. For some applications patterning is required and nanoimprint as a solvent-free, mechanical shaping process has 
been identified to be particularly favorable for this purpose. The current investigation refers to the organic–inorganic per-
ovskite methylammonium lead bromide  (MAPbBr3) and is related to direct imprint under pressure and temperature. Experi-
ments with a single crystal and polycrystalline layers of differing grain size indicate that a large-grained starting layer offers 
optimum pre-conditions for the replication of micro/nano-structures. The aim of the present study is to develop a physical 
understanding of the shaping process with this polycrystalline material. To develop such a conception, analogies between the 
imprint of polycrystalline perovskites and the imprint of thermoplastic polymers are sought, and the consequences resulting 
from the differences in the microscopic material response are worked out. The main aspect with perovskites is that plastic 
deformation occurs due to gliding on crystallographic glide planes, similar to the case of metals. With a < 100 > -oriented 
perovskite layer the imprint pressure activates a (110) < 110 > -type glide system, providing material transport at 45° with 
respect to the surface normal. The consequences of this preferential direction are investigated by analyzing experiments with 
partial and complete filling of the cavities of the stamp used for imprint. By considering the geometric correlations during 
the initial imprint phase the experimental results can be understood. Beyond that, it turns out that under specific conditions 
the size and the shape of the grains can be controlled by the imprinted pattern. This ‘grain shaping by patterning’ provides 
unexpected, innovative prospects for the nanoimprint of perovskite layers.
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1 Introduction

Organic–inorganic lead halide perovskites have gained a 
remarkable recognition in recent years as semiconductors 
for, e.g. optic and opto-electronic purposes [1–6]; however, 

their widespread use with device manufacturing is still lag-
ging behind. One of the reasons is that their main benefit, to 
be solution-processable at low energy cost, unfortunately, 
hampers their patterning by means of techniques well-estab-
lished with Si-technology, like photolithography; the often 
highly polar developers used with photolithography may 
dissolve the perovskite crystals [7–9]. Some groups have 
described indirect ways of circumventing this issue [10], e.g. 
by combining a wet/dry development [8]. However, this is 
on the cost of processing simplicity; dry etching equipment 
and suitable processes are required.

Thus, methods for the direct patterning of perovskite 
layers are of utmost importance for future prospects. For 
instance, patterning may ultimately be required to enable 
the functionality of devices, for instance with photonic 
crystals or distributed feedback lasers based on perovskites 
[11–14]. Moreover, patterning may improve the performance 
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of perovskite devices, as for instance with solar cells or pho-
todetectors [9, 15, 16].

A promising candidate for the direct patterning of poly-
crystalline perovskite layers is nanoimprint. With thermal 
nanoimprint the structures of a stamp (often patterned Si) 
are replicated into the surface of the sample, under pressure 
at elevated temperature. With perovskites, thermal nanoim-
print provides the additional opportunity to combine surface 
patterning with thermal annealing (to increase the size of the 
perovskite grains). Schmager et al. prepared solar cells with 
light coupling to quasi-guided modes from a triple cation 
lead bromide, by imprint at 100 °C and 300 bar [17]. Wang 
et al. prepared a photodetector from  MAPbI3, using a subtle 
multi-step imprint process [9]. Pourdavoud et al. demon-
strated photonic nano-structures and distributed feedback-
lasing in  MAPbI3 and  MAPbBr3, with a lasing threshold as 
low as ≈ 3.5 µJ/cm2 [18, 19]. Furthermore, Brittmann et al. 
used  MAPbBr3 to realize nanophotonics in a soft-imprint 
process (assisted by solvent) [14] and Cefarin et al. demon-
strated that patterned  MAPbI3 layers can be obtained in an 
ultrafast process at temperatures as high as ≈ 500 °C within 
milliseconds [20]. These examples demonstrate that nanoim-
print has already proven its suitability for the direct pattern-
ing of organic–inorganic perovskites. However, an appro-
priate physical understanding has still to be established, in 
particular a perception how cavity filling proceeds.

The current investigation refers to layers of  MAPbBr3 
(methylammonium lead bromide) and complements previ-
ous studies. Earlier work with this material was dedicated 
to preparational aspects like layer composition and grain 
growth [21, 22], where imprint was performed with a flat 
stamp. Now we focus on the aspect of patterning, namely 
the plastic deformation of a polycrystalline perovskite layer 
under uniaxial pressure. With thermoplastic polymers, the 
class of materials nanoimprint was originally developed 
for [23, 24], a basic understanding of the shaping during 
imprint has been developed experimentally and theoretically 
[25–29]. We will discuss to what extent these concepts may 
be likewise transferred/applied to perovskite layers, and will 
address similarities and differences. With polymers, basic 
material properties could be exploited to understand and to 
optimize thermal nanoimprint as an alternative lithography 
process. A similar proceeding is intended here to understand 
the behavior of perovskite layers during thermal imprint. 
One well-accepted concept with (poly-)crystalline materials 
is that plastic deformation proceeds by the gliding of dislo-
cations on well-defined glide planes following well-defined 
glide directions [30]. We will verify the applicability of 
this concept to a thermal nanoimprint process in the case of 
halide perovskites. As thermal processing with polycrystal-
line materials may simultaneously lead to grain growth, we 
will address the issue of grain size with the replication of 
stamp structures by imprint; ultimately, we will answer the 

question whether it is possible to imprint a perovskite single 
crystal. From the experimental results obtained a concept to 
understand the direct patterning of polycrystalline perovs-
kite layers by imprint will be developed; consequences with 
respect to an optimized processing in view of replication will 
be drawn. Moreover, a novel approach is introduced, ‘grain 
shaping by patterning’.

2  Experimental

Polycrystalline  MAPbBr3 layers were obtained by spin-coat-
ing (5000 rpm, 3 min) and drying (125 °C, 2 min). The pre-
cursor solution was prepared similar to previous work [22] 
from 504 mg methylammonium bromide (MABr, Dyesol) 
and 488 mg lead acetate (Pb(Ac)2, TCI) in 1 ml of anhydrous 
dimethylformamide (DMF, Sigma–Aldrich); mixing and 
stirring (24 h, 60 °C) were performed under nitrogen. The 
surface pre-treatment of the Si substrates prior to coating 
included cleaning in citric acid, 15 min rinsing in DI-water 
and isopropanol (ultrasonic bath) and surface activation by 
VUV-treatment (172 nm, 1 min; excimer lamp, XERADEX 
20, Radium). Dry layers featured a thickness of 400–500 nm; 
their grain size was in the range of 100–200 nm, comparable 
to an earlier investigation [22].

For comparison, also  MAPbBr3 single crystals were used. 
They were obtained by the inverse temperature crystalliza-
tion method [31]. A 1 M-solution containing lead bromide 
 (PbBr2, Sigma–Aldrich) and MABr was prepared in anhy-
drous DMF at room temperature, followed by filtering the 
perovskite solution through a PTFE filter with 0.2 µm pore 
size into a vial. Keeping the vial in an oil bath, the tem-
perature was slowly increased from room temperature up to 
80 °C, resulting in a decrease of the solubility of the mix-
ture and the formation of the  MAPbBr3 perovskite single 
crystal. With this technique we were able to achieve perovs-
kite single crystals with an edge length of up to 1 cm. For 
imprinting the single crystals were cleaved using a razor 
blade yielding platelets of about 1 mm thickness.

The imprint experiments were performed in a proprie-
tary imprint system [32]. Three different imprint procedures 
were used, a CL-process (cold loading of the sample), a 
HL-process (hot loading of the sample) and a 2P-process 
(two-pressure-process with cold loading); these processes 
are detailed in the Supporting Information, Fig. S-1 and Txt. 
S-1. The processing parameters chosen ( Timp, pimp ) are noted 
with each experiment. The CL-process and the HL-process 
(including the sample wrapping required, therefore) are sim-
ilar to Ref. [21, 22]; the 2P-process is similar to Ref. [33]. 
Throughout the experiments the imprint time timp was 5 min.

All stamps used had a size of 2 × 2  cm2. To pre-flatten 
the layers, a piece of Si was used; pre-flattening also 
increases the grain size to about 0.8–1 µm [22]. For 
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patterning two different stamps were used in the current 
work; both are structured across their full area. Stamp A 
features grating lines (width of elevated stamp structures 
s ≈ 400 nm , width of the recessed cavities w ≈ 400 nm , 
height of the structures H ≈ 200 nm ); its duty cycle 
(elevated area: overall area) amounts to DC ≈ 50% . It is 
a replica stamp, consisting of OrmoStamp (Microresist 
Technology) on 500 µm thick Borofloat glass, obtained 
from a Si template; the replication procedure is detailed 
in Ref. [34]. Stamp B is from Si and features different 
structure types with locally differing DC, as explained in 
detail in the Supporting Information, Fig. S-2. The height 
of the structures with stamp B is H ≈ 450 nm . All stamps 
were prepared with an anti-sticking layer according to 
previous work [35].

The imprint results were characterized by scanning 
electron microscopy, SEM (S-FEG XL 30S, Thermo Fis-
cher Scientific), either in top view (90°), in inclined view 
(30°) or in cross-Section (30°).

3  Results and discussion

The grain size dependence of the imprint into perovskites 
is treated by starting with experimental observations. By 
addressing material transport in general, analogies with 
the imprint of polymers are depicted. Based on the spe-
cific glide system of perovskites, a concept is developed 
to illustrate the filling of stamp cavities during imprint, 
with single crystals and polycrystalline layers as well. 
Finally, specific perovskite-related issues are addressed. 
In particular a re-configuration of the grains is observed 

with completely filled stamp cavities, indicating re-crys-
tallization and energy minimization. The interpretation of 
the results makes use of a previous investigation on grain 
growth with  MAPbBr3 [22].

3.1  Experimental observations

The primary results with respect to the grain size depend-
ence with  MAPbBr3 are shown in Fig. 1, thermal imprint of 
a polycrystalline layer with small grains, with larger grains 
and of a single crystal. For all three cases a view of the 
surface morphology before imprint is given for comparison 
(top row). The small grains (100–200 nm [22]) shown in 
(a) are typical of our pristine layers, the perovskite after 
spin-coating and drying; the layer surface is wavy. The layer 
with the increased grain size shown in (b) was obtained by 
a thermal treatment of the pristine layer at 150 °C, similar 
to earlier work [21, 22]. The process used is equal to the 
imprint process but is performed with a flat stamp instead 
of a patterned one; as a consequence the layer surface is flat 
before patterning; the grain size is in the range of 0.8–1 µm 
[22]. In contrast to these layers the single crystal, possibly 
due to non-ideal cleaving, features long-range height vari-
ations at the surface (c), so that conformal contact between 
stamp and perovskite surface can occur only locally during 
patterning.

The respective imprints are shown in the bottom row 
of Fig. 1. The layers were imprinted in a CL-process (see 
Supporting Information, Fig. S-1) at 150 °C and 100 bar, 
our conventional imprint pressure. The stamp used features 
periodic grating structures over its complete area of 2 × 2 
 cm2. With the single crystal the pressure was reduced to 
25 bar to lower mechanical loading during imprint and thus 

Fig. 1  Grain size dependence of replication with thermal nano-
imprint. Top row: view of the initial situation; bottom row: imprint 
result with linear grating (stamp A, height H ≈ 200 nm , CL-process, 

150 °C (the imprint pressure is 100 bar with d, e and 25 bar with f). 
a, d Pristine, small-grained layer; b, e pre-flattened, large-grained 
layer; c, f single crystal
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to avoid a breaking of the stamp (the stamp was larger than 
the perovskite single crystal) or of the sample (the single 
crystal embrittles during imprint). Despite the low pressure 
the single crystal surface features regions with a perfect rep-
lication of the grating lines. (The micrograph in (f) refers 
to a region of good local contact between the stamp and 
the surface of the single crystal; further examples indicating 
the issue of limited conformal contact when imprinting a 
(terraced) single crystal are given in the Supporting Infor-
mation, Fig. S-3.) Second best is the imprint into a large-
grained layer (e), whereas the imprint of the small-grained 
pristine layer (d) is largely inadequate when compared to the 
stamp structures.

This result, puzzling at first instance, can be understood 
from a fact well-known and often exploited with polycrystal-
line metals [30]; grain boundaries hamper plastic deforma-
tion. In praxis, grain refinement is a conventional method 
to increase the hardness of polycrystalline metals and to 
strengthen them against plastic deformation. Our results 
suggest that this concept also applies to polycrystalline 
perovskites. With the large-grained material (e) it is obvi-
ous that defects are related to grain boundaries; within a 
single grain the replication is similarly perfect as with the 
single crystal. In particular with the small-grained pristine 
layer replication defects cluster around regions dominated 
by grain boundaries (see arrows in Fig. 1d). Potentially, an 
increased pressure may reduce these filling defects; literature 
for instance reports thermal imprint at 300 bar [17]. We lim-
ited our experiments to 100 bar to stay comparable to earlier 
investigations [21, 22, 33].

Figure 2 gives details of line definition by thermal nano-
imprint into the polycrystalline layers at 25 bar (the same 
pressure that was used for the imprint of the single crystal, 
Fig. 1f), again with small-grained (a) and large-grained (b) 
starting layers. Within an individual, large grain (b) the lines 
are well-defined, similar to the single crystal, despite the 
reduced pressure. However, with the small-grained layer (a) 
replication defects dominate the result; the linear cavities of 
the stamp are not fully replicated and only single, discon-
nected grains are found; yet, the vertical walls of the grating 
stamp are already discernible. The increase of the driving 
force by a factor of 4 (imprint at 100 bar instead of 25 bar) 
obviously improved the replication, in particular in the case 
of small grains, as documented by Figs. 1d and 2a. (Herein-
after, we will use the term ‘driving force’ do denominate a 
mechanical quantity, force or respective pressure, that drives 
plastic deformation.)

Obviously, successful imprint of a perovskite single crys-
tal requires less pressure than the imprint of a polycrystalline 
layer; starting with larger grains improves the replication, 
but even at a pressure of 100 bar some filling defects remain.

3.2  Rationale of material transport

3.2.1  Analogies to polymers

To develop a picture of how material transport and plastic 
deformation work with perovskites we check for possible 
similarities with polymers, in particular thermoplastic ones. 
In context with thermal nanoimprint as an alternative lithog-
raphy technique the underlying physics with these polymers 
has been worked up [25, 36–40] and a sound concept on 
material transport in thin layers does exist [29, 41–46]. Anal-
ogies and differences with the imprint of polymers and per-
ovskites are shortly addressed; it is intended to develop some 
estimate for those parts of the picture that can be applied and 
utilized similarly for both materials, and, where differing 
concepts are required, to understand the results. This ration-
ale represents the basis for the development of a physical 
model for the direct patterning of perovskite layers by ther-
mal nanoimprint in Sect. 3.3. A first macroscopic, general 
view indicates similarities between polymers and perovs-
kites; beyond that the replication of micro/nano-structures 
will disclose the differences existing in a microscopic view.

3.2.1.1 Macroscopic similarities Macroscopically, the 
mechanical parameters allow a first assessment. Polymers 
and hybrid perovskites as well sometimes are denoted as 

Fig. 2  Details of polycrystalline layers imprinted at 25  bar (CL-
process, 150 °C), stamp similar as with Fig. 1. a Imprint into small-
grained, pristine layer, b imprint into pre-flattened layer with larger 
grains
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materials with a ‘soft character’ [47, 48]; they feature a low 
mechanical stiffness and hardness. Their Youngs modulus 
E and shear modulus G are low and their bulk (compres-
sion) modulus B is high, compared to Si as the material 
used most often for the stamp (see data in the Supporting 
Information, Tab. S-1). With thermoplastic polymers this 
is in particular the case above the glass transition tempera-
ture Tg , where E and G drop by about three orders of mag-
nitude. The data in Tab. S-1 for perovskites refer to single 
crystals [47, 49–51]. Though these mechanical constants 
refer to the reversible, elastic properties (and thus charac-
terize, e.g. flexibility), a high ratio of B ∶ G (> 1.75 [47]) 
is reported to indicate high ductility, a quantity related to 
permanent plastic deformation. Accordingly, polymers as 
well as perovskites are ductile materials.

During imprint, the macroscopic material response 
becomes evident when isolated, very large stamp struc-
tures (lateral size s = 10 − 100 �m , height H below 1 µm) 
are imprinted, typically into a thin layer on a substrate 
(initial thickness h0 some 100 nm). Then the pressure 
applied to the stamp provokes material transport within 
this thin layer, from below the elevated stamp structures 
into the adjacent wide cavities. Due to the low ratio h0∕s 
the respective stress–strain situation can be described by a 
reduced number of variables (‘lubrication approximation’ 
[52, 53]); with liquid-like layers this is termed ‘squeezed 
flow’ [54, 55].

A typical experimental result is shown in Fig. 3, taking 
the example of  MAPbBr3. After the imprint time of 5 min 
the cavities are filled in full height within a certain ‘transport 
range’—local filling of the stamp cavity identifies itself by 
a flat surface, whereas the initial layer is wavy and may be 
porous. Beyond this range the perovskite layer still holds 
its initial thickness, h0 . Around an imprinted square pad of 
100 µm side length (a) the cavity is filled within a range of 
up to ≈ 30 µm (see arrows); with a 40 µm wide imprinted 
line (left part of Fig. 3b) the range is smaller, about 10 µm. 
Similar results are well-known with polymers [27, 44, 54], 
albeit the transition from full filling (height H + hr) to initial 
height (height h0 ) is much more distinct than with our per-
ovskite. The sketches in Fig. 3 are transferred from findings 
with the imprint of polymers—a direct comparison of identi-
cal structures imprinted into a perovskite layer and a poly-
mer layer is given in the Supporting Information, Fig. S-4.

Thus, material transport during imprint of thin layers 
occurs locally and proceeds in lateral direction, within a 
limited range, from below the imprinted elevated stamp 
structures into the adjacent cavities (only with completely 
filled cavities long-range material transport will occur). The 
layer thickness remaining below the imprinted structures 
after stamp removal is the residual layer, hr , (see sketches 
in Fig. 3). This phenomenon of incomplete lateral filling 
(featuring three height levels, h0 , hr and H + hr ) is observed 

down to micron-sized cavities with polymers; it is a direct 
consequence of the fact that both materials, polymers and 
perovskites, become plastically deformed during thermal 
imprint, however, they are still solid and not liquid. In par-
ticular, perovskites would rather decompose than melt [56, 
57].

Fig. 3  Range of material transport (see arrows) with  MAPbBr3 
from below very large imprinted structures into wide, free cavities. 
Sketches indicate the imprint situation and the three height lev-
els characteristic of long-range material transport under squeezed 
flow, h

r
,H + h

r
 and h0 . (Stamp B; CL-process, 150  °C, 100  bar). a 

Imprinted structure is a square pad, 100 × 100 µm2; b imprinted struc-
ture is a 40 µm wide line at the left
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3.2.1.2 Microscopic differences To understand material 
transport in the microscopic regime—typical structure sizes 
with nanoimprint are in the range of 100 nm to 10 µm—it is 
reasonable to consider the mechanical response of the mate-
rial at the molecular scale. Here, polymers and perovskites 
feature characteristic differences. Their knowledge is ben-
eficial to realize the interplay of temperature and pressure as 
the processing parameters with nanoimprint.

Amorphous thermoplastic polymers as the prototype 
materials for nanoimprint lithography [23, 24, 58] consist 
of long polymeric chains. Typically, with a molar mass M 
above some ‘entanglement limit’ Me , these chains entan-
gle with each other and form a random physical network, 
responsible for the isotropic mechanical response. For plas-
tic deformation to occur single chains have to glide out of 
their actual entanglement network as built up by their neigh-
bors [59, 60]. Then ‘reptative’ movement of the chains leads 
to a re-configuration of the entanglement network, going 
hand in hand with plastic flow. Efficient material transport 
requires temperatures above the glass transition tempera-
ture ( T > Tg ). Typically, flow proceeds in the visco-elastic 
regime [45, 61, 62].

Perovskites are crystalline, their mechanical response 
is anisotropic and depends on the respective crystalline 
direction. For plastic deformation to occur during thermal 
nanoimprint flow has to be induced by plastic yielding, well 
below melting ( T < Tm ), in the elasto-plastic regime [30]. 
Severe deformation of the crystalline lattice leads to the for-
mation of additional lattice defects, namely edge and screw 
dislocations, and temperature endows them with a certain 
mobility (mobility refers to a mechanical quantity here, [s/
kg]). Plastic deformation occurs due to gliding of disloca-
tions; however, due to the anisotropic nature of the crystal, 
these dislocations move on preferential crystal planes (glide 
planes) and follow specific crystalline directions (glide 
directions). Typically, glide planes are densely packed and 
glide directions feature a minimum distance between neigh-
boring atoms [30]. The movement of a dislocation along a 
glide plane can be characterized by the specific height of a 
local energy barrier to be surpassed when moving within the 
crystal lattice, e.g. from one unit cell to the next; the lower 
this barrier the lower the driving force required to induce 
a movement of the dislocations. Thin perovskite layers are 
typically polycrystalline, with (disordered) grain bounda-
ries between (ordered) grains, the orientation differing from 
grain to grain. Thus, dislocations easily glide along planes 
within an individual grain; however, in particular with edge 
dislocations, the continuation of gliding in the neighboring 
grain is hampered as the glide planes of both grains fea-
ture a differing orientation and are separated by disordered 
large-angle grain boundaries. Disorder-related voids at these 
boundaries may absorb some of the dislocations, resulting 
in a densification of the grain boundaries first; however, 

subsequent dislocations will accumulate in front of the grain 
boundaries without being able to cross them [30].

With any material, polymer or perovskite, deformation 
requires an external loading; with nanoimprint it is the pres-
sure pimp , resulting in uniaxial compression in vertical direc-
tion. Plastic deformation then proceeds with time, compara-
ble to a creep experiment used for material characterization 
(temporal evolution of plastic deformation at constant load/
force/pressure [48, 61, 63]). However, this plastic deforma-
tion results from the respective shear forces, being maxi-
mum at 45° to the normal direction (‘Mohr circle’). When 
simulating an imprint situation often the ‘van Mises stress’ 
is reported, a global, scalar quantity well suited to charac-
terize the local driving force with the shaping of isotropic 
materials as the amorphous polymers. With anisotropic crys-
talline materials the appropriate driving force is the shear 
stress on a gliding plane in gliding direction, the ‘resolved 
shear stress’ �RSS . It relates the normal stress acting (here the 
imprint pressure pimp ) with the angles of the gliding plane 
( � ) and the gliding direction ( � ) with respect to the normal, 
according to [30]

Independent from the type of material, plastic deforma-
tion (as a shearing deformation) proceeds at constant vol-
ume; besides setting the Poisson’s ratio to the value � ≈ 0.5 , 
volume conservation simplifies the mechanics; with the 
imprint of periodic structures and filled cavities the height 
of the residual layer ( hr ) is easily determined geometrically, 
from the initial layer height ( h0 ) and the stamp geometries 
(height ( H ) and duty cycle (DC) of the stamp).

Though the microscopic processes differ, the processing 
parameters with imprint have comparable effects with both 
classes of materials. The role of the temperature is to provide 
the mobility required for movement at the atomic/molecu-
lar scale, namely for the re-arrangement of ionic unit cells 
that is required for a dislocation movement with perovskites. 
The role of the imprint pressure is twofold. (i) It provides 
conformal contact between stamp and sample by local bend-
ing, an imprint-specific issue—with structures of 200 nm 
in height (as with the stamp used for the results of Figs. 1 
and 2) a total waviness of all components (stamp, substrate, 
press plates) of only 200 nm already results in local contact 
loss. (ii) It provides the driving force for plastic deformation, 
namely for gliding in case of the perovskites (Eq. 1). The 
product of mobility ( ∝ Timp ) and driving force ( ∝ pimp ) char-
acterizes the actual velocity of the (gliding) process [30].

3.2.2  Gliding with perovskite layers

Based on the rationale introduced in the preceding sec-
tion it is now possible to substantiate the basics derived for 

(1)�RSS = pimp cos � cos�.
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crystalline materials in general for the perovskite layers of 
interest. It is reported that oxide-based perovskites glide 
on (110)-type planes in < 110 > -type directions or, alter-
natively, on (100)-type planes in < 100 > or < 110 > direc-
tions [64–66]. In our case, as already the pristine layers 
feature a preferential < 100 > orientation of the grains [22] 
and as the imprint pressure acts in < 100 > direction, too, 
the only glide system to become activated by imprint is the 
(110) < 110 > -type, as four of the respective glide planes 
feature a well-defined angle to the imprint direction; for 
illustration see Supporting Information, Fig. S-5. Within 
the layer, they represent two independent glide systems 
(operating orthogonal to each other). The one activated first 
(e.g. at the lowest resolved shear stress �RSS ) is denoted the 
‘primary’ one, the other the ‘secondary’ one. (With the six 
(100)-type planes, �RSS vanishes, as these glide planes are 
parallel or perpendicular to the direction of pressure and the 
angles � and/or � are 90°).

Glide systems are similar with cubic and orthorhombic 
crystals, implying a pseudo-cubic indexation for the lat-
ter.  MAPbBr3 is cubic anyway, at room temperature and 
at imprint temperature [67];  MAPbI3 (as imprinted earlier 
by us and most often by other groups [9, 11, 20, 33]) is 
orthorhombic at room temperature but cubic at our imprint 
temperature. Thus, both materials are well-characterized 
by a cubic unit cell under imprint conditions, with the four 
(110)-type glide planes that can be activated by the imprint 
pressure (Fig. S-5a-d). As these (110)-type glide planes lie 
at 45° to the imprint direction they are well-suited to shift 
material from below the elevated stamp structures into the 
cavities. Moreover, as both angles, � and � , amount to 45° 
the driving force during imprint is the highest possible, 
�RSS = pimp∕2 , see Eq. 1.

A specific phenomenon of the (110) < 110 > -type glide 
system reported in literature for oxide-based perovskites is 
that the dislocations feature some de-localization [65, 66, 
68]. Basically, the introduction of a dislocation involves 
shifting a part of the lattice by one unit cell (lattice con-
stant a ); with a (110)-glide plane of the perovskite this shift 
amounts to a

√

2, the diagonal of the octahedron. As already 
the unit cell is large (it contains 4 ions plus 1 molecule) a 
shift of this size would involve a high local stress. To reduce 
the energy cost involved and to accommodate the respective 
local stress the lattice splits this shift between two nearby 
half-dislocations (Shockley-split [30]). With this configu-
ration literature reports a very low local energy barrier for 
gliding on this plane, much lower than for gliding on for 
instance a (100)-plane, for edge- and screw-dislocations as 
well [65, 66, 68]; however, splitting ties the dislocations to 
a single glide plane so that cross-gliding [30] is largely pro-
hibited (or occurs with high stress only). Consequently, low 
driving forces are already effective to move the dislocations 
within an individual grain onto the next (grain) boundary.

Thus the (110) < 110 > -type glide system of these 
perovskites is superior in two ways, (i) it requires a very 
low driving force for the dislocation movement within an 
individual grain and (ii) it provides the highest driving 
force possible under loading in < 100 > -direction, due to 
its twofold 45°-arrangement (at preferential < 100 > -orien-
tation). These two factors may account for the ease of pat-
terning of our perovskites by nanoimprint. Furthermore, 
efficient gliding leads to the accumulation and absorption 
of dislocations at grain boundaries and may be respon-
sible for the efficient densification of the material there. 
Though these conceptions were developed for inorganic, 
oxide-based perovskites we assume that they are similarly 
applicable to our organic–inorganic, halide material; with 
hybrid perovskites and inorganic perovskites as well the 
literature similarly states that the mechanical properties 
are set by the corner-sharing  PbX6 framework [49, 51].

3.3  Nanoimprint of perovskites

3.3.1  Pre‑flattening

Though the pre-flattening of the perovskite layers (see 
Fig. 1b) with an un-patterned stamp requires only a lim-
ited amount of material transport, it is a regular imprint 
process that relies on the (110) < 110 > -type glide sys-
tem. With  MAPbBr3 layers, always featuring a preferen-
tial < 100 > -orientation of the grains in vertical direction 
(as investigated earlier [22]) in the pristine layer, all glide 
planes cut the surface under 45° with respect to the nor-
mal. When different glide systems are activated within a 
single grain, they intersect at the (100) surface at right 
angle (see Supporting Information, Fig. S-5f).

This is what we see in Fig. 4; the sketch (a) exemplifies 
the experiment within an individual grain. The flattening 
of the layer occurs by local gliding; stamp and substrate 
represent rigid boundaries that stop gliding. As a conse-
quence, dislocations accumulate there resulting in a high 
local stress. As long as the layer is under pressure the 
complete surface is flat and has a similar level, however, 
with a locally differing residual stress due to dislocations 
accumulated during flattening (a, left).

When the flat stamp is removed (a, right) the layer is 
free to reduce internal stress by (further) gliding; disloca-
tions move to the free surface along the inclined glide 
planes under 45° (due to the mobility that is reduced at 
room temperature slower than the flattening itself.) This 
gliding upon constraint release uncovers the gliding pro-
cess. Figure 4b refers to a large grain; the primary glid-
ing direction runs (at 45°) perpendicular to the parallel 
traces (see projected arrow). The less-frequent traces at 
90° to the primary ones indicate that locally a secondary 
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glide system became activated. Figure 4c refers to a situ-
ation with smaller grains, somewhat separated from each 
other, so that each grain is almost free to glide indepen-
dently. As a consequence, each grain surface shows paral-
lel lines as the traces of glide planes, over its complete 
surface (relaxation of all stresses). The differing directions 
indicate the differing lateral orientations of the individual 
grains.

3.3.2  Patterning concept

In contrast to flattening, a patterned stamp provides well-
defined cavities between the elevated structures, replication 
of the stamp requiring to fill these cavities. Accordingly, we 
suggest that with perovskites patterning via thermal nanoim-
print proceeds as sketched in Fig. 5. For simplicity, only half 

Fig. 4  Traces of 45° glide planes at the surface of the  MAPbBr3 layer 
after imprint with a flat stamp. a Sketch of the mechanism, left before 
and right after release of the flat stamp, when dislocations have accu-
mulated at the top interface (red). b Experiment with grain sizes of 
about 1 µm (150 °C, 100 bar, 5 min); c experiment with grain sizes 
around 500 nm (75 °C, 100 bar, 1 h)

a)

b1)

w/2 s/2

H

h0

b2)

c1) c2)

d)

(100)

(010)

Fig. 5  Cartoon to visualize material transport during patterning of 
a coarse-grained perovskite layer via thermal nanoimprint (section 
shown refers to half a cavity, w∕2 , plus half an elevated stamp struc-
ture, s∕2 ). The green square symbolizes the cubic unit cell and thus 
the orientation of the perovskite grain. As a consequence, only one 
glide system is involved. The respective primary glide planes run at 
45° with respect to the surface normal and lie perpendicular to  the 
sketched plane. a Initial contact of stamp with perovskite layer, pres-
sure on elevated stamp structures only (marked, bold black arrow). 
Primary glide regions to be activated (green) are shown, together with 
the corresponding material transport (blue arrows) from below the 
stamp (‘zig–zag’ supply chain). Dotted red lines at the left indicate 
inactive glide planes. b First stamp intrusion. Material is ejected into 
the cavity (b1) and the stamp moves downwards (b2), resulting in an 
additional contact area that becomes pressurized (marked), thus ena-
bling further primary glide regions. c Further stamp intrusion. Due to 
material ejection from the top the contact area increases so that addi-
tional material gliding is induced (c1). Upon advancing intrusion of 
the stamp eventually a continuous contact area develops (c2). d Later 
stage of cavity filling and respective primary ‘zig–zag’ supply chain
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a period of a linear grating is shown in cross-section and the 
case of imprint into a large-grained layer is addressed (one 
single grain is shown, aligned to the stamp).

The first situation (a) shows the initial contact between 
stamp and perovskite layer, where the local pressure 
acts on the elevated stamp structures, only. Potential 
glide planes at 45° are indicated, however, they can only 
become activated (and shift material into the cavity) when 
exposed to normal pressure. The range of primary glide 
planes enabling material transport directly into the cavity 
is displayed in green (fat lines, blue arrow). Other poten-
tial glide planes (dotted, red) remain inactive because they 
are not pressurized. Actual gliding proceeds under volume 
conservation so that hollows should not develop. Accord-
ingly, any shift of material into the cavity has to activate 
further glide planes below the stamp structure; hence a 
‘zig–zag’ supply chain develops, from the center of the lin-
ear stamp structure (right end of sketch) to its edge (green, 
light blue arrows). The next situation (b) refers to a first 
imprint event. Within the region of activated glide planes 
crystalline material becomes ‘ejected’ into the cavity (b1); 
upon this material transport the stamp sinks in (b2), result-
ing in an additional contact area under normal pressure (as 
the material touches the stamp); this contact area will acti-
vate further glide planes, as indicated. The consequence 
is depicted in (c); material ejection from the top increases 
the pressurized area and activates other glide planes (c1), 
which typically tend to fill undercuts and stamp edges. 
Upon this material ejection and a further sink-in of the 
stamp (c2) a situation may be reached where small remain-
ing hollows are filled and a continuous pressurized stamp 
region exists, covering the elevated stamp structure plus 
the partly filled cavity. This situation then proceeds further 
(d) until the complete cavity is filled; again, the respective 
‘zig–zag’ supply chain is signified.

As a consequence, micron-sized cavities generally fill 
from their edges (as with Fig. 3), a behavior similarly 
observed [26, 27, 44, 54, 69] and simulated [28, 70] with 
thermoplastic polymers; it is referred to as ‘double-peak-
formation’ (two peaks near the edges of a linear cavity 
[28]). We hypothesize that the consequences drawn from 
this type of filling behavior with polymers are also appli-
cable to perovskites, namely that the complete filling of 
narrow, sub-micron cavities (and/or cavities with a high 
aspect ratio H ∶ w ) is hampered, due to the interference of 
two opposing ‘flow’ directions (‘single-peak-formation’).

We also hypothesize that the well-known pattern-size- 
and layer-thickness-dependence with polymers [27, 41, 55] 
is transferable to the imprint of perovskites; larger elevated 
stamp structures require a longer lateral ‘zig–zag’ supply 
chain and thus a higher ‘number’ of flow re-directions, 
similar to the imprint of a thinner layer. Each re-direction 
of the flow in the supply chain requires the activation of 

a new range of glide planes, each time at some additional 
cost of driving force or, as with our case at pimp = const , of 
gliding velocity. Accordingly, thin layers or larger stamp 
structures should require an increased pressure to fully 
fill the cavities.

Thus, the general behavior found with polymers during 
imprint should be applicable to perovskites, too (except 
the one of polymers with very low viscosity where capil-
lary forces support the filling of small cavities [71, 72]). 
Of course, the patterning concept so far refers to a single 
crystal or a single, large grain, without yet regarding the 
grain boundaries.

3.3.3  Polycrystallinity

In reality, our perovskite layers are polycrystalline, with 
grains of finite size. Neighboring grains within the layer 
feature different lateral orientations, so that the glide planes 
and glide directions are discontinuous from grain to grain 
and, in addition, are held at distance by the disordered wide-
angle grain boundaries in between. To deform a polycrystal 
plastically all grains have to yield, which requires a higher 
stress in the layer than with a single crystal.

The physical conception [30] with bulk forming of metals 
(e.g. forging) is based on the assumption (i) that the grains 
in the polycrystal have random orientations and that (ii) the 
deformed polycrystalline material stays intact (no cracks 
nor voids develop). As a consequence, plastic deforma-
tion requires an inter-grain co-action among neighboring 
entities featuring individual crystallographic directions. In 
particular, with a polycrystal under external stress, gliding 
is initiated by those grains that feature the highest resolved 
shear stress ( �RSS ) on one of their glide planes (primary glide 
system)—under directional external loading �RSS is orienta-
tion-dependent. However, as the surrounding grains with a 
less-favorable orientation are still unable to glide (and would 
not glide in the same direction) free gliding does not occur; 
it is hampered by the almost rigid environment. Instead, the 
onset of gliding with single grains results in a local elastic 
deformation of the surrounding matrix. This increases the 
stress state within the three-dimensional multigrain-ensem-
ble, so that grains with less-favorable orientation become 
able to glide, too (secondary glide systems), and so on. Of 
course, this occurs at a higher driving force (higher external 
normal stress) than would be required with a single crystal. 
At these high stress levels (normal and shear stresses) vari-
ous glide systems may be activated; in fact, the co-action of 
multiple glide systems within a single grain is required to 
preserve the integrity of the polycrystalline material and to 
avoid gaps—in the bulk (3D), five independent glide systems 
are required [30].

In our special case, with the perovskite layers featur-
ing oriented columnar grains throughout the whole layer 
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(after flattening) the situation is different; gliding below the 
elevated stamp structures is limited to the layer (2D). This 
requires just two independent glide systems [30], as they are 
available for gliding in two perpendicular lateral directions 
(see Supporting Information, Fig. S-5f, and traces under 90° 
in Fig. 4). Figure 6 gives a sketch of the initial imprint situa-
tion, dominated by primary gliding (full blue arrows). With 
grains located below a stamp edge the primary glide direc-
tions are, for instance, those enabling most efficient material 
transport into the free cavity, as sketched. The primary glide 
direction may also be established by the highest �RSS on the 
respective glide plane (induced by some small randomness 
of the vertical grain orientation), or by the most favorable 
amount and configuration of movable dislocations on the 

respective glide plane (intrinsic dislocations plus pressure-
induced dislocations).

These primary glide directions differ from grain to grain 
(see Fig. 6b) and result in non-uniform local material trans-
port into the cavity, under varying lateral angles; in addition, 
also the amount of material available for primary gliding 
within an individual grain differs; it depends on the respec-
tive width of the pressurized part of the grain along the glide 
direction (lowest with grain 1, highest with grain 2).

Gliding proceeds within individual grains; when grain 
boundaries are encountered, they may densify by absorb-
ing some volume before gliding stops there and disloca-
tions accumulate in front. When dense grain boundaries 
prohibit further primary gliding (e.g. between grains 3 
and 4), also secondary glide directions (dashed arrows) 
become activated to further fill the cavity; however, this 
requires a higher driving force, due to the orientation-
dependence of the resolved shear stress, �RSS (Eq. 1). In 
addition, absorption of dislocations may result in the glid-
ing of the grain boundaries themselves, a process which 
is e.g. also responsible for the time-dependent response 
during creep [30]. As our imprint experiment represents a 
creep at increasing temperature, a gliding of dislocations 
within the grain as well as a gliding of grain boundaries 
between the grains has to be expected. With small grains, 
inter-grain gliding of the grain boundaries may dominate; 
the larger the grains the more intra-grain gliding will 
occur.

With grains located completely below the elevated stamp 
structure both glide systems (the primary and the secondary) 
definitely have to become activated, right from the start, to 
feed the zig–zag supply chain. In difference to Fig. 5 the 
supply chain has to combine 45° glide planes with differ-
ent  lateral directions, its course is three-dimensional within 
the layer. Due to the subdivision by grain boundaries and 
the involvement of secondary gliding a higher pressure is 
required to enforce cavity filling than with a single crys-
tal. The smaller the grains, the higher the pressure (or the 
longer the time [54, 55] required for cavity filling, in accord 
with the results of Figs. 1 and 2 (obtained at pressures of 
100 bar and 25 bar). The localization of filling defects at 
grain boundaries and small-grained regions results from the 
fact that gliding is hindered there.

Of course, the grain boundaries do not represent fixed 
barriers. (i) They have to move due to volume conserva-
tion during the sink-in of the stamp, similar to a forging 
situation; the grains reduce their height and thus have to 
increase their lateral dimension by forced gliding, primar-
ily in the direction of material transport towards the cavi-
ties. (ii) They move as grains may glide against each other, 
as addressed above during creep-like material transport 
at pimp = const . (iii) In addition, at our imprint tempera-
ture of 150 °C also grain growth occurs, displacing grain 

a)

b)

2 AA

1

3

4

<100>

Fig. 6  Sketch of material transport during the initial phase of imprint 
with a < 100 > -oriented polycrystalline layer, a side view, with pres-
surized elevated stamp structure (bold arrow) and primary glide 
direction, similar to Fig. 5a; b top view (A–A refers to cross-section 
in a). The green squares symbolize cubic unit cells indicating the dif-
fering lateral orientation of the < 100 > -oriented grains, numbered 
from 1 to 4 (full arrow = primary glide direction, dashed arrow = sec-
ondary glide direction). In the special case that the unit cell is aligned 
to the stamp edge (case 2) only the primary glide direction provides 
material transport into the cavity
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boundaries, too (as also observed during pre-flattening of the 
layers, see Fig. 1a,b). All these processes together will lead 
to an ongoing lateral movement of the grain boundaries, and 
may hardly be separated (our experiments so far do not indi-
cate, e.g. any shape anisotropy below wider elevated stamp 
lines). In consequence of grain growth, the grain structure 
continuously changes during patterning; Fig. 6 only gives a 
snapshot of the initial situation. In any case, the grains below 
the elevated stamp structures will develop a higher inter-
nal stress than those towards/at their periphery as they are 
unable to relax their stress by gliding of dislocations into the 
(free) cavity. At high internal stress levels re-crystallization 
may occur (as, e.g. observed with wide elevated stamp struc-
tures, see Supporting Information Fig. S-9).

When the imprint is performed into a pristine layer 
with < 100 > -orientation that does not yet feature colum-
nar grains the situation is somewhat more complex but may 
be understood on the same basis, by assuming for instance 
a two-layer grain structure. As the initial grain growth at 
150 °C is fast, a columnar structure should exist after at most 
one minute [22], so that the line of reasoning with columnar 
grains is similarly applicable.

3.4  Perovskite‑related issues

Now, with a basic conception of the shaping mechanism 
during the imprint of perovskite layers at hand, it is pos-
sible to identify perovskite-specific issues in the experi-
ments. For this purpose, we exploit the potential of stamp 
B. Beyond linear gratings and large pads this stamp provides 
mixed structures, lines and dots in positive and negative tone 
within direct neighborhood (see Supporting Information Fig. 
S-2). All these different structures are imprinted simultane-
ously, side by side, so that the results are ideal to learn more 
about cavity filling during the imprint of our perovskites. 
As substantial grain growth may obscure the effect of pat-
terning, the examples chosen refer to an initial grain size of 
0.8–1 µm, a pre-flattened layer. (Results with pristine layers 
are given in the Supporting Information, Figs. S-8/10.)

3.4.1  Primary gliding in under‑filled cavities

Figure 7 starts with examples obtained where the stamp 
cavities remained under-filled (incomplete replication of the 
stamp structures), minimizing interference with the stamp 
walls. Such a situation can be established when the driving 
force is low, as with Fig. 7a (imprint pressure 10 bar, result-
ing in a low �RSS ). Alternatively, we obtained underfilling 
at 100 bar when the effective process time was reduced, in 
Fig. 7b by means of a HL-process (see Supporting Infor-
mation, Fig. S-1); this process provides a well-defined pro-
cessing time of 5 min, whereas the effective time (at high 
mobility and under pressure) with a CL-process is about 

three times as long (16 min), as found earlier [22]. (Further 
examples with under-filled cavities, with flattened and pris-
tine layers as well, are given in the Supporting Information; 
Fig. S-6 refers to a CL-process at 10 bar, Fig. S-7 to a HL-
process at 100 bar.)

With both examples selected for Fig. 7, the hole structures 
(a) and the line structures (b) in the stamp, the topography 
in the under-filled cavities exhibits angular features. Such 

Fig. 7  Examples of imprint with under-filled cavities;  MAPbBr3, 
stamp B, height H ≈ 450 nm , imprint at 150  °C; starting layer flat-
tened, grain size 0.8–1  µm. a Stamp with 1  µm holes, pitch 2  µm; 
CL-process at 10  bar, initial layer thickness h

0
≈ 600 nm . b Stamp 

with 300  nm lines/500  nm cavities; HL-process at 100  bar, initial 
layer thickness h

0
≈ 400 nm . c Sketches indicating alternating mate-

rial ejection below linear stamp structures with s ≈ h0 as well as with 
small cavities with w ≈ h0 (large grains, grain boundaries not shown)
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angled ‘ejections’ of material from below the elevated stamp 
structures are in accord with our concept. In the case of the 
stamp with holes a single angular direction seems to domi-
nate within an individual hole, with the grating stamp rather 
alternating angular directions are observed along the linear 
cavities. These angular features may indicate material ‘ejec-
tion’ according to the activation of the primary glide system 
only, under negligible interference with neighboring grains 
and stamp walls (that could increase the stress and activate 
secondary glide systems).

We assume that these effects result from the geometries 
prevailing. With stamp structures in the range of the initial 
layer thickness ( s ≈ h0 ) only one of the glide systems below 
the linear stamp structures can become activated within a 
single grain (see left sketches in Fig. 7c); primary gliding 
induced by the imprinted line either ejects material to the 
left or to the right. As lateral grain orientation differs from 
grain to grain this results in the almost alternating ejection 
pattern observed in Fig. 7b. The situation with the holes 
(a) is comparable (see right sketch in Fig. 7c); the cavity 
( w ≈ h0 ) becomes mainly filled from a single side; the slope 
direction observed is related to the grain offering the high-
est driving force (due to its specific lateral orientation, or its 
defect density and arrangement) and/or the highest volume 
under pressure for gliding into the free cavity.

We rate this angular topography observed with incom-
plete cavity filling as a proof of initial material transport 
along primary glide planes according to our concept, Figs. 5 
and 6. It may be hypothesized that when these structures 

were imprinted into a large, individual grain (or a single 
crystal) just one of the four potential ejection directions 
would be observed; it would refer to the respective lateral 
orientation of the grain involved (or the orientation of the 
single crystal) with respect to the stamp structures (see Sup-
porting Information Fig. S-3e).

3.4.2  Re‑configuration of grains upon cavity filling

Figure 8 compares examples with partial filling and com-
plete filling of differing types of stamp cavities. The focus 
here is on the course of the grain boundaries with partial 
filling (10 bar, top row) and complete filling (100 bar, bot-
tom row) of the cavities; apart from the pressure the imprint 
conditions are identical (150 °C, 5 min), an approach lend-
ing itself to provide comparable conditions for grain growth 
where possible.

With all three examples the grain structure at low imprint 
depth (top row, incomplete filling) is clearly random, similar 
to that of the starting layer. Grain boundaries can be tracked 
across the samples and do not indicate any sign of being 
affected by the imprinted pattern. This is different when 
the cavities are completely filled (bottom row). Then the 
grain boundaries follow preferential paths. With the dots 
(d, completely filled holes) there is almost no grain bound-
ary visible on top of the structures (the cracks are separa-
tion-induced defects). With the checkerboard-type pattern 
(e) the grain boundaries run along the minimum distance 
between imprinted features (forming equal-sized pillow-like 

Fig. 8  Imprint of mixed structures into  MAPbBr3; stamp B, height 
H ≈ 450 nm . a, d Stamp with holes of ≈ 1 µm diameter; b/e check-
erboard-like structures; c, f lines between a wide elevated stamp 

structure (left) and a wide cavity (right). Top row: Underfilled cavi-
ties, 10 bar, 150 °C; CL-process. Bottom row: Filled cavities, 100 bar, 
150 °C; d HL-process, e/f) CL-process
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grains) and with the line structures (f) grain boundaries run 
almost perpendicular to the line direction. (The Support-
ing Information, Fig. S-8, gives further examples. When a 
fine-grained pristine layer is imprinted, the effect is already 
visible but not as distinct as with larger grains.) Obviously, 
the grains of the polycrystal have re-configured upon cavity 
filling and are no longer completely random.

To unveil potential reasons for such a re-configuration of 
the grains it is important to be aware of three facts. The first 
fact is that with  MAPbBr3 layers of typically ≈ 500 nm thick-
ness the grains always span the whole layer thickness after 
flattening and/or imprinting at 150 °C (‘columnar grains’). 
This implies that grain boundaries observed on top of the 
layers cross the layer almost perpendicularly. The second 
fact is that these grains always feature a < 100 > -orientation 
in vertical direction (due to heterogeneous nucleation [73]), 
and this preferential orientation does not change during 
imprint [18, 19]. The third fact is that during patterning of 
the layers by thermal imprint at 150 °C the temperature does 
not only provide mobility to enable gliding (movement of 
dislocations) but may also induce grain growth (movement 
of grain boundaries), as already addressed and investigated 
in detail earlier [22]. Both processes, patterning and grain 
growth, are operative simultaneously. When patterning is 
performed into a pre-flattened layer the grains have already 
reached a size of 0.8–1 µm (as typical of a CL-process at 
150 °C). Further growth during patterning may be small and 
thus less discernible (growth proceeds with time according 
to ~ t1∕3 [22]). Therefore, the final grain sizes observed when 
patterning pre-flattened and pristine layers are comparable. 
But even without distinct grain growth during patterning 
the movement of grain boundaries is thermally enabled and 
may lead to the re-configuration of the grains as observed. 
There are two potential sources to interpret this phenom-
enon, depending on the internal stress of the layer.

(1) Re-configuration may result from re-crystallization 
[74]. Typically, re-crystallization (nucleation of new 
grains and their subsequent growth) occurs in highly dis-
ordered/strained regions, starting, e.g. from grain bounda-
ries or dislocation clusters. Disordered crystals feature a 
high deformation energy; when dislocation movement and 
potential mutual annihilation (recovery) is handicapped, 
the energy cost to build new grains (and to absorb disloca-
tions by their growth) is much lower than the energy cost 
to overcome dislocation clusters [30]. A high dislocation 
density is, e.g. conceivable below large imprinted struc-
tures; in fact, there is some evidence for re-crystallization 
there (see Supporting Information, Fig. S-9), as the grain 
size is definitely smaller than within the surrounding 
filled part of the cavities; obviously, the incubation time 
characteristic of re-crystallization is low compared to the 
processing times involved with imprint at 150 °C. With 
small imprinted structures, dislocation clusters are instead 

conceivable within narrow cavities, due to material injec-
tion from different sides (activation of primary and sec-
ondary glide systems) in combination with stamp contact. 
Our investigations show that complete filling of the stamp 
cavities is a prerequisite to enable grain re-configuration. 
Then the stamp represents a fixed, rigid boundary that ena-
bles establishing a state of high stress in the filled cavities 
of Fig. 8d, e, with a high density of dislocations. Re-crys-
tallization starts from (near) the centers of the filled stamp 
cavities; growth of these new grains explains the course of 
the grain boundaries observed in the experiments as the 
positions where adjacent growing grains meet. However, 
maintaining the vertical < 100 > -orientation with re-crys-
tallization would presume a heterogeneous nucleation of 
the new grains, e.g. at the stamp. The lateral orientation 
of the new grains formed might differ from the one before 
imprint.

(2) Re-configuration may result from a minimization of 
the interface energy. Besides strain related with the accu-
mulated dislocations, the energy of the polycrystalline 
layer results from the internal and external interfaces. The 
energy of grain boundaries as internal interfaces amounts 
to �gb ⋅ Agb , their energy per area times the respective area. 
Typically, �gb is almost independent from the orientation 
with wide-angle grain boundaries as they exist between 
neighboring grains [30]. With columnar grains, the exter-
nal interfaces to the top and bottom add. In context with the 
heterogeneous nucleation during layer preparation [73] and 
the resulting < 100 > -orientation of the grains, our previous 
investigation [22] suggested that the interface energy to the 
substrate is negligible, whereas the interface energy to the 
stamp is finite. When the interface area to stamp and sub-
strate stays constant (fully filled cavities), solely the grain 
boundary area is decisive for the total energy related with 
interfaces. Therefore, a low energy state may be obtained 
simply by reducing the overall grain boundary area. This 
has two different consequences. On the one hand, when 
the perovskite structures are separated from each other the 
grain boundaries run in the residual layer only and avoid the 
elevated perovskite structures; this occurs with ‘negative’ 
stamp structures (DC > 50%), as with Fig. 8d. The perovskite 
dots are free from grain boundaries. (To some degree this 
is also observed when starting with a small-grained pristine 
layer, see Supporting Information, Fig. S-10). On the other 
hand, the perovskite structures may be largely continuous as 
with the linear gratings or with ‘positive’ stamp structures 
(DC < 50%), as with Fig. 8e, f. In that case the grain bounda-
ries run along local positions of minimum width of the pat-
terned top part of the layer (height H), resulting in a mini-
mum contribution of grain boundaries to the total energy; 
such a re-configuration, though driven from the top part, also 
applies to the bottom part, as the grains remain ‘columnar’ 
with vertical grain boundary walls—any deviation from a 
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columnar structure is counter-intuitive as it would increase 
the total grain boundary area and thus the energy.

Independent from potential reasons, this re-configuration 
of the grains in the polycrystalline perovskite layer stimu-
lates novel objectives. Figure 8e suggests that patterning by 
thermal nanoimprint may induce the formation of non-ran-
dom grains; it seems to be possible to ‘shape’ the columnar 
perovskite grains by imprinting. Of course, such an effect 
cannot increase the grain size characteristic of the material 
used and the process applied for grain coarsening [22]; this 
‘natural’ grain size represents an upper limit for the respec-
tive polycrystalline layer. As a consequence, ‘grain shaping’ 
by imprint will work under specific geometric correlations, 
only.

3.4.3  Grain shaping and grain size

To identify the impact of the ‘natural’ grain size and of the 
geometric issues with ‘grain shaping’ this section addresses 
the geometries dictating the mechanics of the imprint pro-
cess, taking the example of periodic gratings. These are the 
initial layer height h0 , the lateral geometries of the stamp 
(the width of the elevated structures s and the width of 
the cavities w ) and the stamp height H . We found that the 
match-up between these geometries and the gliding under 
45° sets perovskite-specific boundary conditions for the 
imprint, resulting in distinctly differing results when the 
‘natural’ grain size differs.

Figure 9 gives two examples. Patterning was performed 
into a flattened layer (initial grain size 0.8–1 µm) and a pris-
tine layer (initial grain size ≈ 240 nm) with (a) and (b), 
respectively; obviously the initial size of the grains cannot 
account for the differing experimental result (a fact that was 
already indicated with smaller grains in Fig. S-8c/d of the 
Supporting Information). Figure 9a refers to the material 
used in the current work, Fig. 9b refers to a material inves-
tigated earlier [21, 33]; the latter features a very high purity. 
We already found that under comparable conditions (grain 
growth in a CL-process at 150 °C, 100 bar) both materials 
exhibit distinctly differing grain sizes, 0.8–1 µm and 3–4 µm 
[22], in accord with Fig. 9.

The grain boundaries cross the imprinted lines at right 
angles in Fig. 9a, similar to Fig. 8f. Due to ‘decoration’ by 
electron beam irradiation some of the grain boundaries are 
opened and thus clearly discernible. The deep trenches indi-
cate that in fact the grain boundaries are vertical, within the 
upper (patterned) part and the lower (continuous) part of the 
layer as well, as already addressed. The puzzling evidence is 
that the grains are ‘aligned’ to the imprinted structures, the 
grain structure is far from random, a fact less obvious with 
Fig. 8f. Essentially, we see irregular hexagons of different 
height (along the lines); their maximum grain dimension 
perpendicular to the lines equals the pitch of the imprinted 

line field, here 800 nm. The fact that the grain dimensions 
are rather smaller than those of the starting layer suggests 
that re-crystallization occurs with the imprinted grating, too 
(potential re-crystallization centers are indicated in Fig. 9a).

This confirms and strengthens the novel opportunity 
already indicated in Fig. 8e, namely patterning-induced 
‘shaping’ of grains, though the degree of order obtained is 
smaller with the grating. The result suggests that varying the 
duty cycle of such a grating stamp may affect the final shape 
of the hexagons (the width of the imprinted lines defines the 
space available for zig–zag grain boundaries in the residual 
layer). We further hypothesize that such hexagons represent 
a relatively stable grain morphology that will not change 
when the imprint time is increased. Any further growth of 

Fig. 9  Linear gratings of differing geometry imprinted into 
 MAPbBr3. a Top view, grain boundaries visualized by electron beam 
irradiation; grain boundaries and potential re-crystallization centers 
are marked. Pre-flattened layer, initial grain size 0.8–1 µm; stamp B, 
height H ≈ 450 nm ; CL-process, 150 °C, 100 bar. b Cross sectional 
view; the large grains were obtained with a perovskite-precursor of 
highest purity. No pre-flattening, initial grain size ≈ 240 nm; 2P-pro-
cess, 150 °C, 25/100 bar. The stamp (as used in a previous publica-
tion) has a height of H ≈ 160 nm as well as lateral structures of s ≈ w 
≈ 150 nm
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the grains perpendicular to the grating lines would require 
a (temporary) increase of the grain boundary area, which is 
less likely.

With Fig. 9b only a few grain boundaries are visible. In 
contrast to Fig. 9a, these grains have random geometries 
(see also top view in the Supporting Information, Fig. S-11). 
Even so, detailed inspection reveals that wherever a grain 
boundary crosses an imprinted line its course is perpen-
dicular to the filled cavities (see arrow). Thus, the course of 
the grain boundaries across the line field proceeds in single 
steps, one step per line; within the filled cavity the course is 
perpendicular to the lines; in the imprinted space between 
it kinks at the structure edges and proceeds under an angle 
to connect with the next perpendicular part. This result can 
hardly be explained by re-crystallization, the more so as 
no grain boundaries are visible between the filled cavities. 
However, it is well-understood on the basis of a minimum 
grain boundary energy.

The minimization of the grain boundary energy is also 
well-known as the main driver for grain growth [75, 76]. 
As the imprint at 150 °C combines patterning with grain 
growth, Fig. 9b suggests that grain growth is the dominat-
ing process resulting in the large grains observed. Figure 9a 
rather indicates a differing situation, namely that pattern-
ing is dominating over grain growth; patterning could have 
occurred first, followed by re-crystallization and growth of 
these new grains up to some local energy minimum (stable 
hexagons). Geometrical analysis of both situations leads to 
the following statements.

With Fig. 9a, the imprinted structures ( s ≈ 300 nm ) are 
comparable to the initial layer thickness ( h

0
≈ 400 nm ). As 

a consequence, well-defined gliding into the small adjacent 
cavities is established under pressure from the beginning 
(similar to Fig. 7c, right). Upon filling from differing direc-
tions via primary as well as secondary glide systems (see 
sketch in Fig. 6b) and subsequent accumulation of dislo-
cations upon stamp contact the perovskite in the cavities 
becomes highly disordered; mechanical energy is reduced 
by re-crystallization, followed by the growth of these new 
grains. Grain growth optimizes interface energy and thus 
seeks to decrease the overall grain boundary area. This is 
well accomplished when, as far as possible, the grain bound-
aries run within the (thin) residual layer (here hr ≈ 120 nm ), 
only. Within the filled cavities the layer height amounts to 
hr + H ≈ 570 nm , so that grain boundaries of similar length 
across the filled cavities contribute about 5 times more to the 
interface energy than those within the residual layer. The 
lower hr compared to H , the higher the benefit of this pref-
erential course of the grain boundaries.

With the earlier investigation exemplified in Fig. 9b the 
initial layer thickness was comparable ( h

0
≈ 300 nm ), but 

now the pressurized stamp structures were much smaller, 
s ≈ 150 nm . As a consequence, gliding under pressure was 

not efficient to shift material into the cavities; geometry pro-
hibits to take advantage of the 45° glide plane orientation. 
The glide planes rather point toward neighboring elevated 
stamp structures (see sketch in the Supporting Informa-
tion, Fig. S-12a). Instead of filling the stamp structures the 
process is largely similar to our flattening process used to 
achieve large-grained starting layers. Accordingly, the pri-
mary response of the perovskite layer is to increase its grain 
size which obviously worked excellently. Only with very 
large grains (≈ 4 µm mean diameter) cavity filling occurs, 
turning the process somewhat towards imprint into a single 
crystal (Fig. 1c/f), without re-crystallization. Any disor-
dered volume inside the filled cavities is small compared 
to the thick residual layer remaining (here hr ≈ 250 nm ). 
The situation is dominated by grain growth, and interface 
energy is minimized by the course of the grain boundaries 
at 90° to the lines. Though the energy benefit is less pro-
nounced than with Fig. 9a (due to the lower height ratio, 
(

hr + H
)

∶ hr ≈ 400 ∶ 250 ≈ 1.6 , only) the grain boundaries 
cross the filled cavities at 90°; we attribute this to the high 
mobility provided to the grain boundaries by the high purity 
of this material, which also enabled grains of ≈ 3–4 µm size.

Beyond these geometrical relationships the result of 
Fig. 9b will in parts also result from the process used, a 
2P-process (see Supporting Information, Fig. S-1). Briefly, 
during the heat-up phase a pre-pressure (here 25 bar) was 
active; just when the process temperature of 150 °C was 
reached the full imprint pressure of 100 bar was applied. 
So, cavity filling during heat-up was also hampered by the 
reduced pressure level, in addition to the unfavorable geo-
metric situation. All in all, there was ample time for grain 
growth during heat-up. (According to our previous inves-
tigation a mean grain size of ≈ 2.5 µm is easily achieved 
within the equivalent time for grain growth during heat-up, 
as defined there, tequ ≈ 11 min [22].) Patterning of the poly-
crystalline perovskite requires the full imprint pressure of 
100 bar, as already shown earlier (Figs. 1,2, and 8).

3.5  Consequences

The results of the current investigation shade novel light 
on the thermal nanoimprint of polycrystalline perovskite 
layers; though our study was obtained with  MAPbBr3, 
we expect that our reasoning will be transferable to other 
(hybrid) halide perovskites as well, possibly under adap-
tion of the temperature. Consequences to be drawn refer to 
processing (layer preparation and imprint) and to geometric 
aspects (initial layer height and stamp geometries) and cor-
respond to our layer characteristics (grain size). Finally, an 
exemplifying procedure for practical implementation of the 
consequences in experiments is given.
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3.5.1  Processing

Very small grains (100–200 nm) are less beneficial for ther-
mal nanoimprint since the grain boundaries impede gliding 
and thus limit the replication fidelity. Therefore, starting 
with a large-grained layer (favorably ≈ 1 µm) is advised. 
This can be achieved by the flattening process used here 
prior to the actual imprint, but similarly also by a conven-
tional grain coarsening process under nitrogen.

With imprint at 150 °C an imprint pressure in the range 
of 100 bar is suited to fill micron-sized stamp cavities and to 
provide an adequate replication fidelity, despite polycrystal-
linity. An increase of the imprint time may be required when 
the cavity volume is large.

With large grains the CL-process demonstrated its suit-
ability to replicate stamp structures up to some 10 µm. How-
ever, when starting with small grains, a 2P-process may be a 
time-efficient alternative to provide initial grain growth and 
subsequent patterning in a single process. It profits from the 
long heat-up time typical of a parallel-plate imprint system 
for coarsening of the grains, followed by patterning within 
the actual imprint phase at high pressure; to avoid interfer-
ence between both stages the pressure during heat-up should 
be kept low, in the range of 10 bar.

3.5.2  Geometries

The initial phase of the thermal imprint of polycrystalline 
perovskite layers with preferential < 100 > -orientation is 
dictated by geometric correlations, as addressed below. For 
efficient patterning the 45° glide direction of the perovskite 
should enable material transport from below the elevated 
regions of the stamp (size s ) into the cavities (size w ), a fact 
depending on the initial layer thickness ( h0).

When s,w > h0 , complete replication is delayed as a 
transport of material in the thin layer over large distances 
is required which, in addition, is hindered by the grain 
boundaries. In consequence of a high dislocation density 
re-crystallization may occur below the imprinted patterns.

When s ≈ w < h0 , grain growth dominates over pat-
terning in the initial phase of imprint as the glide direc-
tion does not promote cavity filling. Re-crystallization is 
hardly observed, however, the grain size achieved with the 
patterned perovskite is large, comparable to a flat pressing 
process.

When s ≈ w ≈ h0 , patterning dominates over grain 
growth in the initial phase of imprint as the glide direction 
promotes cavity filling. Highly disordered material in the 
filled cavities undergoes re-crystallization. Growth of these 
new grains may then be limited by the imprinted topography. 
This represents a novel option, ‘grain shaping by pattern-
ing’ via nanoimprint. It enables to design grains of highly 
similar size and/or arrangement. It works best with a stamp 

featuring structures that are high compared to the residual 
layer remaining.

3.5.3  Implementation

Our experiments suggest that patterned polycrystalline per-
ovskite layers for opto-electronics with a highly reduced 
defect density are obtainable by thermal nanoimprint, 
namely by reducing the overall grain boundary area. The 
procedure in praxis could be as follows.

 (i) Processing conditions. Initially, the processing con-
ditions should be defined/chosen, namely pimp , Timp 
and timp . For time efficient treatment of our material 
in a typical parallel plate imprint system we propose 
pimp = 100 bar , Timp = 150 ◦C , timp = 5 min . (With 
perovskites other than  MAPbBr3 or  MAPbI3 a differ-
ent choice may be identified by means of pre-exper-
iments.)

 (ii) Grain growth potential. Then, the grain growth 
potential of the layer under consideration (initial 
thickness h

0
= 400 − 800 nm ) should be estimated. 

Therefore (after spin-coating and pre-bake under 
 N2 at 100–120 °C) the layer should be imprinted 
with a flat stamp (at the pimp , Timp chosen), and the 
mean grain size (diameter) should be evaluated. A 
prolonged imprint time in this step (about 1 h) will 
disclose the practical limits (referring to the material 
and the procedure of layer preparation used).

 (iii) Potential for ‘grain shaping by patterning’. Next fol-
lows a rating of the potential for ‘grain shaping by 
patterning’ by inspection of the stamp available. To 
minimize the overall grain boundary length within 
elevated structures (the filled cavities) the stamp 
height H should be adequate to enable complete fill-
ing of the cavities at a low residual layer hr ( H > hr ); 
– hr and filling are easily calculated from volume 
conservation. Cavities with a mean width 2w slightly 
smaller than the obtainable grain size (see ii) are, in 
addition, suited to utilize the option of ‘grain shaping 
by patterning’. (Use of a replica (OrmoStamp on Si 
or glass) may facilitate the provision of a stamp with 
suitable geometries.)

 (iv) Nanoimprinting. Finally, for Nanoimprinting the pre-
baked layer with the patterned stamp we propose a 
2P-process (low pressure during heat-up, 10 bar; full 
pressure pimp thereafter) at Timp for timp , as chosen. 
This enhances grain growth before patterning starts. 
Alternatively, a pre-flattened layer may be used. (Iter-
ation with a somewhat corrected initial layer height 
may be helpful to improve the result.)
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4  Summary and conclusion

We investigated surface patterning of perovskite layers via 
thermal nanoimprint, here with  MAPbBr3. Shaping was 
performed at 150 °C and 100 bar (5 min), and stamps with 
varying structures were used to induce differing experimen-
tal conditions. Analogies with the nanoimprint of polymers 
could identify macroscopic similarities, as for instance with 
transport over a limited range, when imprinting wide struc-
tures. On a microscopic scale the shaping process differs. 
In particular, thermal nanoimprint with perovskites pro-
ceeds under the gliding of dislocations on specific crystal-
lographic glide planes in specific directions, similar as with 
the plastic deformation of polycrystalline metals. For our 
layers with preferential < 100 > -oriented columnar perovs-
kite grains the glide system activated during imprint is of 
the (110) < 110 > -type, only, where gliding proceeds at 45° 
with respect to the imprint direction. A concept was devel-
oped to explain material transport from below the elevated 
stamp structures into the cavities and was refined to cover 
specific issues related to polycrystalline layers. This concept 
is able to explain the experimental results, namely that a 
single crystal is easier to imprint (reduced pressure or time) 
than a polycrystalline layer, in particular with small grains in 
the range of 100 nm. Moreover, a closer look at the imprint 
situation indicates that due to the 45° glide directions the 
geometric correlation existing in the initial phase of imprint 
is crucial for the result obtained. This is in particular the case 
with structures of ≤ 1 µm, as typical of nanoimprint. The 
main geometries entering are the initial layer thickness and 
the width of elevated structures and cavities in the stamp. 
We found that with a specific relationship of these geom-
etries either grain growth or surface patterning will dominate 
the initial imprint phase. As a consequence, the grain size 
obtained is either dictated by the time at high temperature 
or, alternatively, by a regular imprinted pattern. The latter 
pinpoints a novel potential with the nanoimprint of perovs-
kites, ‘grain shaping by patterning’.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00339- 022- 05521-0.
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