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Abstract
The quality and the stability of devices prepared from polycrystalline layers of organic–inorganic perovskites highly depend 
on the grain sizes prevailing. Tuning of the grain size is either done during layer preparation or in a post-processing step. 
Our investigation refers to thermal imprint as the post-processing step to induce grain growth in perovskite layers, offering 
the additional benefit of providing a flat surface for multi-layer devices. The material studied is  MAPbBr3; we investigate 
grain growth at a pressure of 100 bar and temperatures of up to 150 °C, a temperature range where the pressurized stamp 
is beneficial to avoid thermal degradation. Grain coarsening develops in a self-similar way, featuring a log-normal grain 
size distribution; categories like ‘normal’ or ‘secondary’ growth are less applicable as the layers feature a preferential ori-
entation already before imprint-induced grain growth. The experiments are simulated with a capillary-based growth law; 
the respective parameters are determined experimentally, with an activation energy of Q ≈ 0.3 eV. It turns out that with 
imprint as well the main parameter relevant to grain growth is temperature; to induce grain growth in  MAPbBr3 within a 
reasonable processing time a temperature of 120 °C and beyond is advised. An analysis of the mechanical situation during 
imprint indicates a dominance of thermal stress. The minimization of elastic energy and surface energy together favours 
the development of grains with (100)-orientation in  MaPbBr3 layers. Furthermore, the experiments indicate that the purity 
of the materials used for layer preparation is a major factor to achieve large grains; however, a diligent and always similar 
preparation of the layer is equally important as it defines the pureness of the resulting perovskite layer, intimately connected 
with its capability to grow. The results are not only of interest to assess the potential of a layer with respect to grain growth 
when specific temperatures and times are chosen; they also help to rate the long-term stability of a layer under temperature 
loading, e.g. during the operation of a device.
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1 Introduction

Thin film devices typically have to rely on the properties 
of their layers [1] being either amorphous or polycrystal-
line. With polycrystalline layers, the size of the crystallites 
depends on the preparation method and the procedure fol-
lowed. The morphology of the layers determines all, their 
mechanical [2, 3], their thermal [4, 5] and their electrical 
properties [6, 7]. With semiconductors, generation/recom-
bination represents a further issue, determining e.g. the 
optical properties [2, 8]. As the defects associated with 
grain boundaries may induce losses, their volumetric frac-
tion should be low compared to that of the ordered grains. 
As a consequence, the grain size is a crucial parameter, not 
only with conventional semiconductors like Si [9–11], but 
also with a number of currently emerging materials, such 
as halide perovskites [12–15].

The grain size can be regulated either during or after 
layer deposition [16]. In view of large grains, the lat-
ter is of benefit [17, 18]; post-processing alleviates the 
demands on the formation of the layer itself and postpones 
the achievement of large grains to a subsequent step, thus 
facilitating the control of the overall process. Most often 
the post-processing step is a simple thermal annealing [15, 
17, 19], e.g. under inert atmosphere. Our investigation 
concentrates on thermal imprint as the post-processing 
step [20–24] to induce grain growth with polycrystalline 
layers of metal halide perovskites.

Grain growth during thermal annealing was investigated 
with metals [17, 19, 25] and conventional semiconductors 
[19, 26–28]; it involves the movement of grain bounda-
ries, a diffusion-related process promoted by temperature. 
In particular, the grain growth in polycrystalline layers is 
known to feature specific characteristics. As long as the 
grains are small (small compared to the layer thickness), 
they grow in three dimensions, as in a bulk material. Basi-
cally, growth is capillary driven; the mean curvature of 
the grain surface decreases with ongoing grain growth. 
However, this ‘normal’ growth comes to a stagnation 
when the grains span the thickness of the layer, forming a 
columnar structure. A stagnation of growth (the so-called 
specimen thickness effect [1, 28–30]) is due to the role of 
the surfaces of the layer. Whereas in 3D-growth the over-
all energy of the system is characterized by the curvature 
and just the energy of the interfaces between the grains 
(the grain boundary energy, �gb ), 2D-growth in layers with 
columnar grains additionally involves the energy of the 
free surface, �s0 , and the energy of the interface to the 
substrate, �sub , the more the larger the respective lateral 
areas of the grains. As a consequence, it was found that 
the grain size of a thin layer features an upper limit in 
the range of 2–3 times the layer thickness h [1, 17, 28]. 

As to be expected from its physical roots, the mean grain 
radius then is dictated by these additional parameters com-
pared to �gb and amounts to about h ∙ �s0∕�gb ; this relation 
assumes a force balance of �gb and �s0 at the surface [29] 
but neglects anisotropy effects [30, 31]. With normal grain 
growth at stagnation, the grain size follows a log-normal 
distribution; the orientation of the grains with respect to 
the substrate is random.

Grain growth beyond stagnation (‘abnormal’ or ‘sec-
ondary’ growth) is caused by anisotropy effects [1, 17, 26]. 
Whereas grain boundary energies are largely independent 
from orientation, surface/interface energies of a crystal are 
not [32]; �s0 depends on orientation. With secondary growth, 
grains with a low surface (and interface) energy grow fur-
ther by absorbing the grains with a higher surface energy, 
until all grains are secondary grains. During this second-
ary growth, a bimodal grain size distribution exists, with an 
increasing mean size of these secondary grains that overlaps 
(and more and more dominates) the former stagnated distri-
bution; the final secondary grains again exhibit a single log-
normal distribution. Typically, secondary grains feature a 
preferential orientation in vertical direction, a ‘texture’ [17], 
exposing their lowest energy surface; the lateral orientation 
of the single grains is random, with distinct grain boundaries 
in between. A non-random lateral orientation would require, 
in addition, a crystalline substrate as present, for example, 
with Si. Such an ‘epitaxial’ growth [16, 25] tolerates just 
a selected number of lateral orientations, with small-angle 
grain boundaries between the final secondary grains.

One of the questions to be answered by the present 
investigation is to what extent these concepts can be trans-
ferred/applied, on the one hand, to polycrystalline layers of 
organic–inorganic metal halide perovskites and, on the other 
hand, to thermal imprint as the post-processing technique. It 
has already been shown that thermal imprint in fact induces 
grain growth in perovskite layers [13, 20, 21, 33]. Earlier 
work [21] has even demonstrated that thermal imprint is 
comparable to annealing under nitrogen as the layer is tightly 
confined between stamp and substrate during imprint due to 
the pressure applied; the stamp acts as a cover that shields 
the layer from the environment, thus enabling processing 
under ambient air at elevated temperature without layer deg-
radation. Furthermore, after imprint the perovskite surface 
reproduces the flat or structured surface of the stamp.

The current investigation focusses on grain growth in 
polycrystalline layers of methylammonium lead bromide 
 (MAPbBr3) by means of thermal imprint. To induce grain 
growth, the heated layer is pressed by a flat stamp (‘pla-
nar hot pressing’, PHP). In order to identify the dominating 
driver for grain growth during PHP, we perform experiments 
under ‘hot loading’ conditions, i.e. introducing the sample in 
the pre-heated imprint system; by thus skipping the equip-
ment-specific heat-up phase, experiments at well-defined 
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imprint conditions (temperature Timp, pressure pimp, time 
timp) are feasible in order to identify the impact of tempera-
ture and pressure on grain growth. To enable swift loading, 
the imprint stack (sample and stamp) is wrapped together 
in an Al foil. As the stamp is smaller than the perovskite-
covered substrate, every imprinted sample features both, a 
region covered by the stamp under imprint pressure and a 
region without stamp that was simply annealed. This allows 
evaluating the grain size after imprint with and without 
pressurized stamp under otherwise identical conditions. To 
follow the progression of grain growth, the imprint time is 
varied. Complementary experiments with thermal annealing 
under nitrogen provide information on grain growth without 
imprint, i.e. during conventional post-treatment, for the pur-
pose of direct comparison.

A number of factors may affect grain growth during 
thermal imprint. The most obvious are the external control 
parameters pressure and temperature, and our primary goal 
is to understand their influence. However, additional imprint-
specific parameters may be involved that largely preclude 
external control. For instance, the preparation of continuous 
layers requires a high-energy substrate to improve the wet-
ting with the perovskite solution; conversely, the separation 
of the stamp from the sample after imprint requires a low 
surface energy of the stamp. For a successful imprint, these 
parameters should not be varied substantially; we leave them 
unchanged. Furthermore, the coefficient of thermal expan-
sion of the perovskite differs from that of the substrate (and 
stamp) so that thermal stresses are inevitable when tempera-
ture changes; thermal stress is also known to affect grain 
growth, e.g. with metals [17, 29]. We will address these 
factors in context with the experimental findings.

Finally, with the impact of temperature and pressure at 
hand, we will complement the experimental findings with 
simulations using a capillary-based growth law [19]; the 
parameters required therefore are extracted from the experi-
ments. These simulations are appropriate to mirror the grain 
growth observed; moreover, they reveal the prospects and 
the limitations of post-processing by thermal imprint in 
order to induce grain growth in perovskite layers, by the 
choice of the processing parameters and of the material.

The present reasoning is not only appropriate for imprint 
with a flat stamp but also for imprint with a patterned stamp. 
It is the basis for a direct patterning of perovskite layers in 
view of thin film devices and, moreover, for assessing their 
thermal integrity under operation.

2  Experimental

The experiments were performed with spin-coated per-
ovskite layers on silicon substrates. The precursor solution 
contains 504 mg methylammonium bromide, MABr (purity 

99.999%, Dyesol) and 488  mg lead acetate, Pb(AcO)2 
(purity 98%, TCI). For comparison, also a lead acetate tri-
hydrate was used (purity 99.999%, Sigma-Aldrich) applying 
an adapted recipe as investigated in detail earlier [21]. The 
components were mixed together in 1 ml anhydrous dimeth-
ylformamide, DMF (purity 99.99%, Sigma Aldrich), and 
the solution was stirred for 24 h at 60 °C. Then, the layers 
were prepared by spin coating and soft baking; the respec-
tive parameters are 5000 rpm, 3 min and 75 °C or 125 °C, 
2 min. The whole layer preparation took place in nitrogen 
atmosphere; the procedure is similar to Ref. [23]. Directly 
before spin coating, the substrates were cleaned with citric 
acid (wiping with a cotton bud) followed by a 15-min treat-
ment with deionized water and isopropanol in an ultrasonic 
bath. Finally, the surface was activated by VUV treatment 
with an excimer lamp for 1 min (XERADEX 20, Radium, 
Germany), resulting in a surface energy of the substrate 
of 60–70 mN/m [34] to improve wetting. Even with this 
pre-treatment of the substrate, the layer morphology varied 
somewhat from sample to sample, with more notable varia-
tions from batch to batch.

For the imprint experiments, a proprietary system was 
used (for characteristics see [35, 36]). This system offers 
high experimental flexibility; it enables e.g. short-time 
imprints and loading at processing temperature as required 
for the current investigation. Our standard process for the 
imprint of perovskites is shown in Fig. 1a; when a flat stamp 
(here a piece of silicon) is used, we call this ‘planar hot 
pressing’, PHP. When the imprint stack is loaded, the pres-
sure is applied first; this assures a tight contact between 
stamp and sample and seals the perovskite from the ambient 
atmosphere, thus preventing the layer from degradation [21]. 
Then, the temperature is raised and held constant for the 
imprint time, followed by a cool down to room temperature 
where the imprint stack is unloaded [23]. With  MAPbBr3, 
common imprint parameters are a pressure of  pimp = 100 bar, 
a temperature of  Timp = 150 °C and a time of  timp = 5 min.

To get the idea of grain growth in a PHP process, differ-
ent situations were studied under isothermal conditions, as 
marked in Fig. 1a; these are (1) imprint at room tempera-
ture, (2) imprint at some mean temperature during heat-up, 
80 °C, and (3) imprint at the targeted imprint temperature, 
150 °C. These situations should disclose the effect of both 
external parameters, the pressure and the temperature on 
grain growth. To avoid any side-effect due to the differing 
heat-up history, we conducted these experiments as indi-
cated in Fig. 1b. We skipped the heating process and loaded 
the imprint stack into the hot, pre-heated imprint system 
(‘hot loading’, HL) followed by unloading at the end of a 
specified imprint time. The pressure stays at 100 bar.

As the stamp, a piece of silicon (2 × 2  cm2) was used 
provided with an anti-sticking layer [34]; its surface energy 
is low, 10–15 mN/m. On purpose, the size of the sample was 
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larger than that of the stamp (2.5 × 2.5  cm2), see Fig. 1c. This 
yields an imprinted and an annealed part allowing inspection 
of both situations with every sample. In view of the sample-
to-sample variations observed, this is crucial to separate 
the effect of pressure and temperature on grain growth. To 
limit the exposure of the sample to ambient atmosphere, the 
imprint stack (heat conducting foil / sample / stamp / heat 
conducting foil) was wrapped into an Al foil (EN-AW1050A, 
30 µm, Alujet-Universal GmbH), forming a closed sachet 
[21]. The heat conducting foil (KU-CG30/R, 200 µm, Boyd 
Corporation GmbH) together with the Al represents a cush-
ion that assures good contact to the press plates and a homo-
geneous pressure distribution during imprint. The sachet 
is prepared in ambient atmosphere. Beyond shielding the 
sample from free convection, its primary purpose for our 
experiments is to enable prompt loading at an elevated tem-
perature, the key to experiments with short process times. 
With each sample, a strip about 5 mm wide was cleaved 
before imprinting to monitor the pristine layer.

The grain size was evaluated from scanning electron 
microscopy, SEM (S-FEG XL 30 S, Thermo Fisher Scien-
tific). The inherent noise of the SEM micrographs prohibits 
an automated analysis of the grain size. Therefore, we meas-
ured the grain dimensions (approximate diameter D) manu-
ally using the software Fiji. All grains that were clearly iden-
tified from the micrographs were evaluated. Thus, very small 
grains may have been missed. The mean number of grains 
evaluated for a grain size distribution typically is at least 500 
grains. Furthermore, the vertical grain orientation was char-
acterized by XRD (X-ray diffraction) measurements (Bruker 
D2 Phaser) at room temperature (~ 25 °C) within a scanning 
range of 10° to 60° 2θ, applying a step size of 0.02° and a 
step time of 0.05 s. The diffractometer was operated with a 
current of 10 mA, a voltage of 30 kV using a  CuKα radia-
tion source (λCuKα1 = 1.54059 Å, λCuKα2 = 1.54449 Å). Fur-
thermore, AFM (atomic force microscopy) measurements 
(Bruker Innova System, tapping mode, tip: RTESPA-300; 
tip radius: < 12 nm) were performed for selected samples.

3  Results and Discussion

3.1  Basis of investigation

The current investigation on grain growth with  MAPbBr3 
layers starts by presenting the pristine layers used and their 
characteristics. State-of-the-art theoretical concepts repre-
sent the framework for establishing realistic expectations 
about the impact parameters relevant to grain growth of 
polycrystalline layers known from literature. Finally, the 
PHP process itself as performed with our specific thermal 
imprint system defines the experimental framework on hand 
to induce grain growth.

3.1.1  Pristine layer characteristics

To provide a well-funded basis for our investigation, we 
characterized the pristine layers used for the imprint experi-
ments, as prepared by spin coating and soft bake at 125 °C. 
These layers may contain some residual solvent (boiling 
point of DMF is 153 °C) and, in addition, impurities from 
the acetate group [21]; the lead precursor used is the acetate 
Pb(Ac)2. SEM inspection indicates some waviness of the 
surface. A comprehensive impression is provided from a 
sample cross section, see Fig. 2a/b. In parts, the layer is quite 
compact; in other parts, it features hollows to the substrate 
interface. The latter looks as if the wavy surface represents 
a largely continuous ‘crust’ covering a loose bottom layer, 
featuring single more or less isolated crystallites. To test 
whether the apparent hollows exist at the cleaved front only 
we detached a part of the layer from the substrate by means 
of a gluing pad; Fig. 2c shows it from its bottom side. The 
crystals visible are cubic, as anticipated with  MaPbBr3. 
Single large crystals are visible; the majority of the grains 
has dimensions in accord with the mean grain sizes eval-
uated from top view SEM micrographs, ≈ 200 nm. To a 
large amount, the grains at the interface to the Si substrate 
(covered with native oxide) feature a (100)-orientation, with 
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Fig. 1  a) Typical temperature and pressure characteristics against 
time for the PHP process (‘planar hot pressing’). Temperatures under 
investigation are indicated by numbers (1–3). b) Temperature and 
pressure characteristics for a ‘hot loading’ (HL) process at a given 

temperature to follow grain growth. c) Sample after imprint with 
imprinted (green) and annealed (grey) area, as well as piece cleaved 
from the sample for potential control of the pristine layer
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some axial deviation. However, also some grains with rather 
a (110)-orientation are discernible (see inclination of almost 
45° in Figs. 2b/c); we also found a few grains featuring a tri-
angular interface geometry, indicative of a (111)-orientation. 
Characteristic XRD measurements taken from the surface 
are given in Fig. 2d; the diffraction pattern is dominated by 
the reflection of the (100) and (200) planes; the contributions 
of the (110) planes are only minor (see inset); (111) orienta-
tions seem to be below the limit of detection.

Figure 2a/b suggests that the nucleation of the perovskite 
occurs heterogeneously, starting from the substrate interface 
[37] and, in particular, from the free surface of the layer. 

The latter may result from the interaction of the gradient of 
solvent induced by evaporation in combination with the tem-
perature gradient during soft bake, increasing the solubility 
of the perovskite at the free surface;  MaPbBr3 features an 
inverse solubility [38].

The limited contact area with the substrate may account, 
among others, for the well-known deficient adhesion of per-
ovskite layers on a Si substrate; for remedy substrate prepa-
ration commonly involves measures to increase adhesion; for 
instance, earlier experiments had shown that the exposure 
of the substrate with an excimer lamp to increase its surface 
energy is beneficial to provide continuous perovskite layers 
on Si (see Supporting Information, Fig. S-1). Already with 
 MaPbI3, we found the contact of perovskite layers to the 
substrate to be limited [20], however, not as pronounced as 
with the current samples.

Revisiting the XRD measurements, Fig. 2d documents 
another issue less regarded so far when evaluating the 
results, sample-to-sample variations. The four samples 
shown here are chosen from the same batch (they were 
prepared in the same run from a single precursor solution). 
Obviously, intensities varying by up to about 20% and peak 
positions varying by up to 0.1° should not be interpreted. 
Similarly, the initial grain size varies somewhat; hence, the 
respective mean grain sizes of the pristine layers are denoted 
with the experiments depicted hereafter.

Moreover, the XRD results clearly show that all pristine lay-
ers primarily feature a (100)-orientation of the grains; differing 
textures were only minor (see arrows in Fig. 2d). We suggest 
that this is due to the primarily heterogeneous nucleation from 
the substrate interface and the free surface. In fact, heterogene-
ous nucleation at the substrate is reported as being typical of 
perovskite layers spin-coated from a precursor solution [14]. In 
view of nucleation and growth, it means that the (100) orien-
tated crystals of the perovskite crystal provide both, a surface 
free energy and an interface energy to the substrate that are 
low. From theory [13], it is well known that the (100)-planes 
of a  MAPbBr3 crystal feature the lowest surface energy, a 
factor of 6–8 smaller than with a (110)- or (111)-orientation. 
Calculated values amount to 64–128 mN/m [13], depending 
on surface termination. Thus, a (100)-orientation at the free 
surface holds the contribution of the film surface to the over-
all energy of the grain small. The substrate interface benefits 
even more in this respect; with a minimum surface energy of 
64 mN/m of the perovskite and a comparable surface energy 
of the substrate of 60–70 mN/m [34], the interface energy is 
very small (– it vanishes with �s0 ≈ �sub –), so that the contri-
bution of the bottom interface to the grain energy should be 
negligible, even when the real values of �s0 for the perovskite 
differ somewhat from the calculated ones (– due to the polar-
ity of the compound �s0 will be high). A low surface energy 
and a negligible interface energy with a particular orientation 
(100) are of outstanding benefit to the formation of columnar 
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grains spanning the whole layer thickness. We will address the 
consequences of the orientation of the pristine layer in detail 
in Sect. 3.2.

3.1.2  Fundamentals

Grain growth in polycrystalline materials has been addressed 
with diverse objectives. The basic concepts were developed 
with metals, where processing by hot and cold forming in com-
bination with annealing is determinant in tuning their mechani-
cal properties [39, 40]. With a transfer of these concepts to 
classical semiconductors (Si, Ge), the attention focussed on 
the morphology dependence of the electrical properties [4, 6, 
10, 11], where advances of microelectronics draw the interest 
on grain growth in thin layers on a substrate, with semiconduc-
tors and metals as well [16, 28, 41, 42]. Recently, grain growth 
with emerging organic or hybrid compounds has set a new 
focus on e.g. optical properties and their correlation with layer 
morphology [12, 14]. In particular with hybrid metal halide 
perovskites, it has become evident that large-grained layers are 
mandatory for high-quality devices [12, 23, 43]. Most often 
large grains are achieved by inducing grain growth in a post-
processing step [15, 17, 44]. When currently the post-process-
ing step with perovskites is imprint, the mechanical properties 
related with grain growth are of concern during preparation.

Basically, grain growth in a polycrystalline system serves to 
reduce the overall internal energy related with grain bounda-
ries, �gb characterizing their energy per area. The relative grain 
boundary area (per volume) is reduced by decreasing the cur-
vature of the grain boundaries, resulting in capillary-driven 
grain growth; the mean (equivalent) grain radius r increases. 
With pure materials, the capillary-driven growth rate follows 
[1, 16]

with M the grain boundary mobility featuring an Arrhenius-
type of temperature behaviour, M(T) = M0exp(−Qn∕kT) , Qn 
being the activation energy for grain boundary motion; M0 
is a material-specific constant. With spherical grains in the 
bulk of a material, the mean curvature � can be identified 
with 1∕r , resulting in an isothermal growth law of r2 ∝ t , or 
r ∝ t1∕2 , for the so-called normal growth [1, 28]. In praxis, 
the temporal evolution may differ from this ‘ideal’ case and 
growth is generally described as r ∝ t1∕n , or more precisely 
(including the initial radius r0 ) according to [16, 41]

with the growth exponent n differing from the ideal value 
of 2. Thus, with isothermal processing ( M = const ) the 
time evolution of grain growth is mainly independent from 

(1)
dr

dt
∝ M(T) ⋅ �gb ⋅ �

(2)r
n
− r

n

0
∝ M0 ⋅ exp

(

−
Qn

kT

)

⋅ t

temperature. (Of course, Eq. (2) has to be regarded as a 
numerical relation due to the unspecified value of n ; only 
with n = 2 it represents a physical relationship.) Compared 
to ‘normal’ growth, pure ‘secondary’ growth is fast; the 
respective growth exponent amounts to n = 1 [26, 28, 45]. 
Otherwise, a value of n ≈ 3 is reported with doped semi-
conductors [46] and also with the growth of non-equiaxed 
grains as typical of growth during deposition [19]. Though 
in praxis the growth exponent n may vary, the idealized situ-
ation with n = 2 is fully adequate for a basic assessment.

Normal grain growth with time ( n = 2, r0 = 0 ) is visualized 
in Fig. 3, giving a linear plot (a) and, in addition, a double-log 
plot (b) over a somewhat wider range. Different curves refer 
to different temperatures; the activation energy is taken from 
perovskite literature, Qn = 0.76eV  for normal growth [12]. 
The temperature range mirrors typical perovskite processing; 
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similarly, the range of grain sizes is typical, from 100 nm to 
some micrometres.

Starting with a certain initial grain size, r0 ≠ 0 will over-
write the curves at short times. Only when rn ≫ r

n

0
 the initial 

grain size can safely be ignored. Based on a tolerance of 
10%, this is the case with r ≥ (10)1∕nr0 . In praxis, r0 may 
not be negligible. We will re-address this practical issue in 
Sect. 3.2.1 in context with thermal annealing and in Sect. 3.3 
with respect to the evaluation of n from PHP experiments.

Figure 3 points to a number of practical implications 
from the growth law. (i) Growth is fast initially but slows 
down with time; doubling the grain size at T = const 
requires a fourfold time with n = 2 (see dots in Fig. 3). This 
raises the question of the significance of a time increase to 
achieve a targeted grain size. (ii) Treatment temperature 
accelerates growth substantially; this raises the question 
of the choice of the processing temperature in view of an 
achievable grain size within a realistic time span. (iii) With 
the growth law according to Eq. (2), the growth exponent 
n stays similar with any temperature chosen (temperature 
affects the grain boundary mobility M only); this raises the 
question whether such a constant growth exponent matches 
the behaviour of the material studied here,  MAPbBr3. (iv) 
Similar to an increase in temperature, an increase in the 
material-specific pre-factor M0 or a decrease in the activa-
tion energy Qn shifts the curves upwards; this raises the 
question as to what determines the value of M0 and Qn , or 
rather whether it is possible to improve these parameters.

Whereas the issues (iii) and (iv) will be addressed later, 
it is viable to draw consequences from (i) and (ii) for the 
design of meaningful grain growth experiments right now. 
In praxis, the processing time allowed will be limited; let 
us assume a maximum time of 30 min as an example, as 
marked in Fig. 3. Within this time, the grain size achiev-
able is highest with the highest temperature; a compensa-
tion of temperature reduction by an increase in treatment 
time seems less reasonable, particularly as the growth 
rate decreases with time (with n > 1 ). Thus, the highest 
temperature possible is the best choice for efficient grain 
growth. Of course, other issues may limit the processing 
temperature. For instance, it may be the system used for 
post-treatment. In case of perovskites, it is most often a 
physical issue, thermal decomposition. With our mate-
rial, a temperature of 150 °C had shown efficient grain 
growth along with negligible degradation under imprint 
conditions [21]; thus, we stay with this temperature for the 
current investigation. This temperature choice enables the 
design of convincing experiments; in view of grain growth, 
Fig. 3 suggests that temperatures as low as 80 °C-100°C 
may be less effective to induce substantial grain growth 
with hybrid metal halide perovskites, in accord with the 
literature [44, 47, 48].

3.1.3  PHP process

As already stated, the current investigation aims at under-
standing the post-processing results obtained with  MAPbBr3 
via ‘planar hot pressing’ (PHP, see Fig. 1a), i.e. imprint with 
a flat stamp to induce grain growth. Though simple in view 
of the procedure—a constant pressure of 100 bar is opera-
tive during the whole imprint process—it is complex in view 
of grain growth. As typical of plate-based imprint systems, 
the heat-up phase is long when a high temperature has to 
be reached; in our system it takes about 20 min to heat the 
plates to 150 °C, our processing temperature (see Fig. S-2, 
Supporting Information). During this period, grains already 
grow, however, at a dynamically increasing temperature and 
hence an increasing grain boundary mobility and growth 
rate. Merely the ‘real’ imprint phase of typically 5 min 
works at almost constant temperature and thus a constant 
mobility.

With regard to grain growth, the PHP process lends itself 
to separate the heat-up phase from the imprint phase in a 
first step. Figure 4 documents this approach; part a) exhibits 
grains after the heat- up, part b) after an additional imprint 
of 5 min. The grain sizes obtained do not differ substantially 
with or without the imprint phase. As with both cases, the 
layers were very flat; we degraded the surface in the SEM 
by electron beam irradiation with the purpose to ‘mark’ the 
grain boundaries for later evaluation; Fig. 4 shows the initial 
surface and the degraded surface, with both situations. By 
doing so, the evaluation of a mean grain size (from about 
400—500 grains) was substantially simplified.

Evaluation of the grain size indicates that in fact some 
growth occurred during the imprint phase. At the end of the 
heat-up phase, the mean grain size was as high as 570 nm 
(mean initial grain size: 170 nm); after an additional imprint 
of 5 min, it just increased to 610 nm. This emphasizes the 
dominance of the heat-up phase with grain growth via PHP 
with short imprint times, here 5 min. Qualitatively, it can be 
related to the growth rate at constant temperature being high 
at the beginning but slowing down afterwards.

However, a PHP process is not ideal for investigating 
grain growth; with short PHP times, the dynamic increase 
in the grain boundary mobility during heat-up represents a 
specific uncertainty. Therefore, we investigate grain growth 
by means of a ‘hot loading’ process as presented in the next 
paragraph. We will re-address our PHP results in context 
with theory in Sect. 3.2.6.

3.2  Identification of impact parameters

To identify the involvement of the two external processing 
parameters pimp and Timp in grain growth with  MAPbBr3, 
isothermal experiments were performed under ‘hot loading’ 
(HL) conditions (Fig. 1b). The three situations investigated 
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refer to three different temperatures, see Fig. 1a, (1) room 
temperature (RT), (2) some medium temperature during 
heat-up (80 °C) and (3) the targeted imprint temperature 
(150 °C). In view of Fig. 3, the choice of 80 °C seems low. 
But this temperature was chosen deliberately as any grain 
growth due to temperature alone should be negligible; how-
ever, it may be the case that in combination with the applied 
pressure of 100 bar the mobility of the grain boundaries 
is sufficient to induce growth. Moreover, 80 °C is a criti-
cal temperature with respect to the long-term stability of 
perovskite-based photovoltaics, however, without the addi-
tional pressure.

To catch grain growth as early as possible, loading and 
pressure application were optimized to enable short iso-
thermal imprint times. The loading of the stamp/sample 
assembly (sachet wrapped in Al foil, see Experimental) to 
the pre-heated press takes less than 5 s; subsequent pres-
sure application runs automatically and takes another 3 s 
to move the plates into contact at the designated pressure; 
the movement is performed in a single step provided by a 
pre-adjustment of the plate movement required to attain 

the targeted pressure level, a feature enabled by the stepper 
motor combined with the piezo-control of the imprint sys-
tem used [35]. The shortest imprint time with HL (counting 
from the moment when full pressure is applied) achieved 
reproducibly is 10 s (± 1 s).

Then, the evaluation of the ‘imprinted’ and just ‘annealed’ 
part of each sample (Fig. 1c) is the key to distinguish the 
effect of pressure from that of temperature when both fac-
tors are operative. To compare with the grain growth in a 
conventional situation, far from imprint, thermal annealing 
at 150 °C was used as a reference experiment. Grain growth 
with time was followed by evaluating SEM micrographs, 
along with XRD measurements to indicate grain orientation. 
To minimize flawed implications, the experiments were per-
formed under subtle control. Within one experimental run, 
samples prepared from the same batch were used preferably; 
when necessary, the ‘starting conditions’ could be tracked by 
checking the status of the pristine layer with each data point 
from a slice retained (Fig. 1c).

3.2.1  Reference experiment

Figure 5 summarizes the results obtained with thermal 
annealing at 150 °C in a nitrogen atmosphere, our refer-
ence. To monitor grain growth over a wide range, the soft 
bake was performed at 75 °C for this set of experiments; as 
a consequence, the mean grain size before annealing was 
low. Grain growth was characterized with samples annealed 
for 10 s up to 30 min on a hotplate; the layer thickness was 
h ≈ 370 nm.

Figure 5 a) starts with typical SEM micrographs after 
1 min and 30 min of annealing, indicating substantial grain 
growth with time. The mean diameter Dm of the grains 
increases from 90 nm (pristine) to 280 nm (1 min) and 
810 nm (30 min). Figure 5 b/c) gives the respective grain 
size distributions. With both situations, the grain size is 
well characterized by a log-normal course (see continuous 
line), in accord with the literature [16]; this similarly holds 
with all annealing times. Thus, grain growth proceeds in 
a self-similar way; when plotted logarithmically, it can be 
described by a normal distribution of almost constant width 
(logarithmic standard deviation LSD ≈ const.), as demon-
strated in Fig. 5 d); for clarity only the two selected distri-
butions together with one of the pristine layer are shown. 
Further information on the distributions evaluated is given 
in the Supporting Information, Fig. S-3. XRD demonstrates 
that the orientation of the grains stays similar during growth 
and remains similar to one of the pristine layer (Supporting 
Information, Fig. S-4). Thanks to the nitrogen atmosphere, 
any peaks indicating degradation were not observed.

The mean grain size follows a growth law according to 
Dm ∝ t1∕n , see Fig. 5e. It is well characterized by a slope 
of ≈ 0.35 over the whole annealing period, without any 

(a)

(b)

1 µm

Fig. 4  Typical micrographs documenting grains grown in a PHP 
process at 150  °C (soft bake 125  °C, 2 min; mean initial grain size 
170 nm). a After the heat-up phase, mean grain size 570 nm. b After 
an additional imprint of 5 min (complete PHP process), mean grain 
size 610 nm. Left: proper surface with flat grains; right: similar sur-
face after about 30–60 s of e-beam irradiation to visualize the grain 
boundaries (acceleration voltage  Vacc = 20  kV, inspection: spot size 
2 nm, degradation: spot size 4–6 nm)
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indication of a change in growth behaviour. As already 
addressed at the end of Sect. 3.1.2, a precise evaluation of 
n requires to consider the grain size D0 that exists prior to 
annealing, dominating the initial growth phase. With n ≈ 3 
(our experiment), grain sizes of Dm > 2D0 follow the expo-
nential law Dm ∝ t1∕n with an accuracy of at least 10%; 
Fig. S-5 in the Supporting Information shows this graphi-
cally. Simply evaluating all data points (including the initial 
growth phase) may already result in a good estimate of the 
growth exponent for praxis (see Sect. 3.3), here nest = 2.89 ; 
with the experiments hereinafter, we give both values, n and 
nest . With  N2-anneal, their difference is small and the growth 
law is well characterized by an exponent of n ≈ 3.

The result obtained implies that general literature con-
cepts ask for some reassessment with perovskites. The 
growth law observed ( n ≈ 3 ) does not comply with a clas-
sification of growth into ‘normal’ ( n ≈ 2 , bulk-dominated, 
random grain orientation) and ‘abnormal’ or ‘secondary’ 
growth ( n ≈ 1 , surface-dominated, development of prefer-
ential grain orientation). Already with classical semicon-
ductors, it was remarked that “grain growth in thin films is 
rarely, if ever, normal” [28]. Such reservations are ascribed 
to the fact that with semiconductor films growth occurred 
already during deposition, not just afterwards (as with 
almost amorphous metal films); typically, columnar grains 
with diameters that are small compared to the layer thick-
ness evolve, due to heterogeneous nucleation at the substrate 
and growth in vertical direction. A similar situation exists 
with the solution-grown perovskites as documented in the 
preceding paragraph; already the pristine layers feature a 
clear (100)-texture, pointing to the impact of the surface/
interface energy during the nucleation of the perovskite 
grains (Fig. 2d). Thus, with our perovskite layers the free 
surface and the substrate interface did already dominate the 
process of layer formation, before thermal annealing. Under 
these premises, the grains are already oriented with their 
favourable (100)-orientation perpendicular to the substrate; 
bulk-dominated ‘normal’ growth of grains with random 
orientation will not occur at any time of the coarsening pro-
cess. Similar to nucleation, grain growth with perovskites 
is surface-dominated. However, it cannot be identified with 
‘secondary’ growth in its original terms; the growth expo-
nent is far from n ≈ 1 and growth is not accompanied by the 
development of a preferential orientation out of grains with 
random orientation.

Though a ‘normal’ or ‘secondary’ growth is not char-
acteristic of our perovskite layers the growth law, Eq. (2), 
describes grain coarsening quite well, here with n ≈ 3 . This 
growth exponent is well in accord with the literature on 
layers with heterogeneous nucleation at the substrate [19] 
or with layers containing impurities [46]; the latter may be 
expected with the acetate-based Pb-precursor used [21].
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Fig. 5  Grain growth under temperature only (control experiment); anneal-
ing at 150 °C in nitrogen (soft bake 75 °C, 2 min; mean initial grain size 
90  nm).a SEM micrographs as typical of annealing times of 1  min and 
30 min. b/c Grain sizes evaluated with 1 min and 30 min annealing, indi-
cating a log-normal distribution. (The curves given are calculated from 
the experimental characteristics, the mean grain size Dm and the respec-
tive logarithmic standard deviation, LSD. d Self-similar growth of the 
grains as documented by a normal distribution of constant width when 
plotted on a logarithmic scale (data for pristine layer and 30  min HL 
only.). e Evolution of mean grain size with time; the log–log plot indicates 
an exponential growth with an overall slope of 0.35 ( nest = 2.89 , see 
text). Evaluation from Dm > 2D0 on results in a slope of 0.33 ( n = 2.99)
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Furthermore, in contrast with the literature [49] there is 
no indication of a stagnation of growth within the time span 
investigated. The reason may be that stagnation was not yet 
reached with our experiments after 30 min, with mean grain 
sizes of ≈ 810 nm (the layer thickness is about 370 nm). 
With stagnation due to surface grooving, the factor between 
Dm and h scales with the ratio of surface energy to grain 
boundary energy according to Dm∕h ≈ 2�s0∕�gb [29]. In fact, 
with Dm∕h ≈ 2.2 (our experiment) stagnation is not expected 
as long as 𝛾s0∕𝛾gb > 1.1 ; according to physical expectation, 
grain boundary energies should be substantially smaller than 
surface energies of crystals as their number of open bonds is 
smaller. With �s0∕�gb = 2 − 3 [30], grooving-induced stagna-
tion could be expected for Dm∕h > 4 , here with grain sizes 
of Dm ≥ 1.5�m.

We will re-address stagnation with a long-term experi-
ment at 150 °C under HL conditions in Sect. 3.2.4 as well as 
in context with impurities in Sect. 3.2.7. Stagnation is still 
denoted as one of the unresolved issues with grain growth 
[50].

3.2.2  Imprint at RT

To characterize the impact of pure pressure on grain growth 
(position ‘1’ in Fig. 1a), two types of experiments were per-
formed, a variation in the pressure (p = 10 bar to 100 bar) at 
a fixed time of 5 min and a variation in the treatment time 
(t = 10 s to 5 min) at a fixed pressure of 100 bar. The soft 
bake temperature was 125 °C as with all imprint experi-
ments, with a mean initial grain size of about 200 nm in the 
pristine layers.

On the whole, the experiments at RT did not reveal any 
clear impact of the pressure. Though SEM inspection could 
identify locally flattened parts of the surface (see Supporting 
Information Fig. S-6), neither a densification of the layer 
nor a grain growth was identified. AFM measurements (see 
Supporting Information Fig. S-7) indicate a roughness that 
is comparable to that of the respective pristine layers. (Ear-
lier experiments performed with pristine layers soft baked 
at 75 °C had shown a densification of the layer but no grain 
growth, however, with a trihydrate-based precursor, see 
Supporting Information Fig. S-8.) Similarly, XRD meas-
urements did not reveal a significant change due to pres-
sure only (see Supporting Information Fig. S-9); neither the 
slight shift in peak position nor the slight change in peak 
intensity was systematic; all changes observed were in the 
range of the sample-to-sample variations already addressed 
in Fig. 2d.

From these results, we have to conclude that without any 
heating the elastic energy that is provided to the perovskite 
layer in a typical imprint process is too low to induce grain 
growth; this issue is addressed in Sect. 3.2.5. The literature 
has demonstrated a deformation of the  MaPbBr3 crystal and 

a phase transformation induced by pressure at RT, yet in a 
pressure range far beyond the one of imprint (4–120 kbar) 
[51]. However, even at these high pressure levels the changes 
induced were fully reversible and did not result in plastic 
deformation; grain sizes were not reported.

With  MAPbBr3 layers, we have to conclude that a pure 
pressure (up to 100 bar) is not effective to induce grain 
growth.

3.2.3  Imprint at 80 °C

During the heat-up phase of PHP, growth occurs (see 
Fig. 4a); however, not the complete heat-up time will be 
relevant. For instance, at 80 °C pure thermal growth is 
negligible though the grain boundary mobility is increased 
compared to RT. With the HL experiment in position ‘2’ 
(see Fig. 1a/b), the question is whether the pressure dur-
ing imprint makes a difference. More precisely, whether a 
temperature as low as 80 °C in combination with a typical 
imprint pressure (100 bar) is able to induce grain growth in 
our perovskite.

Albeit the treatment time was varied over a wide range 
(10 s to 60 min), the experiments could not show a distinct 
effect of pressure in combination with temperature on grain 
growth at 80 °C. The mean grain size remains at the value 
found with the pristine layer, ≈ 200 nm. Typical results 
obtained after 30 min of HL at 80 °C are given in Fig. 6; 
part a) and b) give cross-sectional views of the layer, refer-
ring to the ‘imprinted’ and the ‘annealed’ part of the sample, 
respectively (see Fig. 1c). The annealed part (Fig. 6b) looks 
similar to the pristine layer, see Fig. 2b, with the character-
istic hollows observed. The imprinted part (Fig. 6a) features 
some local flattening of the surface; however, pre-existing 
hollows still remain. Corresponding XRD measurements 
(Fig. 6c) provide evidence that the crystallinity was not 
changed; neither with the main (100)-peak nor with the 
minor (110)-peak a clear effect of the HL at 80 °C can be 
verified; again the changes are in the range of the sample-
to-sample variations.

It has to be stated that the imprint pressure seems to be 
without effect to induce grain growth at temperatures too 
low to induce pure thermal growth. With substantially higher 
pressures (2 kbar) and a somewhat higher temperature 
(90 °C), the literature [52] reports compaction of  MAPbI3 
layers and an improved coverage (– due to its mechanical 
properties [53] this material should require lower pressures 
to deform than  MAPbBr3), however, without addressing 
grain growth. Furthermore, pressing at 100 °C resulted in 
flattened layers with reduced pinholes, though the pres-
sure was as low as 5 bar; however, again grain growth was 
not observed [44]. Even in a non-hydrostatic experiment 
(being near to the imprint situation) pressure is effective 
only when in the kbar-range [54]. Though the material and 
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the processing conditions of these references preclude direct 
comparison, we suppose that with PHP the temperature 
range up to 80 °C can safely be ignored with respect to grain 
growth in  MAPbBr3.

3.2.4  Imprint at 150 °C

Compared to 80 °C, there is a distinct increase in grain size 
when hot loading is performed at 150 °C (position ‘3’ in 
Fig. 1a). Grain sizes were evaluated for HL times of 30 s 
up to 30 min, a range similar to the annealing experiments 
under nitrogen (Fig. 4). Additionally, a long-term experi-
ment was performed, with an imprint time of one day. 
Though a treatment of one day is not realistic in praxis, it 

helps to clarify the physical question of a potential stagna-
tion of grain growth, as addressed before.

The main results are summarized in Fig. 7; part a) dis-
plays corresponding situations within the ‘annealed’ part 
(no pressure) and the ‘imprinted’ part (pressure 100 bar) 
of a sample, part b) gives the respective grain size distribu-
tion, part c) documents the increase in the mean grain diam-
eter with time, and part d) shows the logarithmic standard 
deviation (LSD) of the respective grain size distributions. 
To differentiate the effect of pressure and temperature, the 
grain sizes were evaluated separately in the ‘imprinted’ part 
(pressure and temperature) and in the ‘annealed’ part (tem-
perature only), see Fig. 1c.

With both parts, the ‘imprinted’ and the ‘annealed’ part 
as well, the growth law according to Eq. (2) characterizes 
grain coarsening in an adequate way, indicated by the two 
overall regression lines in the double-log plot of Fig. 7c. The 
growth exponent amounts to nest = 3.8 (slope 0.26) in the 
‘imprinted’ part but is substantially higher, nest = 9 (slope 
0.11), in the ‘annealed’ part. In both parts, the grain size 
follows a log-normal distribution; the respective logarithmic 
standard deviations (see Fig. 7d) do not feature any trend 
but stay largely constant ( LSD = 0.4 ), implying self-similar 
growth. The example for the grain size distribution in Fig. 7b 
refers to the ‘imprinted’ part of the long-term experiment. 
The grain size distributions for all imprint times are given 
in the Supporting Information; the distributions for the 
‘annealed’ parts look qualitatively similar (see Fig. S-10) 
to the distributions for the ‘imprinted’ parts (see Fig. S-11).

With short HL times (below 1 min), the grains are of sim-
ilar size in both parts; this may document a similar starting 
condition within the sachet. With ongoing time, the grains in 
the ‘annealed’ part develop a distinct difference to those in 
the ‘imprinted’ part, with a significantly smaller grain size. 
To assess whether this slope difference is due to degradation, 
XRD measurements were performed (see Fig. S-12, Sup-
porting Information)—the sample in the sachet may feature 
a water film on its surface due to assembly in atmosphere. 
However, the  PbBr2 signal characteristic of the respec-
tive degradation product is not significant; moreover, it is 
higher with the ‘imprinted’ than with the ‘annealed’ part. 
In case that these small differences are to be valuated, they 
may be understood from the fact that the stamp retains the 
water film (diffusing in and inducing some degradation in 
the ‘imprinted’ part), whereas partial evaporation from the 
surface into the sachet may reduce in-diffusion and water-
induced degradation in the ‘annealed’ part.

Interestingly, though the layer in the ‘annealed’ part looks 
disrupted (see Fig. 7a), the grains still existing are clearly 
assigned to the  MAPbBr3 perovskite, albeit with a signifi-
cantly reduced intensity of the main (100)-peak (XRD, Fig. 
S-12, Supporting Information). We suppose that the effect 
leading to the morphology of Fig. 7a is a general one, the 
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instability of thin, polycrystalline films during annealing as 
e.g. similarly observed with metals and ceramics [55]. When 
a thin polycrystalline layer is annealed, grooves develop at 
positions where grain boundaries meet the free surface of 
the layer, a consequence of developing a local force balance 
between surface energy ( �s0 ) and grain boundary energy 
( �gb ). As long as grain growth is fast, the grooves are faint 
and become dragged along during movement of the grain 
boundaries [30]. However, with large grains the movement 
of the grain boundaries slows down with time (see growth 
law Eq. (2), Fig. 2a) and the grooves become deeper (– the 
diffusion of atoms enabled by the rate of thermal energy 
supply feeds two competing mechanisms, grain boundary 
movement and grain boundary grooving as well). With thin 
films, when the grooves reach the substrate, holes develop 
at grain boundary junctions first, followed by a complete 
separation of single grains in a later stage. The atomic dif-
fusion process during this ‘over-annealing’ [56] transforms 
a flat, coherent polycrystalline layer (when thin enough) into 
separated bulky grains [55]. This process is well suited to 
explain the morphology of Fig. 7a in consideration of the 
XRD result. In contrast, within the ‘imprinted’ part of the 
sample the stamp restricts any atomic rearrangement near 
the grain boundaries in three dimensions and holds the layer 
flat, thus suppressing grooving.

As explicitly pinpointed in Fig. 7c, even the long-term 
experiment with 1 day of HL (1620 min) is well covered by 
the growth law with a constant growth exponent n. Against 
expectations, no stagnation of grain growth could be identi-
fied. After 1 day of HL, the mean grain diameter reached is 
Dm ≈ 3�m ; the grains are about a factor of 8 larger than the 
layer thickness ( h ≈ 370nm ). When grooving is in fact the 
reason for stagnation [29] (as it may occur at the free sur-
face during  N2-anneal), the lack of stagnation suggests that 
with HL the stamp actively promotes the formation of large 
grains by precluding surface grooving. Then, the pressure 
required for flattening the layer gains further significance 
for grain growth, beyond the one to diminish degradation at 
high temperature (as demonstrated earlier [21]).

Comparing grain growth in the ‘imprinted’ part under HL 
(Fig. 7c) with that under  N2-anneal (Fig. 5e) provides further 
insight (for direct comparison see Fig. S-13a, Supporting 
Information). The slightly reduced overall growth rate (slope 
0.26) compared to  N2-annealing (slope 0.35) may result 
from some degradation as addressed above. Independent 
thereof the grain size obtained at long times is largely simi-
lar with HL and  N2-annealing. However, with short times 
the grain size is higher with HL than with  N2-annealing; 
after a first ‘jump’ the grains grow in a moderate way (for 
details see Supporting Information, Fig. S-13b), approach-
ing the stationary regime for t > 1min . Of course, the larger 
grain size at short times results from the larger initial grains 
( D0 ≈ 150nm , due to the higher soft bake temperature); 
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Fig. 7  HL experiment at 150 °C. The treatment time was varied from 
30 s to 1 day. The data refer to samples from two different batches, 
batch (1): t ≤ 1min and batch (2) t > 1min . (Soft bake 125  °C, 
2  min; mean initial grain size 150  nm (1) and 170  nm (2). a Typi-
cal morphology after 1 day of HL within the ‘annealed’ part and the 
‘imprinted’ part of the sample. b Log-normal grain size distribution 
for the long-term experiment (1 day). c Increase in mean grain size 
with time for the ‘imprinted’ and ‘annealed’ part of the sample, over-
all slopes 0.26 ( nest = 3.82 ) and 0.11 ( nest = 9.22 ) in the imprinted’ 
part (with pressure) and the ‘annealed’ part (without pressure), 
respectively. Evaluation from Dm > 2D0 results in n = 3.43 and 8.92, 
respectively. d Logarithmic standard deviations of the grain size dis-
tributions
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yet, its somewhat abrupt increase (being similar with the 
‘imprinted’ and ‘annealed’ part) may arise from the spe-
cific situation with the HL experiments; namely, it may be 
caused by some solvent within the sachet (a 2 min soft bake 
at 125 °C does not evaporate all DMF from the layer [21]); 
grain growth via solvent anneal from residual DMF is for 
instance reported at a temperature as low as 100 °C [57]. 
Though grain growth in the initial phase may differ with 
different techniques used, the stationary phase is highly 
comparable. We suppose that stationary growth is tempera-
ture driven and thus mainly independent from the process 
chosen, thermal imprint or  N2-anneal.

3.2.5  Role of stress

Stress is addressed in the literature as a driver for second-
ary grain growth [17, 29]. Under imprint conditions, three 
types of stress may occur in the layer, (i) a tensile stress due 
to grain growth, (ii) a compressive stress due to the pres-
sure applied and (iii) a thermal stress, again compressive 
when Timp is the highest temperature the sample meets dur-
ing preparation. From the overall stress a driving force F� 
can be derived to characterize its impact.

The tensile stress in the layer due to grain growth, �gr , 
is always present; with columnar grains it results from the 
compaction of the layer, due to a transformation of less-
ordered and less-dense material (the grain boundaries) 
into highly ordered and dense crystalline grains [29]. 
The respective stress depends on the relative amount of 
less-dense material and is quantified by Δa , the excess 
volume per area related with the grain boundaries; with 
metals, a value of Δa ≈ 0.1nm is reasonable [29]. Taking 
E∗ as the biaxial Young’s modulus, this stress amounts to 
�gr = E∗Δa

(

D−1
0

− D−1
m

)

 ; it increases with grain growth. Its 
maximum value is related to D0 ; taking modulus values after 
Feng [58, 59] (with (100)-orientation E∗

100
≈ 54GPa ) this 

results in �gr,max ≈ 50MPa for D0 = 100nm when the layer 
is stress-free at D0 , namely �gr

(

Dm = D0

)

= 0.
The stress in the layer due to the imprint pressure applied, 

�p , is compressive. Loading the sample with pressure in 
vertical direction results in an equi-biaxial stress in lateral 
direction as the layer is not allowed to expand. Assuming a 
Poisson’s ratio of � ≡ �100 ≈ 0.2 [58, 60], this stress amounts 
to �p = pimp ∙ �∕(1 − �) ≈ 2.5MPa at an imprint pressure of 
100 bar.

The thermal stress in the layer, �th , results from the dif-
ference in thermal expansion of the perovskite compared 
to the substrate. In our case, due to the low coefficient of 
thermal expansion (CTE) of the Si substrate just the CTE of 
the perovskite is effective, �Per . However, expansion of the 
layer is prohibited due to the high-modulus substrate and 
due to the pressure applied by the stamp; the stamp sets a 
hard ‘boundary’ and prevents bending. Hence, the strain is 

negligible; instead a biaxial stress develops, corresponding 
to the respective temperature difference, ΔT  (according to 
�th = E∗ ∙ �PerΔT  ). With 150 °C, our imprint temperature, 
a worst-case scenario would feature ΔTmax = 125K ; then, 
the layer was stress-free at room temperature (≈ 25 °C) 
before imprint. Conversely, a best-case scenario indicates a 
ΔTmin = 25K , namely when the layer soft baked at 125 °C 
has not relaxed any residual stress due to cooling before 
imprint. With a linear CTE of �Per = 6.3 ∙ 10−5∕K obtained 
for a single crystal [61], this leads to thermal stresses in the 
range 85MPa ≤ �th ≤ 420MPa . With polycrystalline lay-
ers, the CTE may even be higher than with a single crystal 
[62], resulting in somewhat higher thermal stress. (With 
 N2-anneal, the stress situation is almost comparable; sam-
ple bending may reduce the stress slightly, but due to the 
high modulus of the Si substrate stress relaxation is even so 
largely prohibited.) As the imprint pressure applied prevents 
bending it maximizes the thermal stress in the layer.

In total, the stresses resulting from all these sources sum 
up to � = �th + �p − �gr . Initially, with �gr ≈ 0 , we have 
� = �th + �p ≈ (85 − 420)MPa , in a late growth state with 
�gr,max we are in the range of � = (35 − 370)MPa . The total 
stress is dominated by the thermal component; the fact that 
�p is negligible may be the reason why the application of 
pressure only did not result in grain growth (see Sect. 3.2.2).

Irrespective of the particular origin the stress exist-
ing in a layer represents a driving force for grain growth, 
more precisely for secondary, orientation-dependent 
coarsening. The driving force can be estimated [27, 63] 
according to F� = (�2∕2) ∙ (1∕E∗

1
− 1∕E∗

2
) ; the values 

E∗
1
 and E∗

2
 refer to adjacent grains with a differing ori-

entation in vertical direction, e.g. grains with a (111) 
and a (100)-texture. Based on the literature values [58] 
( E∗

1
= E∗

111
≈ 33GPa,E

∗

2
= E∗

100
≈ 54GPa ), this results in a 

range of driving forces of about 10kPa ≤ F� ≤ 1MPa.
To assess these values, a comparison with the capil-

lary driving force based on grain curvature is helpful. It 
decreases with ongoing grain growth ( Fcap = �gb∕r ); an 
estimation based on �gb ≈ �s0∕2 ≈ 40mN∕m and r ≈ Dm∕2 
results in values of Fcap ≈ 1.6MPa

(

Dm = 50nm
)

 and 
Fcap ≈ 80kPa

(

Dm = 1�m
)

 . Thus, at high thermal stress a 
situation with F� ≈ Fcap may be reached during growth at a 
specific grain size; Fig. S-14 in the Supporting Information 
shows this graphically. Then, stress is a significant driver, 
whereas a low thermal stress is negligible in this respect.

Similar to surface energy, stress contributes to second-
ary, orientation-dependent growth [17]; it would favour 
the growth of grains with a low elastic energy at the cost 
of those with a higher elastic energy. At a state of stress 
with negligible strain (as it is the case with imprint), the 
elastic energy per volume amounts to wel = �2∕2E∗ ; hence, 
stress would favour the growth of grains featuring the high-
est biaxial modulus, in case of  MAPbBr3 grains with a 



 A. Mayer et al.

1 3

717 Page 14 of 18

(100)-texture. In fact, our layers already feature a dominating 
(100)-orientation before imprint (compare Sect. 3.1.1); this 
means that in case that stress is relevant as a driving force 
(high thermal stress), it will improve the existing grain ori-
entation by eliminating grains with a texture differing from 
the preferred (100). This is similar to the role of surface 
energy which would favour the growth of grains featuring 
the lowest surface energy possible with perovskites, grains 
with a (100)-texture with  MAPbBr3. Different from typi-
cal situations with annealing of metal layers [17, 28], both 
secondary driving forces favour a similar orientation with 
our perovskite, (100). Hence, thermal imprint offers opti-
mal conditions to achieve a pronounced (100)-texture with 
 MAPbBr3 films, independent from the layer thickness.

To summarize, stress-related driving forces and capil-
lary driving forces may feature a similar order of magnitude 
with thermal imprint. However, with pre-oriented  MAPbBr3 
layers the role of stress (and surface energy) is to improve 
grain orientation, whereas grain growth primarily results 
from capillary forces.

3.2.6  Activation energy

Now, as grain growth with  MAPbBr3 in our imprint situation 
is well described by the general growth law, Eq. (2), with an 
exponent of n ≈ 3.4 , the physics may be investigated further, 
namely the specific temperature behaviour applying. This 
requires knowledge of the activation energy Qn which is the 
reference to rate the thermal energy provided with respect to 
grain boundary mobility and thus grain growth (Arrhenius 
behaviour). With our basic discussion (Fig. 3), a value from 
literature was taken, Qn = 0.76eV  , determined by assuming 
‘normal’ growth with n = 2 [12]; the perovskite in this refer-
ence was different from  MAPbBr3.

To find the activation energy relevant to our material, 
growth experiments were performed at 125 °C, 150 °C 
and 180 °C and the respective mean grain sizes Dm were 
evaluated. Plotting log

(

Dn
m
− Dn

0

)

 with n = 3.4 as a function 
of 1∕T  provides a straight line (see Supporting Informa-
tion, Fig. S-15); its slope results in an activation energy of 
Qn = 1.19eV  . To compare with the literature, a growth law-
independent activation energy is appropriate ( Q = Qn∕n) ; 
Qn is not a pure material constant but is correlated with the 
growth exponent according to Eq. (2). We find that our result 
Q = 1.19eV∕3.4 = 0.35eV  is well in accord with activation 
energies obtained for hybrid perovskites by other groups 
( Q = 0.76eV∕2 = 0.38eV  [12] and Q = 0.3eV  [56]). With 
specific values for the activation energy Qn and the growth 
exponent n at hand, grain growth may now be re-plotted for 
our specific case, according to Eq. (2).

Figure  8 gives this theoretical relationship with our 
parameters. These diagrams are well suited for reasoning the 
consequences of choosing a specific processing temperature 

and processing time with respect to grain growth with our 
material. The general consequences are similar as with 
Fig. 2; however, Fig. 8 allows to quantify them for our mate-
rial system and our processing.

In particular, Fig.  8b may explain our experiment at 
80 °C. In order to induce grain growth at this temperature, 
the 60-min imprint was too short; efficient grain growth 
within 60 min would require temperatures of at least 120 °C 
with our material. However, at long sight growth will occur 
at 80 °C as well and may change the properties of devices 
prepared from the perovskite, as e.g. an issue with solar 
cells under operation. Then, a precautionary measure is to 
have large grains in the device just after preparation; the 
larger these initial grains, the higher the temperature and 
the longer the time allowed without further grain growth, 
holding the risk of a potential change of the device proper-
ties low (– growth roughly starts when the exponential term 
for the temperature in question equals the already existing 
grain size, see Supporting Information Fig. S-5). With our 
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Fig. 8  Re-plot of the theoretical relationship with the parameters spe-
cific of our material and processing, namely n = 3.43 , Qn = 1.19eV  
and an initial grain size D0 = 150nm ; a) linear plot, b) double-log 
plot over larger range. The temperatures are similar to Fig.  2, from 
80 °C to 180 °C, in steps of 20 °C. The dominating initial grain size 
is most distinct with the double-log plot
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material, a mean grain size of about 600 nm after device 
preparation would postpone a growth-induced change at 
80 °C to times > 104min ( ≈ 170h).

Moreover, it is now possible to check how well grain 
growth with our material is described by the growth law, 
Eq. (2). Figure 9 compares our data, those obtained with 
the PHP experiment and with HL (‘imprinted’ part) with the 
growth law, indicated as a continuous line with our condi-
tions ( T = 150◦C, n = 3.43,Qn = 1.19eV  ). (A logarithmic 
view accentuates details of the initial phase, see Supporting 
Information Fig. S-17.) Including the PHP result (a grain 
size of about 570 nm after heat-up and a grain size of about 
610 nm after an additional imprint of 5 min at 150 °C) in 
Fig. 9 required to define an ‘equivalent’ time tequ that repre-
sents grain growth during the non-isothermal heat-up phase 
to 150 °C. The data points fit well with the simulation for 
the HL experiments when tequ = 11min . This value is coher-
ent with the specific heat-up characteristics of our system 
(see Fig. S-2, Supporting Information). It is slightly longer 
than the time span where the temperature is in the range of 
140–150 °C. Obviously, the time span with temperatures 
below ≈140 °C is of minor impact with respect to grain 
growth; of course, this estimation refers to our equipment 
and will vary from system to system.

Figure 9 documents that our data are well represented by 
the simulation, in particular with imprint times of 5 min and 
beyond (stationary growth regime).

3.2.7  Impact of material choice

To address the choice of the material, a HL experiment simi-
lar to Fig. 7 was performed, however, with a layer prepared 
from a different Pb-precursor; instead of the Pb(Ac)2 used 
with the experiments so far (from here on called material 

A), an acetate trihydrate was used, Pb(Ac)2
.3H2O (material 

B). Though not the first choice due to the water content, this 
material offers a superior purity, 99.999%; the lead acetate 
of material A is specified with 99.8% by the supplier. As 
the soft bake was performed at 125 °C, we presume that the 
pristine layers prepared from material B are water-free [21].

The result for development of the grain size is presented 
in Fig. 10a. We focus on the main issue, grain growth (addi-
tional information is given in the Supporting Information, 
Fig. S-16). The growth law, Eq. (2), is still adequate for the 
whole regime investigated. Again, the slope in the ‘annealed’ 
part (0.18) is lower than in the ‘imprinted’ part (0.33).

Interestingly, both slopes are somewhat higher than with 
material A (Fig. 7c). Comparing the ‘imprinted’ parts, mate-
rial B follows a growth law with a slightly smaller exponent, 
n ≈ 3.1 , whereas material A featured n ≈ 3.4 . Accordingly, 
grain growth proceeds somewhat faster with the higher 
purity material. In addition, comparing the absolute values 
with both materials, the grain sizes are about a factor of 4 
higher with material B, see Fig. 10b; this is an even more 
dramatic difference than the differing exponent. Reconsid-
ering the theoretical basis, at similar temperature a factor 
of 4 in grain size would require a 64-times longer anneal 
with n = 3 or, alternatively, an increase in the temperature 
by about 60 °C at constant time (as estimated from Fig. 8b). 
In view of a realistic procedure with a limited time and tem-
perature allowed, these results suggest that purity of the 
materials is vital to obtain large grains. In view of the growth 
law, the results suggest that purity affects two parameters, 
the grain boundary mobility M and, to a lesser extent, also 
the growth exponent n.

The role of impurities during grain growth has also been 
addressed in the literature, with metals and semiconduc-
tors as well, where dissolved (atomic) impurities and larger 
particles or precipitates are discriminated [16]. With our 
material, both types may be present; atomic impurities may 
represent a part of the total amount of 0.2% in material A 
being not further specified; precipitates may refer to (ionic) 
compounds like Pb(OH)2 and  PbBr2 (from degradation) or 
e.g. precursor residues (non-stoichiometric layer composi-
tion) [21].

During growth, dissolved impurities and small particles 
move together with the grain boundaries but reduce their 
velocity and thus the growth rate [46, 64]. Being expelled from 
the growing grains, impurities will accumulate at the grain 
boundaries. Resulting larger particles or precipitates are rather 
immobile; during grain growth the grain boundaries have to 
move round them [64]. The precipitates exert a drag force on 
the grain boundaries, the ‘Zener’ drag force FZ [65] that coun-
teracts growth. To compare it with the capillary driving force 
Fcap for grain growth ( Fcap = �gb∕r ), the Zener drag force 
can be expressed by means of an effective radius of the pre-
cipitates, Reff  , according to FZ ∝ �gb∕Reff  , with Reff ≈ rP∕fP 

Fig. 9  Comparison of experimental data obtained with HL and 
with PHP with the growth law, based on our specific parameters 
( T = 150◦C, n = 3.43,Qn = 1.19eV  ). (Estimated equivalent time for 
growth during heat-up with PHP: tequ = 11min)



 A. Mayer et al.

1 3

717 Page 16 of 18

( rP the particle radius and fP its respective volume amount) 
[64]. With FZ = Fcap, an equilibrium is reached where grain 
growth stops. According to this physical perception, stagnation 
induced by precipitates is accounted for. The grain bounda-
ries become ‘pinned’ locally, with Dpin ∝ rP∕(f P)

1∕2 . As our 
experiments did not indicate any stagnation even with the 
material of limited purity (compare long-time experiment in 
Fig. 7c), large precipitates seem not to be an issue with our 
preparation.

However, the effect of impurities and/or small particles in 
reducing grain growth is clearly indicated by the experiments. 
Beyond the slightly different growth exponent n, we expect 
that the main effect of purity is on the activation energy Q and 
on the pre-factor M0 . With a high purity of the polycrystalline 

layer, the energy required to move the grain boundaries is low 
when the respective barrier, Q , is low [27].

With respect to grain growth, we conclude that the choice 
of materials of highest possible purity is essential (with all 
components of the precursor solution) when large grains are 
envisaged. However, just as important is the preparation of 
highly stoichiometric layers to minimize non-perovskite impu-
rities/particles or precipitates in the layer. Beyond a diligent 
weight ratio, a complete solution in the solvent is indispensable 
avoiding any filtration.

3.3  Consequences

The investigation presented allows to draw consequences 
with respect to the physical basics underlying grain growth 
and, moreover, with respect to proceeding in praxis.

The results demonstrate that the concepts for grain growth 
developed with metals and classical semiconductors are well 
applicable to polycrystalline perovskite layers. However, due 
to their surface-induced nucleation during layer formation 
the grains feature a distinct orientation from the beginning. 
As a consequence, the conventional classification into ‘nor-
mal’ and ‘secondary’ growth in its original meaning does 
not apply. In return, the exponential characteristics of the 
growth law are clearly displayed by the experiments.

The specific interface energies prevailing at the substrate 
and at the stamp are not in conflict with grain growth. On the 
contrary, they support the formation of large grains spanning 
the whole layer thickness; the flat surface is beneficial to the 
preparation of multi-layer devices.

The primary parameter for grain growth during imprint 
is the processing temperature; it provides the mobility of 
the grain boundaries required. In addition to the capillarity-
induced driving force, also thermal stresses may be opera-
tive; if present, the latter will support the development of a 
(100)-orientation of  MAPbBr3 grains. This is similar with 
 N2-anneal and may be the reason why stationary growth dur-
ing thermal treatment is largely independent from the pro-
cess chosen, imprint or anneal in nitrogen. With pre-oriented 
grains, stress will improve the orientation. The role of the 
external imprint pressure with grain growth is to maximize 
the thermal stress by preventing sample bending. In addition, 
it may postpone any stagnation of growth by suppressing 
grooving.

The capillary-based growth law describes grain growth 
in our polycrystalline  MAPbBr3 perovskite layers well, with 
an activation energy of Q ≈ 0.35eV  and a growth exponent 
of n ≈ 3.4 . With stoichiometric layers prepared from high-
est purity materials, larger grains are obtained under oth-
erwise similar conditions, most likely due to a facilitated 

(a)

(b)

Fig. 10  HL experiments at 150  °C (soft bake 125  °C, 2  min). a 
Increase in the mean grain size for the ‘imprinted’ part and the 
‘annealed’ part of the sample prepared with material B (precursor 
solution with high-purity lead acetate trihydrate); overall slopes 0.33 
( nest = 3.1 ) and 0.18 ( nest = 5.6 ). Evaluation from Dm > 2D0 results 
in similar values ( nest ≡ n ), as all evaluated grain sizes are well 
beyond this boundary ( D0 = 230nm ). All data refer to samples from 
the same batch. b Comparison of mean grain size in the ‘imprinted’ 
parts with samples prepared from material A (dash–dotted line) and 
the high-purity material B (full line)
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grain boundary movement resulting, for example, from a 
decreased activation energy.

Our impression is that the physical basis worked out here 
with  MAPbBr3 is applicable to other polycrystalline materi-
als, in particular other perovskites. It is in particular suited 
to define a procedure to characterize grain growth in a poly-
crystalline layer with a limited number of experiments.

In praxis, we suggest that the parameters obtained with 
our material ( n ≈ 3,Qn ≈ 1eV  ) are a good starting point 
to reflect on the effect of temperature during grain growth. 
With an unknown perovskite material (at a specific, invariant 
preparation of the layers), a determination of the respec-
tive parameters, n and Q (or rather nest and Qn in the first 
instance), is required.

In a first step, nest is determined. For this purpose, imprint 
experiments (or annealing experiments) for highly differing 
times (well distributed on a logarithmic scale) have to be 
performed and the respective mean grain size has to be eval-
uated; we propose to average over about 500 grains. As in 
general, an imprint system will not provide experiments with 
T = const from loading on (as with our HL experiments); a 
conventional imprint system has to be used, particularly a 
PHP process; this system will feature its own heat-up char-
acteristics. However, this heat-up phase can be accounted for 
quite easily. As the growth law, Eq. (2), starts from a certain 
‘initial grain size’ anyway—with our experiments, it was 
the grain size of the pristine layer—we may take the grain 
size after heat-up as the ‘initial grain size’ for evaluation, 
D0 ≡ Dheat−up . Then, for evaluation the time is the actual 
imprint time (starting after heat-up only); just the isothermal 
‘imprint’ time is evaluated (see Fig. 1a). As grains may not 
differ too much from this D0 with small imprint times (as 
with our PHP experiment, paragraph 3.1.3), the exponent 
nest (evaluated from a double-log plot of the results, similar 
to Fig. 7c or Fig. 10a) may be an upper limit only.

In a second step, the activation energy Qn has to be deter-
mined. The mean grain sizes of experiments at e.g. three 
different temperatures (similar to Fig. S-15) provide Qn from 
the slope over 1∕T  when Dn

m
− Dn

0
 is plotted (– D0 may vary 

with the imprint temperature chosen). Assuming n ≈ nest 
provides Q = Qn∕nest.

In a third step, some refinement is feasible (if reason-
able) by simulating grain growth with this parameter set, 
nest and Q , and refining towards somewhat lower n-values. 
A double-log representation is beneficial to rate the quality 
of the simulation to reproduce the experimental values; an 
example is given in the Supporting Information, Fig. S-18.

With the parameters n and Qn (or Q ) on hand, the poten-
tial of the material in question with respect to grain growth 
(or its prevention) can be assessed. However, it should be 
kept in mind that any change of the preparation or e.g. age-
ing of the precursor solution may alter the results obtained. 

Diligence of preparation is as important as the use of high-
purity materials.

4  Summary and conclusions

The investigation has shown that the main parameter 
responsible for grain growth with  MAPbBr3 during thermal 
imprint is the temperature, where the pressure applied to the 
stamp maximizes thermal stress and may prevent grooving-
induced stagnation. Though a classification into ‘normal’ 
and ‘secondary’ growth does not apply, the growth behav-
iour is well described by a capillary-based growth law, with 
Dn

m
− Dn

0
∝ exp(−Qn∕kT) ∙ t . We evaluated the growth expo-

nent n from isothermal ‘hot loading’experiments for times 
of 10 s to 1 day; the activation energy Qn was determined 
from experiments in the temperature range of 120–180 °C. 
Characteristic values are n ≈ 3 and Qn ≈ 1eV  ( Q ≈ 0.3eV  ). 
Our experiments are well described by theory so that simula-
tion allows to rate and to predict the growth behaviour with 
differing times and/or temperatures. Material purity turned 
out to be decisive to obtain large grains; however, a diligent 
and always similar preparation is equally important.

Beyond grain growth the results and consequences are 
valuable to assess the stability of polycrystalline perovskite 
layers (no further grain growth) under specific operating 
conditions.
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