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ABSTRACT 

 Perovskite-based solar cells (PSCs) have reached efficiencies comparable to those of 

commonly used silicon solar panels. Despite the promise of PSCs, their efficiency and 

commercial viability are currently restricted by three main factors: nonradiative charge 

recombinations on defects occurring within the light-absorbing layer and at its boundaries, 

limited reproducibility, and upscaling due to widely employed wet deposition methods. To 

address these issues, we investigated the defect passivation strategy by introducing potassium 

salt (KCl) during perovskite vapor deposition. We observed effective passivation of the defects 

upon KCl addition, manifested as an immediate and significant enhancement of the real-time 

photoluminescence (PL) intensity. The efficiency of the passivation is related to the ionic 

nature of the potassium salt and its flux density. On the other hand, the perovskite’s 

crystallographic structure and texture, as observed from the grazing-incidence wide/small-

angle X-ray scattering measurements, showed no significant changes due to KCl doping. Our 

work provides valuable insight into the possible passivation routes for the vapor-deposited 

perovskite layers, with implications for various chemical compositions or architectures.  
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INTRODUCTION 

 Metal-halide perovskites represent a promising material for solar cells, demonstrating 

remarkable efficiencies that, in some cases, exceed those of well-established silicon-based solar 

cells.1 This has prompted intense research into their fundamental properties and potential for 

commercialization.2–6 Their integration into tandem solar cells – either as pure perovskite 

tandems or in combination with textured silicon bottom cells – unlocks promising avenues for 

exceeding the efficiency limits of conventional photovoltaic (PV) technologies.1,7–9  Despite 

the high efficiencies achieved in perovskite-based PV, further advancements are limited by 

high defect densities throughout the perovskite layer, including the bulk, grain boundaries, and 

interfaces. 10–13 These defects, primarily anti-sites, vacancies, and interstitial point defects, 

typically promote nonradiative charge recombinations, reducing the open-circuit voltage (VOC) 

of the solar cell and, thus, its overall performance. Therefore, minimizing these defects across 

all regions of the perovskite film is essential for continued progress. 

 Numerous passivation strategies have been implemented to minimize defect densities 

and suppress nonradiative charge recombinations. These strategies, especially explored for wet 

deposition techniques, include the direct addition of functional agents, such as small molecules, 

fullerenes, polymers, PbI2, zwitterions, nanoparticles, and ammonium or alkali salts into the 

perovskite precursor solution.10,14–16 Positive influence on PV device characteristics has been 

reported for all of these additives, manifesting as improved stability, reduced interfacial 

recombination, or the elimination of charge accumulation and hysteresis phenomena. Although 

the concepts of defect passivation are widely studied and implemented in solution-based 

methods, their development is significantly lagging in vapor-deposited perovskite devices.  

 Vapor phase deposition is currently a key industrial technique for optoelectronic thin 

films, and naturally, it has also been extensively developed and enhanced for perovskite 

fabrication despite its greater complexity compared to solution-based methods. Vapor 

deposition allows the fabrication of large-area and complex multilayer-structure devices based 

on precise control over film thickness, composition, and reproducibility.2 Despite its benefits 

in the commercial segment, the defect passivation strategies that would improve the efficiency 

of PV devices are not widely studied. Recent work focuses mainly on the interface passivation 

by the 2D perovskites and alkali metal salts.17–19 Therefore, further efforts are needed to 

develop vapor-based passivation strategies for the perovskite layer and its interfaces. 
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Specifically, in situ passivation, integrated directly into absorber fabrication, should be 

prioritized, engaging established knowledge from solution-based passivation techniques. 

 In this work, we study the effect of KCl doping on the optoelectronic and structural 

properties during MAPbI3 vacuum co-deposition, employing in situ photoluminescence (PL) 

and grazing-incidence wide/small-angle X-ray scattering (GI-WAXS/SAXS) techniques. The 

solar cell’s performance is directly linked to its PL quantum yield (PLQY), a crucial metric 

reflecting defect density and the resulting charge carrier collection potential. Therefore, PL 

monitoring is essential for determining the impact of doping on defect passivation and the 

optoelectronic layer properties. Since the PL intensity reflects the density of defects causing 

nonradiative recombinations, we will refer to this type of defects specifically in the following 

text. On the other hand, GIWAXS provides information about the crystalline structure, 

preferred orientation, and phase purity of the grown film.20 While researchers commonly rely 

on a trial-and-error approach to optimize the fabrication process, in situ techniques enable 

direct access to growth dynamics and defect density evolution – key insights that are otherwise 

inaccessible with conventional ex situ methods. 

Potassium salt was selected as the most promising alkali metal for defect 

passivation,16,21–23 having also been successfully used in vacuum deposition studies recently. 

18,19 We observed that the KCl addition leads to instant defect passivation in the perovskite 

layer, directly proportional to the KCl flux. On the other hand, we did not observe any structural 

changes in the perovskite – such as new crystallographic or chemical phases – that could be 

directly attributed to KCl doping. We believe that this in situ study provides an important step 

in developing targeted vapor-based passivation techniques and offers a way to improve the 

performance and stability of vacuum-deposited perovskite films significantly. 

 

EXPERIMENTAL 

MAPbI3 perovskite with KCl additive was grown by vacuum thermal co-deposition of three 

precursors – lead iodide (PbI2), methylammonium iodide (MAI), and potassium chloride (KCl). 

A custom-made vacuum chamber equipped with two viewports and a 360° cylindrical 

beryllium (Be) window was used, enabling simultaneous measurement of PL and GIWAXS 

during the MAPbI3 growth (see Fig. S1 and S2 in the Supporting Information).12,24 The 

precursors were evaporated from the Knudsen effusion cells on a Si substrate (with native 

oxide) at a base pressure of approximately 10⁻6 mbar. The deposition chamber was equipped 
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with three separate QCM sensors - two placed close to the MAI and PbI2 evaporators and one 

at the substrate level (for KCl) to measure the deposition rate of precursors. We note that the 

high evaporation temperature of KCl (550 °C) prevented accurate measurement of the 

deposition rate near the KCl effusion cell due to the malfunction of the QCM sensor. First, the 

pure MAPbI3 perovskite layer was grown, having only the crucibles with PbI2 and MAI 

precursors opened. The temperature of the MAI and PbI2 crucible was set to 160 °C and 280 °C, 

respectively. The KCl precursor was evaporated later during the MAPbI3 growth. The control 

deposition of pentacene (PEN) was performed at a crucible temperature of 160 °C, with an 

evaporation rate of ~4 Å/min, monitored by a QCM placed near the PEN crucible. The 

experiment was conducted at the P03 beamline at PETRAIII synchrotron (DESY, Hamburg, 

Germany). The energy of the X-ray radiation and the excitation laser was set to 11.85 keV (λX-

ray = 1.048 Å) and 2.33 eV (λPL = 532 nm). For a detailed description of the experimental 

conditions, perovskite evaporation procedure, and setup, see the Supporting Information. 

 

RESULTS AND DISCUSSION 

 The MAPbI3 layers were prepared using a vapor deposition method, following the 

experimental procedure described in our previous work.25 Here, the PbI2 and MAI powders 

were heated up, and once the evaporation temperature was stabilized, the respective crucible 

shutter was opened. The precursors were evaporated onto a Si substrate (with native oxide), 

forming a perovskite film after the shutter above the substrate surface was removed. Once the 

thin MAPbI3 layer was formed, continuous KCl salt evaporation was introduced. We 

emphasize that the KCl additive was not applied during the initial perovskite growth phase; it 

was only introduced after the thin perovskite layer had been grown. This deliberate timing 

allowed for precise identification of its effect on the optoelectronic and structural 

characteristics of the perovskite layer. The influence of KCl on the MAPbI3 properties was 

investigated by simultaneous measurement of PL and GI-WAXS/SAXS during the entire 

evaporation process, refer to the schematic illustration of the experimental setup in Fig. 1. A 

detailed description of the experimental setup and the conditions can be found in Supporting 

Information and Ref 25.  
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Figure 1. Schematic illustration of MAPbI3 perovskite vacuum deposition and KCl additive, 

with the simultaneous measurement of the photoluminescence and grazing-incidence 

scattering. 

 

Figure 2a shows the PL spectral evolution measured during MAPbI3 deposition. The 

PL spectra were fitted with a Gaussian function, and the obtained PL peak position, 

corresponding to the effective band-gap width, is indicated by the white dashed line. We 

observed a redshift of the PL peak position with increasing perovskite layer thickness, which 

aligns with our prior findings and can be explained by quantum confinement in the vertical 

direction of perovskite islands during the early stages of growth.12,13,26–31 Importantly, the KCl 

additive did not influence the band-gap width ~1.65 eV, being a typical value for thermally 

evaporated thin-film MAPbI3 perovskite.32–36 On the other hand, KCl had a clear impact on the 

PL intensity temporal profile.  

 Figure 2b shows the normalized PL peak area for two distinct MAPbI3 depositions – 

with and without KCl evaporation (black and blue points, respectively). The PL intensity 

evolution of pure MAPbI3 with no additives was rescaled in time to match the temporal PL 

evolution of MAPbI3 with KCl. A detailed analysis of the PL intensity evolution of pure 

MAPbI3 during vacuum deposition was thoroughly described in our previous work in Ref. 13. 

The initial increase in the emission intensity is assigned to the growth of the individual 

perovskite grains until the coalescence occurs.24 The subsequent PL quenching is caused by 

the defect formation at the grain boundaries, which increases proportionally with the deposition 

time. Interestingly, the PL intensity evolution trend seems universal for different deposition 

methods and perovskite compositions.12,27,30,31,37,38  
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Figure 2. a) Spectrally resolved PL heat map during MAPbI3 growth (excitation laser 

wavelength was 532 nm). The PL intensity distribution corresponds to wavelengths, and the 

PL energy scale is only indicative. The white dashed line indicates the PL peak position. b) 

Temporal evolution of the normalized PL peak intensity during deposition of pure MAPbI3 

with no KCl (blue points) and MAPbI3 with KCl addition (black points). The perovskite layer 

thickness did not exceed 25 nm at the end of the deposition. 

  

To directly examine the passivation effect of KCl, the MAPbI3 layer was grown up to 

the point where the PL intensity started to quench. Here, the individual perovskite grains 

(nanocrystallites) coalesce into a continuous layer, forming common grain boundaries. The 

increasing surface of the grain boundaries during the perovskite growth represents increasing 

defect density, resulting in the PL intensity quenching. At this point, the KCl shutter was 

opened. The PL intensity recovered instantly, and after ~5 minutes of KCl deposition, it almost 

doubled its maximal value reached at the point of grain coalescence. The immediate PL 

intensity increase suggests a passivation of the defects by KCl. Based on repeated depositions 

under similar conditions, we observe PL intensity increase by a factor of 2 (± 0.3). The emission 

intensity increases after potassium salt addition, either in the steady-state PL spectra or in the 

time-resolved PL measurements, as reported previously in Refs. 18,19,21,23. However, the 

dynamics of the passivation process during the perovskite layer formation have not been 

reported yet. 

The fact that the PL intensity surpassed its maximal value (during the dominant grain 

coalescence period) indicates that the KCl effectively passivates defects at the grain 

boundaries. The emission intensity stabilizes during further perovskite deposition, although the 

perovskite layer thickness increases. We note that the layer thickness growth rate is slowed 

down after KCl introduction due to the increased temperature of the layer surface, as shown in 

Fig. S5 and discussed later in the manuscript. However, the PL intensity saturation is not 
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caused by a limited penetration depth. The PL signal is generated from the whole depth of the 

MAPbI3 layer, as the layer thickness does not exceed the penetration depth of the excitation 

laser during the entire deposition process (the penetration depth for the used excitation 

wavelength of 532 nm is ~120 nm39,40 and the perovskite layer thickness at the end of the 

deposition did not exceed 25 nm). Therefore, the density of photoexcited charge carriers in the 

film, and consequently the PL intensity, should naturally increase with film thickness, provided 

that defects during growth are well passivated. For the observed PL saturation, we can only 

speculate that the KCl flux was insufficient to effectively passivate the additional perovskite 

material, as discussed later.  

In principle, KCl evaporation enables in situ passivation of the perovskite layer during 

its growth, allowing effective passivation of defects at grain boundaries that might otherwise 

remain inaccessible to post-deposition treatments. The measured PL intensity allows for 

estimating the implied VOC, as the PL intensity is directly proportional to photoluminescence 

quantum efficiency PLQY(t).12 The addition of KCl leads to a significant enhancement in the 

implied (VOC), with improvements of up to 75 mV. The implied VOC is the only parameter that 

can be further optimized in the perovskite layer, as the short-circuit current JSC is saturated for 

the formed layer thickness (typically of a few hundred nanometers), and the fill factor (FF) 

reflects mainly the contact feasibility. Maximized PL intensity indicates minimal nonradiative 

losses, leading to a larger quasi-Fermi level splitting and, consequently, a higher VOC. Increased  

VOC and efficient charge extraction facilitated by fewer defects contribute significantly to a 

higher overall power conversion efficiency (PCE) of perovskite solar cells. Similarly, in the 

context of light-emitting diodes (LEDs), a higher PL signal – thus the PL quantum yield 

(PLQY), signifies efficient radiative recombination within the material and hence bright and 

efficient perovskite-based LEDs. Clearly, maximizing PL intensity is the main goal in 

perovskite layer fabrication. The passivation of defects, leading to the VOC increase, is easily 

controllable by the presented approach, facilitating simple optimization of a combined 

deposition-passivation process for the fabrication of high-quality perovskite thin films. 

Finally, we observed a slight emission decrease after all shutters of the precursors were 

closed – MAI, PbI2, and KCl shutters. Such a PL intensity drop after the perovskite growth 

interruption was consistently observed in other depositions, e.g., in Fig. 3a. We suppose that 

the slight decrease in PL intensity may result from temperature changes induced by closing the 

KCl shutter, which reduces heating from thermal radiation. Nevertheless, the KCl addition 

resulted in an overall greater PL intensity than it would have been in its absence – see the PL 
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signal from the non-passivated layer in Fig. 2b, where the intensity drops to ~10 % from its 

maximal value. Figure 3a shows that the KCl additive prevented the emission from dropping 

below ~70 % of its maximal value. 

To further support the passivation effect of KCl, we opened the KCl shutter repeatedly 

during the MAPbI3 deposition, as demonstrated in Fig. 3b (see also Fig. S3 in the Supporting 

Information). Additionally, the KCl evaporation rate was increased by a factor of ~3. We note 

that the deposition rates for PbI2 and MAI were monitored by quartz crystal microbalances 

(QCM) placed in the vicinity of each crucible. For KCl, real-time rate monitoring with QCM 

placed near the crucible was not possible due to the high evaporation temperature (~550 °C), 

which caused the QCM to malfunction. Therefore, the exact deposition rate of KCl could not 

be determined, and it can only be deduced from the preceding rate calibration with the QCM 

placed at the sample level (approx. 20 cm above the KCl crucible). Figure 3b shows that the 

increased KCl flux improves the PL emission intensity, surpassing its maximum at the moment 

of coalescence by almost six times. Closing the KCl shutter leads to gradual PL quenching, 

which can be explained by the ongoing growth of the perovskite layer containing defects. 

Subsequent KCl addition restores the PL intensity, but the emission has not fully recovered, 

indicating that some defects cannot be accessed or the defect density exceeds the KCl amount. 

This indicates that sequential passivation is not optimal for achieving maximal PL intensity, 

highlighting the necessity of continuous passivation under carefully tuned conditions. 

Nevertheless, perovskite emission recovery, which is directly connected to the KCl doping, can 

be unambiguously linked to the defect passivation effect.  

 

 

Figure 3. Temporal evolution of the normalized PL peak intensity for MAPbI3 growth with 

adding the KCl (a and b) and PEN molecules (c).  
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The effect of potassium-based compounds on defect passivation in perovskites has been 

studied in numerous works, although the exact mechanism of K+ incorporation is still debated. 

18,19,21,22,41–43 We propose that the polar nature of KCl acts as a dual-site passivator, where the 

ions (K+ and Cl−) interact electrostatically with the charged defects, similar to bifunctional 

additives predominantly utilized in the wet perovskite deposition methods.11,44,45 The 

potassium cation might be bound to uncoordinated I (iodine interstitial), MA+, or the Pb2+ 

vacancies, whereas the chloride anion might interact with the iodide vacancies or the 

uncoordinated Pb cations.22,41,42,44 The defect passivation with potassium salts during 

perovskite vapor deposition is straightforward, as the evaporation of pure potassium metal is 

challenging due to its low melting point, high reactivity in air, and its tendency to form 

compounds. Moreover, there is strong collective evidence that a small amount of Cl dopants 

facilitates the formation of larger perovskite grains while simultaneously reducing defect 

densities at the grain boundaries.46–52 To contrast and confirm the beneficial role of polar 

molecules on perovskite passivation, we also evaporated pentacene (PEN), a molecule with a 

negligible dipole moment, during MAPbI3 growth. Figure 3c shows that the PEN addition had 

no passivation effect on the PL intensity, as expected. The PL signal was quenched as it 

typically is after the perovskite crystallite coalescence, without any significant influence of 

PEN molecules on the emission progression. These data manifest the importance of the ions in 

the passivation process of the perovskite thin films.  

In the following section, we will discuss the KCl impact on the crystallographic 

structure and morphology of the perovskite film during growth. Figure 4a shows the GIWAXS 

reciprocal space map, reflecting the crystallographic structure of the MAPbI3 layer 3 minutes 

after KCl deposition was initiated. The diffraction peak positions indicate a tetragonal structure 

commonly observed for MAPbI3 films at temperatures below the cubic-phase transition point 

at T = (55 ± 5) °C.53–55 These observations are consistent with our previous findings on the 

crystallographic structure of MAPbI3 grown by vacuum deposition.56 Along with the 

perovskite phase, a PbI2 phase with an unusual symmetry is also visible (unit cell parameters: 

a ~ 4.55 Å-1, b ~ 4.55 Å-1, c ~ 21.05 Å-1, α = 90°, β = 90°, and γ = 120°).57–59 We note that such 

a PbI2 phase may be, in fact, common in perovskite layers, but its precise crystallographic 

structure is often not the primary focus of the study. Figure 4b shows the temporal evolution 

of MAPbI3 and PbI2 selected diffractions during the perovskite growth. In the case of MAPbI3, 

we observe a continuous shift of the 002 diffraction peak position in the reciprocal space 

towards the 110 reflection, indicating the gradual change from the tetragonal to cubic phase 
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(the GIWAXS reciprocal map at the end of the deposition is shown in Fig. S4 and the evolution 

of the diffraction intensitites and widths are shown in Fig. S5 and S6 in the Supplementary 

Information). Such continuous phase transformation cannot be attributed to the sudden 

introduction of the KCl compound in the perovskite layer, and other factors need to be 

examined.  

 

 

Figure 4. a) GIWAXS pattern of MAPbI3 perovskite immediately following KCl deposition. 

The calculated positions of the selected diffractions for MAPbI3 (black cross) and PbI2 (orange 

cross) are indicated. b) Temporal evolution of the MAPbI3 (002 and 110) and PbI2 (003) 

diffraction peak positions during the perovskite deposition, along with the substrate 

temperature. c) GISAXS pattern. The out-of-plane scattering peaks at a distance 2Δq, 

indicated by black dashed lines, inversely corresponding to the average perovskite island 

spacing. d) Diffuse scattering along q direction during MAPbI3 layer deposition, obtained by 

integrating the scattering signal in the black rectangle shown in c). The dashed black line tracks 

the continuous shift of the out-of-plane scattering peaks towards lower q-values, corresponding 

to a growth-related increase in the average distance between perovskite islands (see inset).  

 

The KCl salt is evaporated at high temperatures (550 °C), which significantly exceeds 

the deposition temperatures of PbI2 and MAI precursors at 280 °C and 160 °C, respectively. 
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The high temperature of the KCl crucible causes the substrate, i.e., the perovskite layer, heating 

via thermal radiation, as shown in Fig. 4b (see also the schematic indication in Fig. S1 in the 

Supplementary Information). The increasing substrate temperature leads to the continuous 

change of the perovskite unit cell parameters until the cubic phase is finally reached near the 

phase transition temperature. We note that the substrate temperature was measured by a 

thermocouple attached to the plate below the substrate. The actual temperature at the perovskite 

surface is ~ (5 ± 2) °C higher. The increased substrate temperature likely promotes the presence 

of the PbI2 phase in the early stages of the perovskite growth, with its further accumulation 

with a gradual temperature increase during the deposition, see Fig. S5 in the Supplementary 

Information. Notably, we did not observe any PbI2 excess in the perovskite layer under similar 

deposition conditions without KCl addition, when the substrate temperature did not exceed 

40 °C.13 The increasing substrate temperature and the subsequent gradual PbI2 phase excess 

might have a positive effect on the defect passivation, as previously reported in Refs. 10,60,61. 

Such defect passivation was primarily attributed to the occurrence or increase of the PbI2 phase 

because, in general, MAPbI3 films exhibit a decrease in PL intensity with increasing 

temperature, regardless of their crystallographic phase.62–64 Overall, the continuous rise in 

substrate temperature cannot account for the abrupt increase in PL intensity observed after the 

introduction of KCl, which we associate with defect passivation in the perovskite layer. The 

enhancement in PL is rapid and pronounced, occurring on a much shorter timescale than the 

gradual thermal effects. Additionally, the temporal profile of the PL intensity following KCl 

introduction changes too quickly to be explained by the slow and progressive increase in the 

PbI₂ phase (or the continuous change of the perovskite crystal structure), which evolves more 

gradually during the deposition process. This discrepancy in timescales further supports our 

interpretation that the PL increase is primarily driven by the chemical interaction between KCl 

and the perovskite rather than by thermal effects or structural transformations involving PbI₂. 

Figure 4c shows the GISAXS diffraction map, reflecting the surface morphology after 

~6 minutes of deposition. Here, the diffuse out-of-plane scattering (peaks highlighted by black 

dashed lines) indicates laterally correlated perovskite islands at the early stages of the 

deposition. The scattering peak distance 2Δq inversely corresponds to the average spacing 

distribution between perovskite islands D ≈ 2π/ Δq.65–67 The temporal evolution of the peak 

distance in the reciprocal space, obtained by integrating the scattering intensity in the range of 

q⊥ ~ 0.7 – 0.8 nm-1 (see black rectangle in Fig. 4c), is shown in Fig. 4d. We observe a 

continuous shift of the scattering peak position from larger to smaller q values with the 
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deposition progress. The observed shift in the out-of-plane peak can be attributed to the 

increasing mean distance between nanostructures as a consequence of island coalescence and 

subsequent size growth, depicted schematically in the inset of Fig. 4d. We note that island 

coalescence behavior in vacuum-deposited hybrid perovskite differs from that of more 

conventional inorganic materials, where nanocluster coalescence yields a relatively uniform 

layer.67 Instead, perovskites form mounded surfaces, making it difficult to identify the exact 

moment of coalescence using GISAXS analysis. 13  

Interestingly, the KCl introduction at the 27th minute of the perovskite growth did not 

produce any observable changes in the GISAXS patterns. The decrease in the out-of-plane 

scattering intensity at ~33 min is caused by the growing layer thickness, translating into 

periodic constructive and destructive changes in the scattering intensity.13 Overall, we can 

conclude that the KCl addition did not induce any substantial modifications of the perovskite 

crystallographic structure. The major tetragonal to the cubic phase transition is rather due to 

the gradual temperature increase caused by the heat radiation from the KCl crucible.  

 

CONCLUSION 

In conclusion, we employed a novel in situ measurement approach, combining PL 

spectroscopy and grazing-incidence wide/small-angle X-ray scattering (GIWAXS/SAXS), to 

investigate the impact of KCl addition on the optoelectronic and structural characteristics of 

MAPbI3 perovskite during vapor deposition. Our findings reveal an immediate and significant 

enhancement of the PL intensity upon introducing KCl salt, indicating efficient passivation of 

defects in the perovskite layer – especially at the grain boundaries. This approach leads to a 

notable enhancement in the implied VOC, with up to 75 mV improvement. Control experiments 

with pentacene evaporation showed no such PL enhancement, highlighting the importance of 

the ionic nature of KCl for defect passivation. Notably, while KCl significantly enhanced the 

PL intensity, GI-WAXS/SAXS measurements showed no substantial alterations in the 

perovskite’s crystallographic structure that could be directly attributed to KCl doping. Instead, 

a gradual tetragonal-to-cubic phase transition was observed, primarily driven by heating the 

perovskite layer due to the high temperature of the KCl crucible. Our in situ study provides 

direct evidence for an effective route for defect passivation in perovskite layers by the 

potassium salt during vacuum deposition, offering valuable insights for optimizing the quality 

of the absorption layer in the perovskite-based solar cells.  
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SUPPORTING INFORMATION 

A detailed description of the MAPbI3 with KCl deposition, experimental conditions, 

and setup; Details on the GIWAXS measurements and analysis; AFM measurements.  
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