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Abstract

Potassium bromide (KBr) crystal structure attracts attention due to its various applications in
electronic and optical devices as well as its potential in inducing local electrostatic fields.
Fabricating this crystal via the conventional Czochralski method or more novel epitaxial methods
is very costly. Here, with the focus on surface properties, a simple low-cost technique is employed
based on the usage of KBr powder, pellet making, and pressure appliance for the fabrication of
pellet crystals. These pellets have been annealed at various temperatures and studied via atomic
force microscopy; morphologically and structurally. Our results demonstrate that increasing the
temperature before the KBr melting point significantly reduces different roughness parameters,
the height of the atomic steps, and the distance between them. At 500 °C, the atomic steps are
more regular than at other temperatures, surface flatness and crystallinity are enhanced,
approaching the quality of commercial single crystals. These modifications improve the quality of
the crystals significantly, for various applications. Force spectroscopic measurements across
atomic step edges of KBr, demonstrates higher forces with respect to flat regions. These
engineered steps could serve as nanoscale templates for directing the self-assembly of molecules

or for creating spatially varying electrostatic potentials in 2D material heterostructures.
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1- Introduction

KBr has a clear and uniform FCC crystal, it is highly transparent in the mid-infrared (IR) region
and non absorbing for most IR wavelenghts, also has high permeability and wide bandwidth [1],

commonly used in IR fourier transform spectroscopy (FTIR) and beam splitters in
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spectrophotometers due to its low phonon absorption and in scintillators [2, 3]. KBr is also
colorless and due to its ionic nature, is soluble in water, and has a melting point of 734 °C. KBr
substrates are soft and moist, and have good resistance to mechanical shocks [4]. Since they cleave
easily along (100) planes, they are used for thin film growth [5], in the production of soft electronic
components as an electrical insulator, and as a supprot for molecular adsorption stuides in UHV
systems [6]. Terrace modifications of KBr as an ionic substrate at an atomic level has been used
as a source to generate electrostatic potentials on 2D materials [7]. KBr pellets are recently used
to assess the photodimerazation (i.e. the photochemical reaction) of acid compounds [8].
Furthermore, KBr is used as a light transducer in the range of 10-200 nm ultraviolet and soft X-
ray components [9]. KBr thin films are feasible alternatives for ultraviolet (UV) and soft X-ray
photocathode devices due to their high quantum efficiency and good stability in the extreme
ultraviolet to vacuum ultraviolet regions [10]. They can also be used as a proatective layer in
visible-sensitive photon detectors [11]. Owing to lower photoconversion efficiency of KBr
photocathode in the far ultraviolet (FUV) wavelength region, signal quality may be improved by
rejecting the sources of radiation and background near UV wavelengths [12]. The crystal surface
in many oxides and alkali halides such as KBr, is different to their corresponding bulk due to the
presence of dangling bonds and partly by surface irregularities such as dislocations, vacancies and
defects in the periodicity of the crystal. These surface features and broken periodicity at the
termination planes can evolve dynamically under environmental influences like vapor adsorption;
leading to distinct surface energies and structural rearrangements [13, 14] which highlights the
importance of dedicated surface studies to understand real material behavior beyond ideal bulk

lattice models.

A monocrystalline solid is a material in which the crystal lattice of the entire sample, from the
mass to the edges of the piece, is continuous and unbroken. The absence of defects gives single
crystals unique mechanical, optical, and electrical properties with respect to polycrystals [15].
Specific methods for producing single crystals include the Czochralski process, the floating zone
process, and the Bridgeman method [16,17], where some like the Chekralski’s furnace cost
between $400,000 and $1 million at least. The main techniques of KBr crystal growth can be
divided into four categories: molten, solid, vapor, and soluble. Other crystallization methods vary
depending on the material's physical properties, such as hydrothermal synthesis, sublimation,

simple solvent-based crystallization [6] or epitaxy [18]. The laying method is used to place skinny
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layers (micro or nanometer) of similar or different materials on the surface of a crystal. This
method has been influential in producing polar plates (111) of potassium bromide, which is
electrostatically unstable under normal conditions [19]. However, vacuum-based assembly

methods are very expensive and increase the cost of crystal production.

With regards of the importance of surface studies and the critical conditions of surface quality for
the mentioned applications, and due to the existence of the current expensive methods, we report
a simple, low-cost approach to achieve high quality flat KBr surfaces followed by thorough
characterizations to find the optimal conditions. In the inexpensive method, transparent pressurized
pellets were heated at different temperatures in the furnace and examined with an optical
microscope. Water evaporation mechanism at different annealing temperatures in KBr pellets were
explored by FTIR while the overal crystal structure of the pellets was investigated by X-ray
diffraction (XRD). The surface morpholgy, step edges. roughness and adhesive force of these
crystals were characterized by atomic force microscopy (AFM) in contact mode and compared to
standard KBr substrate in terms of surface flatness, number and distance of the atomic steps at

various annealing temperatures.
2- Materials and Methods

Spectroscopic-grade quality KBr powder (Merck) with a particle size of 100—200 mesh (~100 um)
[18], was first grinded in a unique, pre-cleaned opal mortar to give a uniform texture. The softened
powder was placed evenly inside the 1 cm diameter pellet holder. The holder containing the
uniform powder was placed in a press unit, and the pellets were fabricated using a laboratory
hydraulic pellet press with maximum capacity of 15 tons. The powder was pressed in a 1 cm
diameter die, applying approximately 8 tons-force. With the similar method, several pellets were
fabricated for reproducibilty purposes and to use for annealing at various temperatures. Next, the
pellets were placed in clean ceramic boats and into the furnace. The furnace was heated up in 50
°C steps to reach the desired temperatures at 350 °C, 400 °C, 450 °C, 500°C, 550°C and 600 °C,
and kept for an hour. Then the furnace temperature was reduced stepwise to room temperature
(RT) to prevent heat shock on the pellets. All samples were kept in a vacuum desiccator. For
comparison study, a KBr (100) crystal was purchased from Agar Scientific with the trade 1D
AGG3900, cleaved at a right angle with a sharp blade. FTIR spectroscopy (Perkin Elmer 100) was

performed on all pellets before the annealing process. Crystallography was achieved on the
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samples with X-ray diffration (XRD) system (Bruker-Advanced) and further analyses on the
crystal planes and orientations were investigated with XPert software. FTIR and XRD results and
discussions are presented in Supporting Information (SI). Topography imaging and force
spectroscopy were accomplished with an atomic force microscope (Advanced-Ara Pajuhesh) at
RT with humidity of 30 % where KBr surface stays safe. Contact mode with low force was used
with HQ:CSC17/AIBS cantilever purchased from MikroMasch, with force constant of 0.18 N/m
and resonance frequency of 13 kHz. The material of the cantilver was n-type Si. These AFM
cantilevers with low force constants offer high sensitivity in contact mode, high consistency of tip
radius, cantilever reflectivity and the quality factor. The set point was kept at 0.65 of reference

voltage and the and the can rate was 1 line/s.

3. Results and discussion

3.1. Atomic steps

The formation of atomic steps of KBr at temperatures 350 °C, 400°C, 450°C, 500°C, 550°C, and
600 °C was investigated using AFM. These measurements on the surface of the KBr unveiled
terraces of widths between 1.40 um and 6 pm. Figure 1 shows 2D and 3D AFM images of KBr
surfaces in contact mode. On the surface of KBr at 350 °C, there appears no specific atomic steps
in the imaging window, but they may be much farther away. It is evident that the distance between
the atomic steps decreases with the increase in temperature, thus, the atomic steps become closer.
In addition, the height of the steps decreases with the increase in temperature. Borderline-like lines
on the surface of the images may be due to stresses created in the pellet-making process and appear
to be visible in all images, regardless of the annealing temperature. At 500 °C, the atomic steps are
more regular and sharper than at other temperatures. As the temperature increases to 550 °C and
600 °C, the atomic steps start to merge, lose regularity and become rounded, transitioning towards
lower energy steps. As the pellets approach their melting point, their crystal structure deteriorated,
in agreement with the evolution of XRD spectra in SI, where the intensity of the peaks was the
highest at 450 °C and 500 °C. Figure 2 (b) shows the variation of distance between the atomic
steps in annealed KBr pellets with temperature. With the increase in temperature, the distance
between the atomic steps decreased. These data were extracted by processing images with SPIP

software.
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Figure 1. 2D and the corresponding 3D AFM topographic images of the surface of KBr pellets in contact mode at
different annealing temperatures; all with dimensions of 20umx20 um.

The observed rounding and straightening of the step edges during annealing indicate a transition
from higher-energy, high-Miller-index facets toward lower-energy, low-Miller-index facets,
consistent with thermodynamically favored surface restructuring in agreement with [20, 21].

Figure 2 (c) schematically shows the evolution of high index steps into low index steps with the
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increase in annealing temperature at a cubic crystal step edge. Although the atomic sized
transitions beyond 500 °C need to be featurd with high resolution microscopes like tuning fork
non-contact AFM, but evidences of step boundary features can be in seen on the surface of 500 °C
sample in Figure 2 (a) where a boat shaped is enlarged. This shape can constitute many high index
steps if atomically resolved. 2D and 3D AFM images of the as-purchased crystalline KBr as a
reference for this study in Figures 2 (d,e) show ultra-regular atomic steps with very short distances.

The steps in KBr pellets at 500 °C are closests to this sample.

(a) (b

KBr surface
at 500 °C

Distance of the atomic steps (#m)

350 400 450 500 550 600
T(°C)
(d) AGG3900,2D

Figure 2. (a) 2D AFM image of a step edge with boat shape boundary, (b) The average distances of the atomic steps
in annealed KBr samples at different temperatures, (c) Schematics of step transitions with the increase in
temperature, (d,e) 2D and 3D images of AGAR Scientific KBr crystal with trade ID AGG3900.
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3.2. Roughness variation with annealing temperature

Accurate surface roughness study on KBr at different annealing temperatures required equal sized
imaging windows without the presence of the atomic steps or stress boundaries. Therefore,
2umx2pum windows were isolated from 2D images in Figure 1 in a region between a pair of atomic
steps depicted in Figure 3(a). The roughness parameters of these images were processed with SPIP
software and summarized in Figure 3(b). Roughness parameters of reference sample was also
extracted for comparison. Sa, being the most common rougness parameter reported in the
literature, as the average roughness, or the average of the deviations from the mean plane varied
with annealing temperature as shown in Figure 3(c). Sq is the RMS roughness and also commonly
used which is the standard deviation of the height distribution. Sz is the difference between Sp and
Sv, while Sp shows maximum peak height and Sv shows maximum valley depth. The surface
roughnesses, or Sa, decreased markedly with increase in annealing temperature up to 500°C.
Beyond that, Sa increased rapidly to values higher than 5 nm. Again, from previous analyses, it is
known that beyond this point, crystallinity of the surface deteriorates. Another quantity extracted
from the surface roughness, Sq, has similar variation as Sa. The other two standard parameters, Sp
and Sv, indicated small variations (below 10 nm) in refrence KBr and those annealed at 400 °C,
450 °C and 500 °C. However, at 350 °C, 550 °C and 600 °C, these parameters rise to much higher
values up to 50 nm. Sz, bieng calculated from Sp and Sv, showed similar trend. This means highest
peak height and deepest valley depth in less crystalline samples are higher and this agrees with
XRD results.

In short, the initial reduction in surface roughnesses up to 500 °C can be attributed to enhanced
surface diffusion and increased atomic mobility, which promote the relaxation of surface
irregularities, step edges and the elimination of defects in agreement with [22]. At higher
temperatures, however, all roughness values increased rapidly, likely due to surface instability,
defect formation, and partial degradation of surface crystallinity as the material approached
thermally activated disordering or pre-melting phenomena as commonly observed for alkali halide

surfaces such as KBr.
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Roughness value(nm)

Figure 3. (a) 2D topographic images of the surface of KBr pellets at different annealing
temperatures, (b) Variation of roughness parameters extracted from the 2D images in part (a), (c)
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3.3. Force spectroscopy across atomic steps

According to the AFM roughness and XRD results, annealed KBr samples arount 500 °C
demonstrated higher degree of crystallinity. Some of the samples were selected for force
spectroscopy. This process was done point by point on the surface by swithing off the feedback
loop and implementing a certain value of indentation onto the substrate, enabling pull-off force (as
the maximum attractive force during tip retraction in each force—distance curve) detection. Figure
4 shows 2D images of atomic steps of KBr pellets annealed at 450 °C, 500 °C, 550 °C and the
reference purchased KBr. Force spectroscopy was performed with only a few nanometers
indentation, well within the elastic deformation regime and non-destructive for the KBr crystal.
The force variation data across these steps in nN demonstrated higher forces at the boundary of
the steps while flatter regions had lower adhesive forces. The increased adhesion observed at the
step edges can be attributed to the higher local surface energy at these sites. Step edges and defect
sites are more likely to adsorb ambient water molecules, which enhances capillary forces. In
addition, the intrinsic ionic polarization at the step may increase local electrostatic interactions
between the tip and surface, further contributing to the elevated adhesive force [23]. This property
of atomic steps can be exploited in electrostatic potential tuning on the bare KBr or KBr covered
with 2D materials where screening effects are still minor as predicted theoretically and
demonstrated by electric force microscopy and scanning tunneling microscopy/spectroscopy in

[24, 25].
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Figure 4. 2D AFM topographic images of KBr samples at 450 °C, 500 °C, 550 °C and the reference KBr sample

along with pull-off force variations across relevant atomic steps.
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3.4. FTIR and XRD analyses

The evolution of water with annealing temperature in KBr pellets was examined via FTIR
spectroscopy in SI and Figure S1. The results were in agreement with [2,26,27]. XRD data were
collected from pellets using monochromated CuKo (A=1.54060 A) radiation with 20 from 5° to
85°. XRD spectra of the annealed pellets are depicted in Figure S2 confirming an FCC crytal
structure and agrees with the literature [28]. XRD patterns of KBr pellets exhibit the most intense
peak at the (200) crystallographic plane; this peak is from the peak family of (100) and is essential
in potassium bromide crystals, followed by other peaks at (111), (220), and (420) planes,
respectively. For better clarity, significant peaks are zoomed in Figure 1. The zoomed in image of
(111) peak at 350 °C and 400 °C shows low intensity. At 450 °C and 500 °C, the intensity of this
peak increases. With further increase in annealing temperature to 550 °C and 600 °C, the intensity

of this peak decreaces to its lowest value in agreement with [29, 30].

4- Conclusions

Unexpensive and simple was used to produce KBr crystal structures and tune crystal properties
based on pressurized powder and annealing process. KBr has many application across different
fields and easier fabrication of this material with tuned crystallinity is desired. Structural and
morphological study along with intensive AFM imaging, roughness measurement and force
spectroscopy was performed on KBr samples annealed at 350 °C to 600 °C just below its melting
temperature and on a reference KBr substrate purchased for comparison. The results demonstrated
that the optimal annealing temperature was 500 °C, where higher crystallinity occurred on the
surface, best agreement with the reference sample was observed, average roughness Sa was
reduced to 0.4 nm and step spacing reduced to 2 um. Force spectroscopy measurements
demonstrated larger adhesive force on the atomic steps with respect to flat regions. We propose
that these engineered steps could serve as nanoscale templates for directing the self-assembly of
molecules or for creating spatially varying electrostatic potentials in 2D material heterostructures,

which could be probed by Kelvin Probe Force Microscopy (KPFM).
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