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Abstract

More recently, there are important number of papers which have been stimulated by the optical characteristics of crystalline matrixes
doped with quantum dots (QDs), nanoparticles (NPs) or nanocrystals (NCs) of semiconductors. In this context, we suggest this investigation,
which highlights the doping effects of CuO (NCs) on structural and optical properties of KBr single crystal. In this approach, we expose a
simple and realizable technique for embedding CuO NCs as three dimensions (3D) defects in a KBr crystalline matrix. The Czochralski
method was used to obtain a KBr:CuO single crystal starting from inhomogeneous phase melt-NCs in the crystallization melting-pot.
However, the nano-regime of guest material creates a difficult challenge, because there is a possibility of fusing of the CuO NCs during the
crystal growth process. Nevertheless, the whole structural results prove that the NCs inside KBr:CuO single crystal have monoclinic phase
with nano-regime size. In addition, these results appear that the CuO NCs have two orientations preferred inside KBr host and demonstrate
that the chemical bond Cu-O of CuO monoclinic phase steel exists. Relative to the optical properties, the UV-Visible absorption
spectroscopy exhibits that the NCs inside KBr:CuO sample have a nano-regime size, where the band gap shifts toward the higher energies.
Furthermore, photoluminescence (PL) of KBr:CuO single crystal appears an important intensity in the visible range, this property makes this
sample as a good candidate to integrate them in the optical devices which are working in the visible range.
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1. Introduction

During the past few years, the nano-semiconductors have proved itself beside the bulk semiconductors and have attracted
extensive attention from scientists not only for the dramatic changing of their properties as a function of size, which is so
significant for fundamental research, but also for their applications in different topics of technology as nano-electronics, nano-
medicine and nano-devices of renewable energy. It is well recognized that metal oxides have reached an important place in
several areas of chemistry, physics and materials science. Currently, copper oxides, especially found a wide application domain
in catalytic, field emissions, gas sensing, lithium batteries, and solar cells [1-5]. Naturally copper is a metal with high electrical
conductivity. However, copper oxides exist in three different forms: cupric oxide (CuQ), cuprous oxide (Cuz0), and
paramelaconite (CusOs3) have different properties. CuO and CusO3 phases have a monoclinic and a tetragonal crystal structure,
they are a p-type semiconductor with a relatively narrow band gap (1.2-1.9 eV), respectively [6]. While Cu,O phase is known
to be a p-type semiconductor and a large direct band gap 2-2.6 eV with cubic structure [7].

Due to the nano-size of NCs, most them used in optical experiments, are embedded in transparent matrixes [8-9].
Basically, there are two main kinds of the transparent matrixes: amorphous matrixes [10-11] and crystalline matrixes [12-13].
Concerning the last one, there are a several different kind of transparence crystalline hosts, among these matrixes, alkali halide
compounds have a wide range of possible doping impurities with different concentrations. Furthermore, due to their high gap
energy (10 eV) they offer a large window for optical spectroscopy studies, especially in the Uvi-Vis range. There are several
studies addressed to optical properties of semiconductors NCs self-assembled in alkali halide single crystals, for example:
NaCl:CuCl, NaBr:CuBr, KCI:AgCl, KBr:AgBr and KCI:Sh,0s, where these NCs and matrixes make a homogeneous melt
during the growth process [14-18]. Tobias Otto et al, reported an investigation about the optical properties of CdTe quantum
dots (QDs) embedded in various macrocrystals of salts (NaCl, KCI and KBr). However, these macrocrystals were grown from
aqueous solution [19]. In addition, M. Priya et al reported a study about dielectric properties of NCs of oxides (ZnO and CdQ)
dispersed in polycrystalline of (NaCl, KCI and NaClos-KClos), these polycrystalline matrixes were obtained from melting

phase [20]. Recently Yujing Liu et al, conclude that the presence of CdTe QDs and polymer dots (Pdots) as guest materials



inside calcite single crystals have a fluorescence lifetime longer than the ones dispersed in gel and solution [21]. In our
approach we propose to elaborate alkali halide single crystals from melting phase. But nevertheless, the embedded NCs of
semiconductors save their solid state in the crystallization melting-pot. But there is a challenge, because the melting point of
NCs decreases when their size decreases. We have already reported investigations about the properties of NCs dispersed in
alkali halide single crystals, for example: KCI:CdS, KBr:CdTe, and NaCl:CuO [22-24]. Intel now, to the best of our
knowledge, no reports available on the elaboration and characterization of KBr:CuO single crystal. In this context, we
recommend to investigate the doping effects of CuO NCs on the structural and optical properties of the KBr single crystals.

2. Experimental details

As a first step the starting mixture: 98 wat% of KBr powder (Aldrich >99 % purity) was mixed with 2 wat% of CuO
(Aldrich: size <50nm). The next step: This mixture is undergone to decreasing of the temperature till the melting point of KBr
(T= 734°C). After that, the system (melt of KBr—NCs of CuQ) is shifted to (T= 731°C). This new temperature is suitable for
starting the crystallization process of the KBr host. It is very interesting to note that A.H. Battez et al [25] have already reported
that the melting point of CuO NCs (30-50 nm) is 1326°C, which means under the crystal growth conditions of KBr single
crystal the CuO NCs still have solid state property. But nevertheless, there is a possibility of fusing of CuO NCs because we
are working with NCs have 15.5 nm of size (see results and discussion section). When the thermodynamic equilibrium
conditions are satisfied, the seed (small KBr single crystal) kept lowering until it is just immersed in the melt. At this moment
the rotation motion (1rpm) was triggered, this velocity was maintained through all the experience. We detect the beginning of
crystallization process after the first few minutes (2-3 mins) through appearing a shiny disk around the contact zone (seed-
melt). When this condition is satisfied we activate the pulling motion with velocity in a range of 8-10 mm/h. The obtained
crystal has a yellow color with disorder dark regions and macroscopic linear defects. This crystal is cleaved into samples, each
with a face being parallel to the (100) plane (see Fig.1). Regarding a pure KBr single crystal, we use the same experimental
protocol. However, in this time the starting materials are only the powder of KBr. A pure KBr single crystal has colorless

property.

.
iasie:

- 83 53881 132 185 s

Fig. 1. Photograph of a KBr:CuO single crystal.

In this investigation the diffractometer which was used is BRUKER-AXSD8 with Cu K radiation (A, =1.5402A)

and a graphite filter. In addition, the Raman spectroscopy of KBr:CuO samples were carried out using a (BRUKER ‘Senterra’)
p—Raman spectrometer at room temperature (RT) with a wavelength of excitation is Aex= 532nm (YAG, green). This new
instrument offers an important advantage: where the deep-p-area of analysis is possible to change. Relative to FT-IR

investigation was performed with Thermo-Nicolet equipment in the 1000-400 cm range. Optical properties were studied



using a UV-visible spectrophotometer (Shimadzu, UV-3101). Furthermore, the PL was measured at RT and the samples were

excited by an argon laser (ionized light Eexc = 313 nm) with an output power of 10 mW.

3. Results and discussion

Figure. 2 represents XRD patterns of three different samples: a pure KBr single crystal, CuO NCs, and an KBr:CuO
single crystal. From the spectrum of KBr crystal, we can see only three peaks found at: 26 =27.12°, 26= 55.70°, and
26=87.94° correspond to the (200) plane and its harmonic planes (400) and (600), respectively. It is easy to conclude from this
result that the sample has a single crystal character. Also the spectrum denotes that the sample is cleaved where the faces are
parallel to the (100) plane. In addition, the absence of peaks relative to impurities indicates that the KBr single crystal has a

good purity. The XRD spectrum of the CuO NCs was displayed in figure 2. The diffraction peaks consist with the monoclinic

o

structure of CuO with lattice constants a=4.69, b = 3.42, ¢ = 5.13A , p =9952 , and the C2/c symmetry space group as
reported in the JCPDS 41-0254 card. Besides, the nanometric particle size translated through a broadening of the majority of
peaks, Scherrer’s formula was used to estimate the crystallite size of CuO which is found to be about 15.5 nm.
0.91
" B(0) cos(0) @)
Where D is the crystallite diameter, A the wavelength, 6 the Bragg angle, and B (0) the full width at half maximum (FWHM)
of the peak.
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Fig. 2. The XRD pattern of: a pure KBr single crystal (f2¢@s @re’parallel to the (100) plane), CuO NCs, and a KBr:CuO single
crystal (faces are parallel to the (100) plane).

Regarding the XRD pattern of the KBr:CuO sample (see figure. 2), there are three intense peaks related to the host (KBr),

and two weak peaks located at 26 = 53.76° and 26 = 85.68°, attributed respectively to the plans (020) and (402) of CuO



monoclinic phase. However, all other peaks of CuO do not appear, and this observation donates that the crystallites of CuO
display preferred orientation in these two directions, where their axes are almost parallel to the crystallographic axes of the
KBr lattice. Frohlich et al, and Haselhoff et al [14-15] have already proved the same note, they found that the axes of CuCl
NCs are parallel to the axes of the NaCl lattice and KCI lattice, respectively. As is well known that the melting point of NCs
decreases when their size decreases [26]. This fact makes a challenge for what we postulate in the beginning. Nevertheless, the
XRD spectrum of KBr:CuO harmonious with the postulate: where the absence of peaks relative to other phases, such as
K2CuBrs, proving that the CuO NCs still have their solid state properties during the crystal growth process. In addition, the
estimated of the average size of CuO NCs inside KBr is almost triple times (47.84 nm) as compared with that of CuO
nanopowder (15.50nm). Basing on the fact, that the Gibbs free energy of the surface of NCs is usually high, and the NCs have
the tendency toward aggregate formation, thereby reducing the Gibbs free energy of the surface [27]. We speculate that
available conditions in the crystal growth environment contribute to the agglomeration process of CuO NCs. The resulting
sizes of CuO NCs are listed in Table 1.
Table 1. Crystallites sizes calculated from the XRD

20 ) 53.76 85.68
(hKl) (020) (302)
B 0.174 0.24

D (nm) 50.56 45.13

Usually, Raman spectroscopy uses to investigate the structural properties of nanomaterials [28-29]. Figure 3 shows the
Raman spectrum of KBr:CuO at RT with different deep area p-analysis. It can be seen from this curve three Ramans modes
(Ag+2Bg) located at 297, 334 and 608 cm'* attributed to the CuO monoclinic phase, which is consistent with XRD analysis.
These peaks are largely reported in the literature [30-32]. The intensity of beaks (Figue 3) is reduced with increasing of deep of

the area which was analyzed due to the constraint exerted by the KBr host.
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Fig. 3. Raman spectrum of KBr:CuO: (A) The area p-analysis is on the surface of the sample. (B) Deep of the area p-analysis

exists under 0.5um of the surface and (C) Deep of the area p-analysis exists under 1pum of the surface.

In the older generations of IR spectrometry usually they use alkali halide compounds as support, because these
compounds are transparent in the IR range. Fig.4 displays the FT-IR transmission spectra of KBr:CuO crystal. Though, the
FT-IR spectrum of KBr:CuO in Figure. 4 shows three peaks situated at 473, 547, and 592 cm™ respectively, which are
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characteristics of vibrations along the Cu-O bond. [33-34]. These outcomes confirm the inclusion of the monoclinic CuO
phase in the KBr host.
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Fig. 4. FT-IR spectra of pure KBr:CuO.

The optical absorption spectrum of a pure KBr crystal represented in Fig. 5 (a), shows that KBr has a strong absorption
near ultraviolet and it is transparent in the visible region. On the other hand, the optical band gap determined by the minimum
of second derivative method [35] is Eqker = 6.2 €V (see insert Fig. 5 (a)).
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Fig. 5. (a) Optical absorption spectrum of the pure KBr crystal with Eg of the KBr crystal and (b) Optical absorption spectrum
of the pure KBr:CuO crystal with Eg of the CuO NCs inside KBr crystal.

In other side, the sample of KBr:CuO exhibits tow absorption bands centered around 465nm and 625nm. The first one
attributed to the allowed direct transitions which are dominant in the CuO NCs, where the band gap appears a significant
amount of blue shift (AE gap= 0.85¢V) toward high energies, as compared to the band gap of bulk CuO [36]. This blue-shift
is caused by the well-known quantum confinement effect. Although, the average size CuO NCs inside KBr crystal is about

47.84nm is larger double times of the Bohr radius of CuO semiconductor (Rg=28.7nm) [37], but there are interesting effects
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due to the confinement of translational motion of the whole exciton. Returning to the second band, it is relative to color center
type-F [38]. This result leads us to think that the including of CuO NCs stimulates other punctual defects such as color center.
As a coincidence result with optical absorption property, the photoluminescence (PL) exhibits two bands located at 470
nm and 626 nm (see Figure. 6). The first band (470nm) originates from the allowed direct transitions of carrier charges in the
CuO NCs. A similar result is obtained by X. Zhao et al. [39] who observed an emission band centered at 465 nm for a CuO
nanowire with a size of 85 nm when the excitation wavelength was 370 nm. Furthermore, The high intensity makes this sample
a good candidate for integrate them in optical devices those active in the visible range. In addition, the weak band found at

626nm is attributed to the color center type-F.
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Fig. 6. Photoluminescence spectrum of a KBr:CuO crystal.
4. Conclusion

In the present work, we report an experimental study contain a preparation, structural and optical characterization of
KBr single crystal doped with CuO nanocrystals (NCs) as bulk defects. KBr and KBr:CuO single crystals are growing by the
Czochralski method along [100] crystallographic axes. In order to characterize the samples with comfortably, the obtained
crystals are cleaved parallel to the (100) face with suitable size. The XRD results indicate that the KBr and KBr:CuO have a

single crystal character with high purity. In addition, the estimated size of CuO crystallites in KBr:CuO crystal is about

47.48nm and the orientation of CuO NCs have only two directions preferred (020) and (402). In other side, Raman

spectroscopy and Fourier transform infrared (FT-IR) confirm the existence of Cu-O chemical liaison in the CuO monoclinic
phase. Regarding the optical properties, the Uvi-Vis absorption exhibited a bond absorption located at 460nm (1.98 eV) due to
the allowed direct transitions of CuO NCs. The nano-size of doping CuO translated by exhibiting a blue shift of the gap (AE
gap= 0.85eV) toward the higher energies. Furthermore, Photoluminuscence (PL) spectroscopy appear a large and intense band
located at around 438nm (eV) due to CuO NCs, which supported these samples to introduce them in optical devises active in
the visible range. The whole results prove that the elaboration of KBr:CuO single crystal starting from inhomogeneous melt

phase has been achieved, where the CuO NCs keep their properties.
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