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Abstract 

Bismuth germanium oxide Bi12GeO20 (BGO) has very interesting electrical, optical and magnetic 

properties. In order to make devices based on this material more flexible, its powder was used for 

preparing polymer composites. This study reports investigation of the effects of using different 

solvents and polymers in preparation of BGO composite on the microstructural and optical 

behaviour of the resulting material. Preparation of such composites by a solution casting method 

is described. Poly (methyl methacrylate) (PMMA) and polystyrene (PS)) were used as matrix 

materials and acetone and chloroform as solvents. Their microstructure and the quality of BGO 

dispersion and deaggregation in polymer matrix were analysed by SEM, Raman, XRD and 

optical spectroscopy. The influence of particle size distribution, their shapes, and concentration 

on the optical transmission is calculated based on Mie scattering theory and discussed, too.  

Keywords: Composite materials; polymer; elastic scattering; optical properties; optical 

spectroscopy 
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1. Introduction 

As a member of sillenite single crystals, Bismuth germanium oxide, Bi12GeO20 (BGO) 

has only one non-bismuth metal atom in a formula unit of 33 atoms. Its structure with only one 

Ge atom for every 12 Bi atoms and only four of 20 oxygen atoms involved in GeO4 tetrahedron 

is foundation for many interesting properties such as photoconductivity, magneto-optical effect, 

electro-optical effect, piezoelectricity, electrogyratory effect and photorefractivity [1-3,]. These 

properties are applicative in the fields of optical sensors, optical memories, holography, etc. [4-

8]. Composites with polymer matrix are materials of great interest because their properties can 

be adjusted by: controlling the content, morphology and composition of the particle 

reinforcement, different processing techniques and modification of the polymer matrix [9-11]. 

Using BGO powder as reinforcement for creating composite materials would potentially broaden 

and technologically improve its applications.  

BGO large refraction index compared to the matrix polymers leads to high scattering on powder 

particles and radiation loss. Although high loss can be acceptable for sensing applications it is of 

interest to find a suitable technological procedure to make samples homogenous in particle size 

distribution and more transparent. 

In this paper preparation and characterization of composites with poly (methyl methacrylate) 

(PMMA) or polystyrene (PS) matrix and milled BGO powder as reinforcement are described, 

The solution casting method is chosen since it gives the better transparency of the samples 

compared with melt compounding methods [12]. For PMMA based samples two solvents were 

used acetone and chloroform, and for preparing PS sample chloroform is used as solvent. Particle 

size distribution of powder itself and of prepared composites based on their SEM images is used 

to compare homogeneity of samples, as well as, the size and shapes of their particles and 

aggregates. X-ray diffraction (XRD) and Raman spectra analysis of the samples were done to 

authenticate powdered single crystal BGO in the composite samples and to investigate how 

different preparing procedure influence the obtained spectra. Besides characterization of the 

samples the optical spectroscopy was used for comparing the measured and calculated 

transmission of samples based on Mie scattering theory.  

To the best of our knowledge, the selected Bi12GeO20-PMMA and Bi12GeO20-PS composite 

systems has not been previously reported in the literature. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 3 

2. Experimental 

 

2.1. Materials 

Bi12GeO20 single crystals were grown by the Czochralski technique using a MSR 2 

crystal puller controlled by a Eurotherm. The charge for preparing this yellow crystal was a 

stoichiometric mixture of Bi2O3 (99.999 wt%) and GeO2 (99.9999 wt%). Details of the 

preparation are presented in [13]. Powdering of synthesized single crystals was done by milling 

in planetary high energy ball mill (Fritsch Pulverisettes).  

The polymer components of the composites were: a) commercially available heat resistant 

injection grade PMMA pellets, Acryrex_ CM-205 (Mw = 90400, Chi Mei Corporation, Taiwan), 

with no detected solute according to RoHS Directive b) commercially available Polystyrene (PS) 

pellets, Empera ®251N, Ineos Nova, c) acetone purchased at Beta Hemm and d) chloroform 

purchased at Fisher Scientific from UK.  

2.2. Preparation of composite samples 

 

The composite samples were prepared with a solution casting method. Three samples 

with different polymer or solvent are prepared, but all with the same BGO mass fraction of 1.0 

wt%.  

The first sample (in following text denoted as no.1) was obtained by dissolving PMMA in 

acetone for 24 h, and then by adding BGO powder to the solution with continuous magnetic 

stirring. The mixture was poured in the Petri dish through a 5 micron mesh sieve to prevent 

bubbling and left inside an oven at constant temperature of 50 °C for another 24 h, and then in a 

vacuum drying oven for 8 h at 50 °C. 

The second sample (no.2) was prepared by dissolving PMMA in chloroform and then adding 

BGO powder to the solution with continuous bath ultrasound (15 min) and magnetic stirring for 

24 h. The mixture was then poured into 50 mm diameter Petri dishes, left inside an oven at 

constant temperature of 50 °C for another 24 h, and then in a vacuum drying oven for 8 h at 50 

°C. 

The sample no.3 was obtained by dissolving Polystyrene (PS) in chloroform and then adding 

BGO powder to the solution with continuous bath ultrasound (15 min) and magnetic stirring for 
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24 h. The mixture was then poured into 50 mm diameter Petri dishes, and the further procedures 

were the same as for sample no.2. The thickness of all prepared samples was 0.6 mm. 

 

2.3. Characterization methods 

The particle size distribution (PSD) of BGO powder was determined by a laser light-

scattering particle size analyzer (PSA). The used instrument was Mastersizer 2000 (Malvern 

Instruments Ltd., UK) particle size analyzer based on laser diffraction, covering the particle size 

range of 0.02-2000 µm. For the PSA measurements, the powder was dispersed in distilled water, 

in ultrasonic bath (low-intensity ultrasound, at a frequency of 40 kHz and power of 50 W), for 20 

minutes. 

SEM imaging of BGO polymer composites was performed using field emission scanning 

electron microscope FESEM (TESCAN MIRA 3) in order to investigate differences in 

dispersion and deaggregation of particles in composite samples. The size distribution of particles 

in the composites was obtained through manual measurements and analysis of SEM images 

using program Image Pro Plus 6.0 (Media Cybernetics).  

X-ray diffraction (XRD) analyses of powdered single BGO crystals and composite samples were 

performed on a Philips 1050 X-ray powder diffractometer using a Ni-filtered CuKα radiation and 

Bragg-Brentano focusing geometry. The patterns were taken in the 10°< 2θ< 100° range with the 

scanning step of 0.05° and exposure time of 5 s per step.  

The Raman spectra of polymer composites were obtained by the micro-Raman is analyzed using 

Jobin Yvon T64000 spectrometer, equipped with nitrogen cooled charge-coupled device 

detector. The measurements were performed at 20 mW during 200 s at room temperature. The 

spectral range of Raman was from 50 to 900 cm-1, in back scattering geometry. 

Optical transmission spectra of the single crystal, composite samples and pure polymer films as a 

control were measured in VIS and IR ranges using DU 720 General purpose UV- VIS 

spectrometer (300-1100 nm). 

 

3. Results and discussion 

 

3.1. Powder particle size distribution  
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The particle size distribution, based on number, of the analyzed BGO powder is presented in Fig. 

1. The particle size distribution was relatively narrow (span = 2.243) where 10% of particles, 

d(0.1), have diameter smaller than 0.125 µm, 50% of particles possess diameter of d(0.5)=0.240 

µm, while 90% of particles, d(0.9), are smaller than 0.670 µm. 

 

Fig.1. Particle size distribution of BGO powder  

 

3.2. SEM analysis and obtaining the PSD of composite samples  

 

 Three SEM of sample no.1 with different magnifications (6.17k, 11.3k and 40.0k) are 

presented in Fig. 2. The first one shows the broad area of composite and distribution of various 

powder particle sizes in composite. The second micrograph shows the marked detail of the first 

one in order to establish shapes and sizes of various kinds of powder particles and aggregates 

that are formed. The third one shows structure of aggregates for micrograph detail marked in the 

second one. It is obvious that the aggregates have mostly round shapes and their size is up to 10 

µm.  

Similar three micrographs of sample no.2 are presented in Fig.3 whose magnifications were 

4.08k, 26.1k and 83.9k respectively. This sample has more homogeneous structure compared to 

sample no.1, the particle and aggregate sizes are up to 4µm and their shapes are mostly round. 

In Figure 4, three micrographs of sample no.3 are presented with magnifications of 3.77, 8.64k 

and 29.1k. The particles and aggregates are pretty uniformly distributed, but their shapes are 

quite different compared to other two samples. Shapes of aggregates and particles are not 

spherical in the majority, but more ellipsoidal, sometimes even pyramidal and their size is up to 

9µm. 

 Fig. 2. SEM micrographs of the sample no.1 with different magnifications 

 Fig. 3. SEM micrographs of the sample no.2 with different magnifications 

 Fig. 4. SEM micrographs of the sample no.3 with different magnifications 

Additional SEM micrographs of all sample types are presented in the Supplement data. 

In order to compare samples, PSD analysis is obtained. Since the shapes of particles are different 

as well as their visibility, the analysis was done manually using Image ProPlus 6.0. The 

measured values denoted as d were the longest dimensions of the particles. 
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The histograms presenting size count probabilities for all three samples for the sizes up to 8 µm 

are presented in Fig. 5.  

The number of analyzed particles N, minimum and maximum observed size, mean size value, 

standard deviation, as well as d(0.5) and d(0.9) values are shown in Table 1. 

 

Fig. 5. Particle size distribution based on SEM analysis a) sample no.1, b) sample no.2 and c) 

sample no.3. 

Table 1 Statistics parameters of PSD in composite samples based on SEM analysis 

 

Comparing the powder PSD from paragraph 3.1 and PSDs of prepared samples, it is obvious, 

that although all preparing procedures have some kind of particles dispersion in the polymer 

solution, during evaporation of the solvent and forming the composite, the various aggregates of 

particles were formed. The values of d(0.5) and d(0.9) have higher values for the prepared 

samples no.1 and no.3 than in powder PSD which illustrates those statement. The best 

homogeneity and the smallest aggregates have sample no.2. 

 

3.3. XRD characterization of pure crystal and composite samples 

 

XRD characterization was performed to authenticate powdered single crystal BGO in the 

composite samples. The presented graphs in Fig. 6 show XRD patterns of powdered single BGO 

crystals and of composite samples. XRD pattern of pure PMMA is recognizable in graphs for the 

samples no.1 and no.2 by their broad amorphous maximums observed around 2θ =15°, 30.2° and 

42.2° as reported in the literature [14]. The specific broad diffraction peaks of pure PS around 

2θ=20° and 43° observed in XRD pattern of sample no.3 are characteristic for pure PS [15]. 

From the graphs presented in Fig. 6., the BGO crystal characteristics are very good recognized 

both for samples no1 and no.3, but some peaks (2θ  =49.3°,79°,80.3° and 81.6° are clearly 

visible only at XRD pattern of the sample no.3. The reasons are most probably that the particles 

of BGO at the top of the samples no.3 and no.1 are larger than those in sample no.2. and the 

broad XRD pattern peaks of PS do not coincide with those from pure crystal BGO. 

 

Fig. 6. XRD patterns of powdered BGO single crystal and composite samples 
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3.4. Raman spectra 

The Raman spectra of BGO single crystal and composite samples are presented in Fig. 7. In 

order to differentiate composite samples from polymers, observed modes were also compared 

with Raman spectra of pure PMMA and PS. Intensity modes at 553, 600, 730, 810, 965-999 

(broad peak), 1180, 1237, 1450 cm−1 in the Raman spectra of samples no.1 and no.2 are 

characteristic for pure PMMA as it is presented in literature [16, 17]. In Raman spectra of sample 

no.3 intensity modes at 366, 405, 621, 796, 1001, 1031, 1450 and 1584 cm−1, belong to pure PS, 

as it is described in [18, 19, 20]. 

The frequencies of the peaks observed in Raman spectra of the yellow Bi12GeO20 single crystals 

and the symmetry types of corresponding vibrations are presented in the first and second column 

of the Table 2 based on the results presented in previous article [13] and literature [21]. The 

registered intensity modes for composite samples are presented in Table 2, where notation s 

indicate that the peak is of low intensity or hardly to differentiate from the broad peak of the pure 

polymer. 

In Raman spectra of the sample no.1 the intensity modes are weakly perceived. Sample no. 2 

have two well defined intensity modes and they are 269 and 538 cm−1 both of symmetry A which 

shows ``breathing`` of Bi and O1 and O2 atoms [13]. In sample no.2 the other intensity modes of 

symmetry A as well as of other symmetry types are observed. Sample no.3 have best observable 

intensity maximum at 620 cm−1, of symmetry E and which shows Bi and O1, O2, O3 vibrations 

elongating the cluster along either <100> or <001>,  <100> or <010>, respectively.  

 
Fig. 7. Raman spectra of BGO single crystal and composite samples 

Table 2 Raman frequencies observed in single crystal BGO and samples 

 
3.5. Optical transmission spectra 
 

The described composite samples were prepared with high mass fraction in order to 

obtain XRD and Raman measurements that clearly distinguish BGO particles from polymer 

matrix and in this way investigate whether powder particles in such composites keep their crystal 

characteristics. 
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Optical transmission spectra were measured for the single crystal BGO plate, pure polymer 

samples and composite samples.  

Single crystal plates of size 4 mm × 4 mm × 10 mm were cut from the boule with cutting plane 

perpendicular to the crystal growth direction and mechanically and chemically polished.  The 

transmission spectrum of such a plate is presented in Fig. 8a). The pure BGO crystal plate is 

almost not transparent for wavelengths less than 500 nm. This is in agreement with literature 

[22], since the energy gap of crystal BGO is about 3.2 eV and the yellow color of this crystal is 

due to a broad absorption shoulder in the photon energy range from 2.3 eV to 3.2 eV 

(corresponding to the wavelengths from 539 to 387 nm). At the same graph in Fig. 8a) the 

optical spectra of pure PMMA and pure PS polymer 0.6 mm thick plates are presented, too.  

Optical transmission spectra of composite samples are presented in Figure 8b). All presented 

spectra are normalized to the air transmission spectra. 

 

Fig. 8. Transmission spectra of: a) single crystal BGO, pure PMMA and pure PS, b) composite 

samples 

 

The similar shapes of spectra for the samples no.1 and no.2 reassemble to pure PMMA measured 

spectra. Although the samples no.1 and no.2 have the same initial BGO mass fraction 1 wt% the 

real mass fraction of the sample no.1 is most probable smaller than initial because of the filtering 

during preparation. Particles in sample no.2 have smaller sizes then those in sample no.1, 

according to the presented SEM analysis (paragraph 3.2.), so the light scattering is more 

intensive in this sample and since its real mass fraction is higher, its transmission is worse. 

Sample no.3 has low but almost linear transmission spectra versus wavelength.  

The composite samples, thanks to polymer matrix, have wider transmission spectra than the 

BGO crystal. This allows using this material for double-wavelength techniques, where one of the 

wavelengths is chosen to be outside BGO transmission spectra. In case of using this material for 

fiber optic sensors this signal can be used as the normalization signal which compensates the 

effects of fiber bending and vibration. 

 

3.6 The calculations of composite sample transmission 
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 The described composite samples were prepared with high mass fraction, as previously 

explained and for this reason their measured transmissions were low, as expected. Those 

measured values were used therefore for comparison with calculated, based on Mie scattering 

theory, in order to check at what extent they correlate and if it is possible to predict the initial 

mass fraction of BGO for preparing the samples with sufficient transmission for the optical 

applications.  

The electromagnetic radiation incident at the particle can be partially scattered and partially 

absorbed and the transmission of a material with dispersed particles depends on both processes. 

The amount of scattered and absorbed energy related to the incident is expressed in terms on 

scattering and absorption cross sections. The total energy loss based of both processes is called 

extinction and it is presented by extinction cross section as a sum of scattering and absorption 

cross sections. In the case of non-absorbing medium the scattering and extinction cross section 

are the same. One way of presenting both propagating and absorbing properties of a material for 

some kind of electromagnetic radiation is to introduce complex index of refraction. The 

existence of imaginary part shows that the material is absorbing for that kind of electromagnetic 

radiation and its value is directly influence the absorption coefficient of the material. 

The scattering cross section is ratio of scattered radiation power on the particle and incident 

intensity of radiation. Mie scattering theory presents the solution for the electromagnetic 

scattering by a sphere of radius R embedded in a homogeneous and isotropic medium illuminated 

by a plane wave. If the index of refraction of a particle material is np, and of medium nm, for 

some electromagnetic radiation of wavelength λ0 in vacuum the scattering cross section depends 

on : size parameter which compare dimension of a particle and medium wavelength, given as 

χ=2⋅π⋅R⋅nm/λ0, for spherical particle, and from the ratio of indices of refraction of particle and 

medium given as m=np/nm. 

The calculations were done using Mie calculator software [12, 23] for spherical particles. Input 

data for the calculations were: mass density of PMMA ρPMMA = 1.18 g/cm3, mass density of PS 

ρPS = 1.0 g/cm3 and mass density of BGO ρBGO = 9.23 g/cm3. Based on those data the total 

volume fraction fV of BGO in composite samples is calculated based on equation (1):  

 

�� =
����∙	


��	
�∙���������∙	

                                     (1) 
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In the equation (1) ρpol denotes mass density of used polymer (ρPMMA or ρPS ) and fW denotes mass 

fraction of BGO powder in the samples that was 0.01 (i.e. 1.0 wt%). Spectral dependences of 

index of refraction of the polymers and BGO were taken from the refractive index database [24]. 

Since the data for BGO are only available in the spectral range from 450 to 700 nm and the 

crystal is not or low transparent for wavelengths below 500 nm, the calculations of transmission 

of samples are derived for 500 nm, 600 nm and 700 nm.  

The scattering cross sections σiM were calculated for spherical particles of diameter di, where di 

was taken in the range 100 nm - 0.8 µm at 20 nm steps and in the range 0.8 µm – 10 µm at 0.1 

µm steps for each of those three wavelengths.  

Assumed that the number of particles with diameter di is Ni, the total volume of those particles 

was calculated as	���� = �� ∙ � ∙
��
�	

�
 . Using total volume fraction of BGO in the sample from 

equation (1) the number concentration ni of particles having diameter di is:  

�� =
	�∙��

∑ ���∙���
 
�!"

        (2) 

 

where K is the number of different diameters of particles used in calculations. The scattering 

coefficient of the polymer composite sample at one wavelength γS is than obtained as: 

#$ = ∑ ��σ�%
&
�'� .                                                                                       (3) 

   

Since the imaginary parts of indices of refraction for BGO and polymers were zero, obtained 

scattering coefficients are the same as the extinction coefficients of the samples. 

If two parallel planes, at distance L, inside a polymer composite are imagined and if I0 is the 

intensity of light incoming at first plane and I is intensity of transmitted light reaching the second 

plane, the transmission coefficient T can be calculated as:  

.	( =
)

)*
= +,-∙.                                                                                                                            (4) 

Thus obtained value T in equation (4) is the transmission or transmission coefficient of the 

composite sample normalized to the transmission of the pure polymer sample of the same width 

and for the same wavelength. In order to calculate the transmission spectra of a sample 

normalized to the air, calculated transmission T is multiplied with the measured transmission 
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coefficient of corresponding pure polymer sample for that wavelength. In case of comparing 

composite samples based on the same polymer matrix it is more often to measure or calculate 

transmission normalized to transmission of pure polymer. Since our composite samples are based 

on different polymer matrices, their transmissions, normalized to the air, are compared. 

The calculations based on the described procedure were applied to various PSD: 

a) In order to evaluate the transmission coefficients in an ″ideal″ case, i.e. the case that particle 

size distribution in the polymer composite is the same as in the powder, the values for Ni and di, 

were taken from the paragraph 3.1. The transmissions were calculated for L=0.6 mm thick plates 

and the results were presented also in Table 3 All calculated values were higher than measured 

since the particles were not ideally spherical and ideally dispersed. For the used mass fraction of 

1 wt%, the maximum obtained values are around 17%, which means that input mass fraction of 

such BGO particles should be lower in order to get better transmissions. The measured 

transmission values for sample no.2 and no.3 (from Table 3) are five to six times lower from 

those maximums. Thus, to achieve sample the transmission of 50% of those samples, the number 

concentration of particles should be about five times lower (based on equations (3) and (4)) for 

both samples, which corresponds to particle mass fraction of 0.2 wt%. 

 

b) The calculations based on PSD from SEM analysis of polymer samples (results presented in 

paragraph 3.2.) were calculated, too. In these calculations the measured longest dimension of a 

particle was assumed as a diameter di of the particle. The results are presented in Table 3. The 

obtained values for samples no.1 and no.3 differ significantly from measured values and those 

for sample no.2 show the best match, slightly higher than measured. 

One of the reasons for this mismatch of measured and calculated values is that PSD based on 

SEM analysis, which is in fact two-dimensional and relevant to the top of sample, was used as 

volume PSD. The PSD inside the sample could be different from that on the top. It seems from 

comparison of calculated and measured values that real partition of smaller particles (size up to 

0.5 µm diameter) is higher than from SEM analysis since their presence increases scattering 

volume and hence decreases transmission. The other reason for this mismatch is that in this type 

of modelling the aggregates are taken as spheres of pure crystal BGO, not as a group of very 

close connected particles. The light scattering process is more intensive on those particles group 

than on the homogeny sphere of the same diameter. For these reason, the aggregates have more 
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significant influence on scattering loss, and some kind of their effective scattering cross sections 

are larger than obtained in this modelling. 

The best match between calculated and measured results is for sample no.2 since the most of the 

powder volume in it is uniformly dispersed in small particles.  

Sample no.1 has better measured transmission than sample no.2 because its real particle mass 

fraction is in fact less than 1 wt% due to filtering On the other hand its larger particles and 

aggregates whose influence increases the transmission are not only round but sometimes with 

very complex structure. In calculations based on maximum particle length taken as a diameter of 

sphere, calculated volumes of large particles could be much higher than real and thus the 

calculated small particle size mass concentration based on (2) is lower than real. Since the input 

mass fraction of sample no. 1 is changed due to filtering during preparation procedure, the real 

mass fraction for the sample no.1 is not known, as well as, all the input values based on it. So 

with not known number concentrations of particles, as a main input data, the calculated influence 

of particle shape could not give valuable information for comparison with measuring data. 

The dispersed particles in sample no.3 were mostly not spherical, so the concentration of smaller 

particles and their scattering cross sections were calculated with the errors. The scattering cross 

section calculations for non-spherical arbitrary shape particles are much more complicated than 

those based on Mie theory for spherical ones. There are lot of researches that compare the 

scattering cross sections of non-spherical and some kind of equivalent spherical particle [25-28]. 

They have presented their results through comparing graphs or by correction factors that show 

how to choose equivalent spherical particle that have similar scattering cross section as 

corresponding non-spherical one.  

The dispersed particles and aggregates in sample no.3 could be in the first approximation taken 

as spheroids. The longest axis of such spheroids ci equals the half of their measured longest 

dimension di and their perpendicular axis ai is in average twice shorter than ci i.e. di=2ci=4ai. In 

this case the spheroid particle volume can be calculated as ��/01 =
2��

�

34
 . In literature [28] the 

scattering efficiency QSRD for spheroid and QS for related sphere, i.e. sphere whose radius equals 

the length the smaller axis of the spheroid were presented for different size parameters, and for 

different elongation factors γ=ci/ai of the spheroid. For the particles in sample no.3 this factor 

was taken as γ=2. The size parameters for wavelengths λ0= 500, 600 and 700 nm were calculated 
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as	5� =
32∙67-�8*�

8*
9�  , where nPS (λ0) was index of refraction of PS for the wavelength λ0. From 

the PSD based on SEM analysis for the sample no.3 values of χi were mostly bigger than 3 

except for the particles that have di smaller than 0.4 µm. The relation of scattering efficiencies 

for the spheroid and the sphere versus  χi taken from the literature (graph in Fig.12b from [28]) 

was fitted with the curve  

:;<= =
>-?@

>-
= A ∙ 5�

B                                      (5) 

 for 0.1≤χi≤4, where A=1.59903, and B=0.32823. For χi>4, based on the same literature [28], 

:;<= = 1.  

Since the cross section of the spheroid is two times bigger than the cross section of the sphere in 

the direction of the incident light and based on the definition of scattering efficiency [28] 

scattering cross section for the spheroid particle σiSRD was calculated as  

D�/01 = 2 ∙ :;<= ∙ D�% .                                                           (6) 

The equations from (2) - (4) were applied for spheroids in a way that ViSRD is used instead of Vi, 

and σiSRD instead of σiM for every wavelength. The transmissions of sample no.3 based on 

spheroid particles are presented in Table 3. too, and are much smaller than obtained for spherical 

particles, but still higher than measured, since real particle shape is more complex than 

spheroidal and the influence of aggregates is not taken into account, probably because the SEM 

analysis in the case of sample no.3 did not represent real PSD in the whole sample. 

 

c) Another type of idealized backward calculation based on Mie scattering for spherical particle 

was done. It was supposed that the crystal BGO powder was ideally milled into spherical 

particles of the same diameter deff, and so the concentration of particles with the volume fraction 

fV became �<		 =
	�

2�FGG
�/�

. Scattering coefficient of such material is γSeff = neff⋅σieff and using 

previously calculated scattering cross sections σiM for different diameters as σieff, the dependence 

γSeff versus deff could be calculated based on (3) for each wavelength. Comparing those values 

with obtained γS from measured transmission using equation (4), deff for each sample could be 

estimated for those three wavelengths. Averaging such obtained values over all wavelengths the 

calculated deff for sample no.1 is 1.41±0.11 µm, for sample no.2 the corresponding value is 

0.87±0.11 µm and for sample no.3 is 0.79±0.05 µm. The value of deff for sample no.2 is similar 
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to its d(0.9) value from Table 1. In case of sample no.3 obtained deff is significantly smaller of its 

d(0.9) from SEM analysis (Table 1) and this could indicates that the volume fraction of small 

particles is higher than evaluated from SEM analysis or the scattering of aggregates is more 

similar to scattering at small particles. 

 

Table 3 Measured and calculated optical transmission of the composite samples for three 
wavelengths 
 

 

4. Conclusion 

 In this work it is shown that solution casting method is suitable for preparing polymer 

composites with milled BGO powder as filler. In such composites the BGO crystal structure 

should be preserved, the particles uniformly distributed and the samples enough transparent for 

potential electro-optical and magneto-optical applications.  

The investigations of three prepared samples based on two polymer matrix (PMMA and PS) and 

two solvents (acetone and chloroform) pointed out that the dispersion of particles was very good 

in both PMMA and PS samples with chloroform as solvent but particles and agglomerate sizes 

were smaller in PMMA. The dispersed particles and agglomerates in PMMA are also more 

round than in PS. Those are two methods of dispersion and deaggregation of BGO powder in this 

study (filtration and sonication) and next research will be focused on the application of ultrasonic 

irradiation.  

Powdered BGO particles keep their crystal characteristics in the composites and XRD 

measurements best recognize BGO characteristics in PS sample (no.3) while Raman 

spectroscopy was more efficient in detecting vibrational modes in the PMMA sample with 

chloroform as solvent.  

Optical transmission of prepared samples was low since the BGO particles mass fraction was 

intentionally high (1 wt%) in order to have XRD and Raman measurements that clearly 

distinguish BGO particles in polymer matrix. The transmission of samples based on Mie theory 

scattering calculations for spherical particles was obtained based on PSD in the BGO powder, 

and on SEM analysis of the samples. In case of ideal powder particles dispersion when their PSD 

in the composite sample is the same as in the powder, it is shown that maximum obtained 

transmission would be 17%, when particle mass fraction is 1 wt % and in order to increase the 
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transmission of such prepared samples the mass fraction of BGO particles should be lower. The 

real transmission values for sample no.2 and no.3 are five to six times lower from those 

maximum. To achieve the transmission of 50%, the number concentration of particles should be 

about five times lower for both samples, which corresponds to particle mass fraction of 0.2 wt%. 

When the calculations are based on SEM analysis the obtained values of PMMA/chloroform 

composite have good match with measured because the particle sizes are the smallest and mostly 

round. On contrary, in the PS polymer composite particles have irregular shapes, and the 

approximation with spheroids with elongation factor 2 gave better results but still higher than 

measured.  

The difference between calculated and measured transmission values is caused mainly because 

this type of modelling treats aggregates as pure crystal BGO spheres or spheroids, not as groups 

of very close connected particles. The light scattering process is more intensive on those multi-

particles aggregates than on the homogeny crystal particles of the same dimension. So, 

comparing of calculating and measured transmission could be used to indicate level of 

agglomeration of particles in the samples.  

The same Mie scattering calculations were used for some sort of backward modeling in order to 

find the equivalent diameter of the identical BGO powdered spherical particles that would gave 

the same transmission as prepared samples, with the same BGO mass fraction. 
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Figure captions 

 

Fig.1. Particle size distribution of BGO powder  

Fig. 2. SEM micrographs of the sample no.1 with different magnifications 

Fig. 3. SEM micrographs of the sample no.2 with different magnifications 

Fig. 4. SEM micrographs of the sample no.3 with different magnifications 

Fig. 5. Particle size distribution based on SEM analysis a) sample no.1, b) sample no.2 and c) 

sample no.3. 

Fig. 6. XRD patterns of powdered BGO single crystal and composite samples 

Fig. 7. Raman spectra of BGO single crystal and composite samples  

Fig. 8. Transmission spectra of: a) single crystal BGO, pure PMMA and pure PS, b) composite 

samples 

 

Table captions 

Table 1 Statistics parameters of PSD in composite samples based on SEM analysis 

Table 2 Raman frequencies observed in single crystal BGO [13] and samples 

Table 3 Measured and calculated optical transmission of the composite samples for three 

wavelengths 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Table 1 Statistics parameters of PSD in composite samples based on SEM analysis 

Sample N min d 
µm 

max d 
µm 

mean d 
µm 

st. dev. 
µm 

d(0.5) 
µm 

d(0.9) 
µm 

no.1 484 0.044 9.34 0.802 0.897 0.532 1.65 

no.2 483 0.082 3.61 0.389 0.280 0.325 0.659 

no.3 425 0.071 7.93 0.960 0.796 0.639 2.25 

 

 

 

Table 2. Raman frequencies observed in single crystal BGO [13] and samples 

BG0 single 
crystal 

wave number 
cm-1 

 

symmetry 

type 

sample no.1 
 

wave 
number 

cm-1 

sample no.2 
 

wave number 
cm-1 

sample no.3 
 

wave number 
cm-1 

168 A  166-170  

190 F (LO) 190s   

204 F (TO)  204  

234 E 234s   

268 A  269 269s 

322 A 322s 322 wide peak  

454 E  454s  

486 F (TO+LO) 488s 488s  

538 A  538 538 

619 E 620 s  620 

677 F (TO) 676s 677s, 682s  

715 A   716s 

(s- small, hardly visible intensity peak) 
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Table 3 Measured and calculated optical transmission of the composite samples for three 
wavelengths 
Sample                   Method of  obtaining results                Transmission T,% 

  Wavelength λ0, nm 

                     500 600 700 

 

no.1 

Measured 11.63 12.03 12.56 

 
calculated 
(Mie-spheres) 

based on powder PSD 16.91 16.86 17.42 

based on PSD from SEM  42.6 42.5 42.1 

 

no.2 

Measured 2.3 2.6 3.0 

 
calculated 
(Mie-spheres) 

 based on powder PSD 16.9 16.9 17.4 

based on PSD from SEM  4.46 3.9 3.96 

 

 

no.3 

Measured 3.3 4.6 6.2 

 
calculated 
(Mie-spheres) 

based on powder PSD 16.8 18.4 19.1 

based on PSD from SEM  31.9 34.7 37.3 

based on PSD from SEM and   
spheroid correction 

14.6 14.8 16.1 
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Highlights  
 
• BGO-polymer (PMMA or PS) composites were prepared by solution casting method. 
• The shape and the dispersion of particles depend significantly of the used polymer. 
• The smallest agglomerates are in BGO-PMMA composites with chloroform as solvent. 
• Transmission of BGO-PMMA can be predicted using Mie scattering theory for spheres. 
• The Mie theory for ellipsoid particles gives better results for BGO-PS based samples. 
 


