
ISSN: 2455-2631 © October 2021 IJSDR | Volume 6 Issue 10 

IJSDR2110015
  

International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org 126 

 
 

 
 
 

Optical and photoluminescence performance of 

electrodeposited arsenic selenide thin film doped with 

erbium ion 
Dr. Sudhir Kumar Mishra, 

 

Principal,  

S.S. College, Jehanabad, 

 

Abstract: The solid state performance of Erbium ion (Er3+), a rare-earth ion, incorporated into the lattice of arsenic selenide 

(As2Se3) film is here presented. By varying the concentration of the dopant from 1 to 5% (wt.%), the films were deposited 

on a fluorine-doped SnO2 glass via the electrodeposition method. The structural, optical and morphological characteristics 

of the samples were obtained using the XRD and Raman spectroscopy, UV-VIS-NIR and photoluminescence spectroscopy 

and scanning electron microscopy respectively. Polycrystalline films having monoclinic and cubic crystal structures for the 

undoped and doped samples respectively were observed from the XRD analysis. 34.5 nm and 44.2 nm were estimated for 

the mean grain size of the undoped and doped films respectively. The Raman spectra revealed the diffusion of the Erbium 

ion (Er3+) into the As2Se3 lattice by Raman shift. The films revealed least absorbance and high transmittance up to 99% in 

the IR region with increasing doping. A high refractive index value of 2.66 was observed for all the films with a broadening 

towards the NIR region. The energy bandgap was estimated and lies in the range of 3.61–3.85 eV which slightly decreased 

with increasing doping concentration. The PL spectra showed intense excitonic (near-edge) emission bands at 348 nm with 

increasing doping. SEM micrographs revealed fairly homogeneous nano-ball morphology at lower doping concentration 

and nanoclusters at higher doping concentration. Annealing of the films above the glass-transition temperature (Tg) allowed 

the transition of the film to the crystalline phase which is an interesting feature in binary chalcogenide-based phase change 

memory (PCM) photonics devices. 

 

Introduction  

Global attention has recently been drawn to research in the domains of solid state integrated optics with integrated photonics (IPs) 

– a close analogy to integrated electronics, being a key area of interest 1. Integrated electronic circuits are known for limitations 

such as high power consumption due to energy loss of the electrons during energy transfer mechanisms, thereby releasing virtually 

all the energy they possess. On the contrary, photons which are the key players in integrated photonics are known to travel with the 

speed of light with minimal loss of energy during energy transfer mechanisms hence are able to transmit large amounts of 

information at much higher speeds2. A major target in photonics is to integrate several opto-electronic components onto the 

computer chip with a summed-up advantage of higher transmission speed, lower consumption of power and also compatibility with 

the Complementary Metal-oxide Semiconductor (CMOS) technology 3. 

 Phase-change memory (PCM) device synthesized from chalcogenide materials, as a class of photonic devices, has attracted research 

interest recently in non-volatile memory (NVM) photonic applications 4–6. PCM device possesses interesting qualities for use in 

NVM data storage and information dissemination by promptly inter-switching its amorphous and crystalline phases 7. Chalcogenide 

compounds which elements of groups IV and V like Germanium (Ge) and Arsenic (As) respectively, have shown promising features 

for use as optical materials in integrated photonics more especially in PCM applications 6,8. But it’s not limited to just PCM, it can 

be used also in others applications such as high-quantum output luminophores 9,10, optical filters 11, optical waveguide 12, active 

media in Laser technology 13, etc. this is due to the visible emission observed through the photoluminescence spectra. In technical 

terms, Fischer in his work, has referred to these elements as Chalcogens in the case where the adjacent elements nor their compounds 

are absent 14. 

Chalcogenide-based PCM (cb-PCM) films such as arsenic selenide (As2Se3) – our material of interest – appear in two phases: 

amorphous and crystalline phase which depends on the propaedeutic conditions like glass-transition temperature (Tg), composition 

of reacting specie, deposition technique, etc. The amorphous form has attracted significant attention over time as potential source 

materials for IPs such as optical waveguides, Infrared lasers, phase-change memory (PCM) device among others. This is due to 

their high refractive index, high non-linearity indices, NIR transparency, structural stability over time 15. Furthermore, in recent 

times, metal chalcogenide materials with wide band gap energies such as As2Se3 have shown promising features for applications in 

non-linear optical devices operating in the infrared window of the electromagnetic spectrum 16. Researchers have vividly noted how 

the solid state properties of these chalcogenide materials are noticeably influenced by incorporation of dopants into the lattice 

network of the host material 17. In addition, their low-phonon energies coupled with high refractive index marks them out as viable 

host for rare-earth (RE) doping 18. 

Conventional techniques have been adopted to synthesize cb-PCM films which include atomic layer deposition 19, thermal 

evaporation 20, pulsed layer deposition 21, spin-coating 22,and RFsputtering 23, which are all vacuum based techniques and expensive 

to handle. Hence, the alternative simple electrodeposition technique was adopted for this work due to its relative ease of use with 

less complexity, cost-effectiveness 24, less deposition time, film thickness and size control and ability to reproduce films. In addition, 

electrodeposition from aqueous or non-aqueous solutions has been used to deposit crystalline chalcogenide films mainly for phase-

change memory (PCM) and solar-cell applications25. 
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In this work, we embarked on growing the crystalline phase of the cb- PCM film doping with Erbium ion via the electrodeposition 

method while annealing a little above the Tg of As2Se3 with a reported value of 170o C 26. However, rarity of detailed literary 

documentation of the crystalline phase cb-PCM doped with Erbium ion synthesized by electrodeposition technique and their 

possible application in integrated photonics greatly drives this research work. 

 

Experimental procedure  

Chemicals of analytical grade requiring no further purification for their usage were utilized in this work. These include Arsenic 

trioxide (As2O3, 99.98%), Selenium (Se, 99.98%) metal, Erbium trioxide (Er2O3, 99.8% [procured from Sigma-Aldrich ]), distilled 

water, ethanol, acetone and hydrochloric acid. Commercially procured Fluorine-doped SnO2 (FTO) glass slides served as the 

working electrode (substrate) connected to a dc voltage potentiostat in a 3-electrode cell system for film deposition. The substrates 

were pre-cleaned in an ultrasonicator at an operating temperature of 37o C using distilled water in the first cleaning step. Ethanol 

and acetone were afterwards used to degrease the surface from contaminants while finally rinsing in distilled water before use for 

deposition. Each treatment step was performed respectively for 15 min.  

 

 
Fig. 1 Stacked XRD plot of films at varying doping concentration. 

The precursor solution was prepared by using 2.5 ml of 0.3 M HCl to dissolve 0.1 M As2O3 and 0.1 M Se in separate containers 

while using distilled water to make up to 100 ml of solution. Continuous stirring for 10 min was done to enhance dissolution and 

uniform distribution of the reactants. The solutions were mixed in the volume ratio of 1:1 in a 50 ml beaker and deposited on the 

pre-cleaned glass of sheet resistance, 23 Ω/sq. Dissolving the dopant, Er2O3 in 100 ml of distilled water and varying its concentration 

from 1 to 5% (wt.%), the films were respectively deposited at room temperature in the ratio of 2:2:1 with a dc voltage supply of 10 

V for 5 s. 

The as-grown films were annealed for 1 h at a temperature of 200o C in a resettable blast oven in order to improve the film quality 

and crystallinity of the films. This heat treatment performed to remove the absorbing oxides and to achieve films of high purity 

have earlier been accounted by Ref. 27. The samples were afterwards studied for structural, optical and morphological properties 

using the X-ray diffractometer (XRD) and Raman spectroscopy, UV-VIS-NIR and photoluminescence spectroscopy and scanning 

electron microscopy (SEM). The XRD patterns were recorded using a Bruker D2 phaser table-top model diffractometer in the 2θ 

scanning range of 15–80o while the Raman spectra was collected using LabSpec6 (Horiba Scientific) Raman microscope in the 

backscattering geometry with a spectral resolution of 0.3 cm –1 at ambient temperature. A He–Ne laser of λ = 633 nm and a power 

level of 2 mW was employed. The lower power have been chosen in order to prevent any photo-induced effect 28. The same 

microscope was used to obtain the PL data at an excitation wavelength of 325 nm. The UV-1800series Shimadzu spectrophotometer 

in the wavelength interval of 200–1100 nm was used to obtain the optical data. The Jeol, JSM 7000 series Scanning electron 

microscope was used to obtain the morphological micrographs of films at 15.0 kV scan voltage. 

 

 

http://www.ijsdr.org/


ISSN: 2455-2631 © October 2021 IJSDR | Volume 6 Issue 10 

IJSDR2110015
  

International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org 128 

 
 

 
 
 

3. Results and discussions 

 3.1. XRD studies  

The diffraction patterns in Fig. 1 revealed films of polycrystalline nature. Predominant peaks at crystal orientation of (110), (015), 

(2̅ 25) and (1̅ 62) were observed for the undoped film which corresponds to 26.52o, 37.77 o, 51.58 o and 61.52 o 2theta values 

respectively. Re-orientation of crystal planes was observed with incorporation of Erbium doping with prominent peaks (111), (200), 

(211), (311) and (420) at exactly 2theta values of 26.56 o, 30.63 o, 37.80 o, 51.52 o and 65.46 o. However, with increasing molar 

concentration of dopant, other minor peaks were found to be present. We hereby presume that this could have resulted from 

background signals detected from the substrate material. Also worthy of note is that at Er (3%), critical peak reduction was observed 

which indicates that the films could probably attain an amorphous form at this concentration. 

Table 1  

Summarized lattice parameters for films. 

Sample 2Theta (2θo) Lattice 

spacing, d 

(Å) 

FWHM (β 

rad) 

Crystallite 

Size, D (nm) 

Dislocation 

density (δ) 

(lines/m2) x 

1015 

Lattice Strain, (ε) 

x 10 –3 

UD 26.52 3.3583 0.0041 34.5 0.84 4.38 

Er1 26.56 3.3533 0.0037 38.1 0.68 3.96 

Er2 26.56 3.3533 0.0037 38.1 0.68 3.96 

Er3 26.56 3.3533 0.0037 38.1 0.68 3.96 

Er4 26.55 3.3545 0.0037 38.0 0.69 3.97 

Er5 26.54 3.3558 0.0038 37.8 0.69 3.99 

 

The undoped films exhibited monoclinic crystal structure (JCPDS card nos.: 26–0123 and 26–0122 29) while cubic structure (JCPDS 

card no.: 18–0490) for the doped samples. The observed cubic structure transformation at elevated temperatures have been reported 

by Ref. 30 while also noting that at room temperature the dopant possesses the α-phase hexagonal closed packing (hcp) structure. 

 

Fig. 2 Raman Shift of films at varying concentrations. 
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The crystallite size (𝐷 =
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
 = 31), inter-planar spacing (d = 

𝜆

2𝑠𝑖𝑛𝜃
), dislocation density  (𝛿 =  1

𝐷2⁄ ) and lattice strain 

(휀 =  
β

4tanθ⁄ ) 32 were estimated at the prominent 2theta value and reported in Table 1. The slight increase in the average size of 

crystallites indicates the presence of lattice strain, however infinitesimal the value, in the host material’s lattice structure. This is in 

accordance with the report of researchers that the non-uniformly distributed inter-planar spacing and interstitial impurities in the 

sample contributes somewhat to the micro strain 33 alongside temperature term, faulting and cracks. 

3.2. Raman studies  

The modes of vibration at various frequencies (wavenumbers) of unique molecular groups of the undoped and Erbium-doped 

samples are presented in the Raman shift spectra in Fig. 2. 

The peaks of 148 cm –1 and 255 –1 cm are attributed to the vibration of covalent bonds in Se8 rings and to the bending modes in Se 

units 34, 35, the peak of 208 cm –1 is attributed to As4Se4 cages 36 and the peaks of 244 cm –1 and 263 cm–1 are attributed to As–Se–

Se–As dimers 37. However, the peak located at 120 cm–1 in UD is not identified which is probably attributed to structural units 

containing As–As bonds 36  and whose shift to 140 cm–1 for the doped samples indicates diffusion into As2Se3 lattice network except 

at Er (5%) where it disappeared 38. 

After introducing of small amounts of Erbium ions, the most of the peaks observed in UD disappear and new phonon modes 

attributed to new structures appear. This substantial change in Raman spectra confirms the formation of new structural units 

consisting of both As and Se atoms 36. The three peaks of 244 cm–1, 255 cm–1 and 263 cm–1 disappear, however, a new high peak is 

observed at 208 cm–1, this peak is related to the molecules of As4Se4 cages, observed at 206 cm–1 in UD; the shift is expected when 

the composition is highly altered. This can be explained by the breaking of Se bonds in the Se8 rings and As–Se–Se–As dimers and 

in turn, the formation of more As-rich network with the formation of monomeric As4Se4 cages based on realgar –type structure 6. 

But, this peak decreases and becomes broader, after introducing 2% of Erbium, even, it splits to three broad bands located at 200 

cm–1, 248 cm–1, 298 cm–1 after introducing 3% and more of Erbium into the matrix; this change explains the disorder of Se–Se 

chains and consequently the presence of an amorphous phase in the matrix. This is also explained in the XRD result for the Erbium 

doping at 3% concentration which nearly attains its amorphous form at this concentration. 

 

Fig. 3. (a) Absorbance (b) and (c) Reflectance plots of Er-doped As2Se3 
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Fig. 4 (a) Absorption coefficient (b) Extinction coefficient (c0 Energy band gap plots of films 

Another three peaks appear when we introduce 1% Erbium; the first two peaks are located at 140 cm–1 and 156 cm–1, and these are 

close to the peak located at 148 cm–1 of Se8 ring, the two peaks could be attributed to AsSe3 pyramidal units. AsSe3 is formed after 

the breaking of As–As or Se–Se bonds in As and Se rich units. We can observe a shift of the peak at 156 cm–1 toward lower energies 

for the Erbium concentration of 1%–4% with total disappearance of peaks at 5%. A similar trend of peak disappearance with 

increasing thickness due to doping was observed for Si0.5Ge0.5 on a GaAs surface 39. In their quantitative study of the composition 

dependence of the peak position of AsSe3, Yang et al. showed that the peak of AsSe3 modes shifts toward lower energy when As 

content increase from 0 till 0.4 and it shifts toward higher energies when As content increase from 0.4 to 0.6 40. This shift evolution 

is consistent with what we observed in XRD, see Fig. 1, where the 3% presents a very low crystallinity. The third peak is located 

at 111 cm–1, which could be attributed to the As4Se4 or As4Se3 cages, because it presents the same behaviour of the peaks located 

at 208 cm–1. 

3.3. Optical studies  

3.3.1. Absorbance, transmittance and reflectance plots  

The absorbance, transmittance and reflectance spectra of the film in the wavelength range of 300–1100 nm obtained at room 

temperature is presented in Fig. 3 (a - c) respectively. 

The absorbance plots in Fig. 3a revealed highest absorption of all the samples in the UV region, lower absorption in the visible 

region and least absorption in the infrared region. It was also observed that the absorption edge red-shifted slightly towards the 

longer wavelength region (lower energy) from 322 nm to about 350 nm with increase in the doping concentration. 

The transmittance values were calculated from the absorbance (A) values using the optical relation between transmittance (T) and 

absorbance (A): T = 10–A: The samples showed significant rise in transmittance with increasing doping concentration and 

wavelength. Generally, there was a pronounced increase in the transmittance up to 99% in the NIR region (770–1100 nm). This is 

an interesting property for devices with applications in the IR region such as the IR lasers, optical waveguides and bio-imaging 

devices. The reflectance (R) values were estimated from the optical parameter relation: A + T + R = 1 41. The doped films in the 

range of 1 – 4 wt%Er showed a maximum value of 20% reflectance. However, at higher concentration of 5 wt%Er, material presents 
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a very low reflectance, making it a suitable optical material for anti-reflective coating applications in the visible region (450–700 

nm). 

3.3.2. Absorption coefficient (α), extinction coefficient (K) and energy band gap (Eg) plots  

Fig. 4 (a – c) shows the absorption coefficient, extinction coefficient and energy band gap, Eg of the films. The absorption coefficient 

was plotted against the photon energy and shows an increase with photon energy. The absorption coefficient was estimated from 

the reflectance (R) and transmittance (T) values given by equation: 𝛼 =  
1

𝑑
𝑙𝑛 (

(1−𝑅)2

𝑇
) 42 

Also of note is the high dependence of the absorption coefficient on the dopant concentration. The undoped film showed an α-value 

of 0.74 x 108 m–1 while the film composed of 3% molar concentration showed a peak absorption coefficient value of 3.06 x 108 m–

1 while 5% approached the same value of the undoped film at 0.52 x 108 m–1. The extinction coefficient of the film was calculated 

using the equation:          𝐾 =  
𝛼𝜆

4𝜋
  43. The plot of extinction coefficient against wavelength for the Erbium doped film at various 

percentage molar concentration is shown in Fig. 3b. It is seen that the extinction coefficient decreases with increasing wavelength 

for all the samples. This shows that the samples have high extinction coefficient in the UV region and low values in the IR region. 

This is attributed to the high absorption of the films in the UV region. However, film at 3% was observed to have the highest K 

value which also is in consonance with the XRD result with a consequent reduction in crystallinity of the film at this concentration. 

Table 2 Summary of energy band gap (Eg) of films. 

Sample label Band gap, Eg  (eV) 

UD 3.85 

Er1 3.83 

Er2 3.61 

Er3 3.73 

Er4 3.77 

Er5 3.83 

 

The optical energy band gap, Eg was calculated using the Tauc equation: (𝛼ℎ𝑣) 
1

𝑛⁄ =  𝛽(ℎ𝑣 − ℎ𝑣) 44, where hυ = photon energy, 

β = band tailing parameter,  Eg = energy band gap, n = transition mode power factor, where n = ½ is for allowed direct transition. 

The plot of (αhυ)2 against hυ produces a straight line in a particular region whose extrapolation along the hυ -axis intercepts where 

α = 0, gives the value of the optical energy band gap. It is evident from the band gap values in Table 2 that the Er doping induced 

the band gap narrowing. This is due to the many-body interaction effect between the free charge carriers and the ionized impurities 

(dopants). Conduction band tail has also been noted to contribute to band gap narrowing 45. 

3.3.3. Refractive index (n) and optical conductivity (σopt) studies  

The non-linear refractive index, n and optical conductivity, σopt plots of the films are presented in Fig. 5 (a & b) respectively. The 

refractive index was estimated from the reflectance (R) and the extinction coefficient (K) values using equation:        𝑛 =
1+𝑅

1−𝑅
+

 √
4𝑅

(1−𝑅)2 −  𝐾2 32. A peak value of 2.66 was recorded for the refractive index of all the films. However, higher doping concentration 

led to the broadening of the spectra from the visible to infrared region where it terminates at a value of 0.98. This is fairly close to 

the refractive index value of 2.83 obtained by Ref. 8 for the undoped As2Se3 sample which increased to 2.93 after exposure to light. 

A closely similar result of 2.7 for the refractive index of solution-phase deposited As2Se3 which reached a saturation point after 

annealing at 150 oC was obtained by Ref. 46. The non-linear nature of the refractive index indicates a shift from normal dispersion 

behaviour of the material. This indicates that the refractive index of the material does not depend on the wavelength on a linear 

scale. 
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Fig. 5 (a) Refractive index (b) Optical conductivity plots of films. 

It is most convenient to express the optical response of a given material in terms of its optical conductivity (σopt). The optical 

conductivity was estimated from the relation: 𝜎𝑜𝑝𝑡  =  
𝛼𝑛𝑐

4𝜋
    47 and plotted against the photon energy of the films as shown in Fig. 5 

(b) and shows that the optical conductivity (σopt) values of the undoped films rose from zero level to a peak value of 3.94 x 1014 s –

1 at 2.8 eV with increasing photon energy. On introduction of Er dopant into the matrix of the undoped film, we observed a 

significant increase in the optical conductivity of the films. Er (3%) showed the highest σopt value of 10.36 x 1014 s –1  at 1.94 eV 

which is more than twice the value of the undoped film while Er (5%) showed a σopt value of 3.42 x 1014 s –1   close to the value of 

the undoped film at roughly the same energy point. The high σopt value of Er (3%) is attributed to its high absorption value as earlier 

reported in this work which consequently leads to self-quenching (photo-quenching). This is correlated with the reduction in 

intensity as shown in the XRD patterns in Fig. 1. This photo-quenching is attributed to the electric dipole-quadrupole interaction 48. 

In addition, a critical investigation was made at photon energy value which lie at the mid-way (1.90 eV) of the mean energy band 

gap (Eg = 3.80 eV) value of the undoped and doped films. We observed that the undoped film returns negative σ-values at this 

energy point. Consequently, the absorption coefficient (α) returns a negative value. This is perhaps interpreted to mean that the 

films at this energy point do not possess quite enough capacity to allow the passage of photons through the material. On the other 

hand, the Er-doped films at this energy point returns high and positive σ-values for low doping concentrations and zero σ-values 

for concentrations greater than 3%. 

3.3.4. Photoluminescence (PL) studies  

 

Fig. 6. PL spectra of films [inset: scaled view of Er (1%), Er (2%), Er (3%) and Er (4%)]. 
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The photoluminescence (PL) spectra of the undoped and doped films are presented in Fig. 6. The excitation wavelength of the light 

source was set at 325 nm which has been intuitively chosen from the absorption edge of the UV-VIS absorption spectra earlier 

reported in this work. It is observed from Fig. 6 that Er (5%) showed the strongest PL emission peaks at 348 nm, 585 nm, 589 nm, 

678 nm and 687 nm corresponding to 4F3/2 → 4I15/ 2, 4G9/2 → 4I15/2, 2H11/2 → 4I15/2, 4S3/2 → 4I15/2, 4F9/2 → 4I15/2 transitions in the 4f 

orbital of the Er3+ ion. The highest luminescence observed in Er (5%) agrees well with the reports of [48,49] and finds interesting 

application in thermoluminescence dosimetry (TLD) and optical thermometry 

 

Fig. 7 SEMmicrograph of (a) undoped film (b) Er (1%) (c) Er (2%) (d) Er (5%) 

The PL spectra in Fig. 6 is typical of a multimode transition spanning the UV and VIS regions of the electromagnetic spectrum. 

The emission bands at 348 and 351 nm depict near-edge (excitonic) emission while the other emission bands show the trapped 

emission type with low intensities. This is attributed to the fact that excitonic emission is usually sharp and located near absorption 

edge of the material, while the trapped emission is broad and Stokes-shifted (low-energy shift or down-conversion process) as noted 

by Ref.50. Two kinds of emission peaks are characteristic of nanocrystals: excitonic and trapped (delayed) emissions depending if 

the emission occurred at or near the band edge or otherwise respectively 51. 

3.4. Morphological studies  

The surface morphologies of the undoped and doped films are presented in Fig. 7(a–d). The SEM micrographs show fairly dispersed 

nano-ball structures. Film at Er (1%) showed fairly uniform, spherical and homogeneously dispersed nano-balls while film at 5% 

showed nano-clusters. The undoped film (UD) showed an average particle size of 50.02 nm, Er (1%): 40.40 nm, Er (2%): 82.60 nm 

& Er (5%): 109.00 nm. The spherical nature of the particles allows for better light trapping. 

4. Conclusion  

In this work, As2Se3 thin film was successfully deposited on an FTO glass substrate via solution phase electrodeposition technique. 

The rare earth ions were also successfully incorporated into the lattice of the host chalcogenide material. This is apparent from the 

presence of microstrain along the lattice and the reduction of peak intensities in the diffractograms. The presence of peaks indicates 

crystallinity of the films. The phase change to crystalline form was observed to be due to annealing above the glass transition 

temperature and the composition of reacting species. This transformation depicts suitability of this material for use as a source 

material for phase-change memory (PCM) device – a passive optical device, for data storage in photonic integrated circuits (PICs). 

The suitability of the films for PCM application is due to the observed high refractive index (2.66) at 780 nm and high transparency 

(>90%) of the films in the IR region (770–1100 nm). However, this property belongs to the doped samples in the range of 1 – 4 

wt%Er while the film at 5 wt%Er presents attributes for anti-reflective coating applications – another passive optical material which 

is due to their low reflectance in the visible region (450–700 nm). 

In addition, the SEM micrographs revealed nano-balls and nano-clusters with fairly homogeneous distribution while the Raman 

spectra revealed the Raman shift due to incorporation of Erbium ions into the As2Se3 network. The PL spectra revealed intense 

excitonic (near-edge) emission at 348 nm. Summarily, the synthesis technique adopted in this work, annealing temperature and 

doping with rare-earth ions in addition with, especially the optical results, reveal suitability of our material as a passive optical 

material for PCM and anti-reflection coating applications. 
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