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a  b  s t  r a  c t

Plasma  electrolytic  oxidation  (PEO)  of  titanium  in sodium  metasilicate  at  200  mA/cm2 is  investigated
using  real-time  imaging  and  optical emission spectroscopy.  It  has been  detected  that  during  the  PEO
process  the  size  of microdischarges becomes larger, while the  number  of microdischarges  is  reduced.  The
species  and their  ionization  states  present  in PEO microdischarges  are  identified.  The species  originate
both  from titanium  anode  and  from  the  electrolyte.  The  spectral  line  shape analysis  of hydrogen Balmer
line  H� (486.13  nm) indicates  the  presence of two  types  of microdischarges  during  PEO. The discharges  are
characterized  by  relatively  low  electron number  densities  of Ne =  3.8 ×  1015 cm−3 and  Ne =  4.5  × 1016 cm−3.
For  electron temperature  (Te)  measurement  we used  Ti I  lines  at 398.18  nm  and  501.42  nm  and obtained
Te in the  range of 3700 ± 500  K.  Surface  coatings  formed  by  PEO process  were  characterized  by  AFM,
SEM-EDX  and  XRD.  The  main  elemental  components  of PEO coatings  are  Ti, Si  and  O. The PEO coatings
are  partly crystallized  and mainly  composed of  anatase, rutile,  and amorphous  SiO2.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Titanium and its alloys are important engineering materials fea-
turing high strength-to-weight ratio, good corrosion resistance,
high melting point, good mechanical behavior, and a  good bio-
compatibility. Because of these properties they are becoming
significantly important in  many industries such as aerospace,
automobile, biomedical, energy, military and biomedicine. [1–3].
However, low wear resistance and high friction coefficient limit
their extensive applications. Anodization of titanium and its alloys
are one of the methods used for forming protective oxide coatings
that can help to overcome these deficiencies. In recent years, high-
voltage anodization, so-called plasma electrolytic oxidation, has
proved to be a  very useful technique for the formation of protective
oxide coatings [4–8].

Plasma  electrolytic oxidation (PEO), also called microarc oxi-
dation (MAO) or anodic spark deposition (ASD), is  an economic,
efficient, and environmentally benign technology capable of pro-
ducing a  stable oxide coating on the surface of lightweight metals
(aluminum, magnesium, zirconium, titanium, etc.) or metal alloys
[9,10]. Oxide coatings have controllable morphology and composi-
tion, excellent bonding strength with the substrate, good electrical
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and thermal properties, high microhardness, and high-quality wear
and corrosion resistance.

PEO  process is  coupled with the formation of plasma, as indi-
cated by the presence of microdischarges on the metal surface,
accompanied by gas evolution [11,12]. The anodic gas consists pre-
dominantly of oxygen with minor fractions of  other elements [13].
Various processes including chemical, electrochemical, thermo-
dynamical, and plasma-chemical reactions occur at the discharge
sites, due to  increased local temperature (103 K  to  104 K) and pres-
sure (∼102 MPa). These processes are responsible for modifying the
structure, composition and morphology of obtained oxide coatings.
The oxide coatings formed by PEO process usually contain crys-
talline and amorphous phases with constituent species originating
both from metal and electrolyte.

Understanding  the microdischarge phenomena is  important
for characterization of the PEO process. Distribution and types of
microdischarges have important effects on the formation mech-
anism, composition, morphology, and various properties of  the
resultant oxide coatings. Given the liquid environment, optical
emission spectroscopy (OES) is the best available technique for
PEO plasma characterization. The most popular application of OES
for PEO diagnostics is spectra characterization and observation of
temporal evolution of spectral lines in the visible and near UV
spectral region. The main difficulty in an application of OES for
PEO characterization comes from space and time inhomogeneity
of microdischarges appearing randomly across the anode surface.
Despite numerous articles using OES for the characterization of
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the PEO process on metals, mostly on aluminum [14–22] and
magnesium [22–26], there is a  deficiency of data on the OES char-
acterization of the PEO process on titanium and titanium alloys
[27,28].

The present paper describes PEO process of titanium in sodium
metasilicate. Since the occurrence of plasma electrolytic oxidation
is both electrolyte and metal sensitive we have decided to use
sodium metasilicate solution because of good experience we  had
in our previous investigations of the PEO process on magnesium
and its alloys [25,26]. At  the same time, electrolytes containing
sodium metasilicate are among the most commonly used elec-
trolytes for the formation of oxide coatings by PEO process on
lightweight metals. Microdischarge characteristics during PEO pro-
cess of titanium were investigated by  optical emission spectroscopy
and real-time imaging. Atomic force microscopy (AFM), scanning
electron microscopy (SEM-EDX) and x-ray diffraction (XRD) served
as tools for examining surface morphology, chemical and phase
composition of obtained oxide coatings.

2. Experimental

In the experiment, oxide coatings were formed on titanium
samples of dimensions 25 mm  × 5 mm  × 0.25 mm  and 99.5% purity.
Before the anodization, samples were degreased in  acetone, ethanol
and distilled water, using ultrasonic cleaner, and dried in  a  warm
air stream. The oxidation process was carried out in  an elec-
trolytic cell with flat glass windows [29]. Platinum wires were
used as cathodes. For anodization of titanium we used water
solution of 10 g/l  Na2SiO3·5H2O. The electrolyte was prepared by
using double distilled and deionized water and PA (pro analysis)
grade chemical compound. Anodizing was carried out at current
density of 200 mA/cm2. During the anodization, the electrolyte cir-
culated through the chamber–reservoir system. The temperature of
the electrolyte was maintained during the anodization process at
(294 ± 1) K. After anodization, the samples were rinsed in distilled
water to prevent additional deposition of electrolyte components
during drying.

Spectral luminescence measurements during PEO of titanium
were taken on a spectrometer system based on the intensified
charge coupled device (ICCD). Optical detection system consisted
of a large-aperture achromatic lens, a Hilger spectrometer with
diffraction grating of 1200 grooves/mm (wavelength range of
43 nm), and a very sensitive PI–MAX ICCD thermoelectrically
cooled  camera (233 K) with high quantum efficiency, manu-
factured by Princeton Instruments. The system was  used with
several grating positions with overlapping wavelength range of
5 nm.  In  all experiments the image of the anode surface was
projected with unity magnification to  the entrance slit of spec-
trograph. The optical-detection systems were calibrated using a
standard tungsten strip lamp (OSRAM Wi-17G). The obtained
spectra were adjusted to the spectral response of the measuring
system.

Real-time images during PEO were recorded utilizing a video
camera Sony DCR-DVD110 (800 K pixels CCD, 40× optical zoom and
40 mm lens filter). The information obtained was split into separate
frames and the image of individual frames was processed using our
custom made software, which counts microdischarges in selected
frame and determines spatial density of discharges including their
dimensional distribution.

The  topography and roughness of oxide coatings were charac-
terized using an atomic force microscope (AFM; Veeco Instruments,
model Dimension V). Micrographs were obtained in  tapping mode
under ambient conditions, using TAP300 tips (resonant frequency
300 kHz, force constant 40 N/m). Roughness data were obtained
using diNanoScope software (version 7.0).

Scanning  electron microscope (SEM) JEOL 840A equipped with
X-ray energy dispersive spectroscopy (EDX) was  used to charac-
terize morphology and chemical composition of formed surface
coatings. The crystallinity of samples was analyzed by X-ray
powder diffraction (XRD), using a  Phillips PW 1050 powder diffrac-
tometer in  Bragg-Brentano geometry, with Ni-filtered Cu K�
radiation (� =  1.54178 Å).  Diffraction data were acquired over scat-
tering angle 2� from 10◦ to 80◦ with a  step of 0.050◦ and acquisition
time of 1s/step.

3.  Results and discussion

3.1.  Spectroscopic and real-time imaging characterization of PEO
process

Fig.  1 shows typical voltage versus time and luminescence inten-
sity versus time characteristics during anodization of titanium
samples in 10 g/l Na2SiO3·5H2O at current density of  200 mA/cm2.
The relatively uniform growth of a  compact barrier oxide film,
at constant current density, is  characterized by  an almost linear
increase in  the anodization voltage. This stage of anodization is  fol-
lowed by apparent deflection from linearity in voltage–time curve,
starting from so-called breakdown voltage. After the breakdown,
voltage continually increases, but the voltage–time slope decreases
and a large number of small size microdischarges appear, evenly
distributed over the whole sample surface.

The appearance of microdischarges at various stages of PEO
process of titanium is  shown in  Fig. 2. First microdischarges are
visible after 15 s, accompanied by low acoustic emissions. Dur-
ing the PEO process the size of microdischarges becomes larger,
while the number of microdischarges is  reduced. It can be seen
that relatively small microdischarges, with average cross-sectional
area ≈  0.03 mm2, are dominant in  the early stage of PEO process.
The population of small microdischarges decreases during PEO.
On the other hand, large microdischarges become noticeable with
extended PEO time and after about 3 min  large microdischarges
with average cross-sectional area ≥ 0.13 mm2 are dominant, while
small microdischarges are being hardly observed on the sur-
face.

The increased size and decreased spatial density of  microdis-
charges during PEO is related to the number of discharging sites
through which higher anodic current is  able to pass. The surface
topography of oxide coatings in various stages of PEO process
(Fig. 3)  shows that the number of micropores decreases, while
their size increases during PEO process. Also, thicker coatings
have higher surface roughness. In the initial stage of PEO, the dis-
charge channels are well distributed and oxide coatings exhibit

Fig. 1. Time variation of voltage of anodization and luminescence intensity at
480  nm during galvanostatic anodization of titanium in sodium metasilicate.
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Fig. 2. Microdisharge appearance at  various stages of PEO process: (a)  15 s; (b) 30 s; (c) 150 s; (d) 300 s; (e) 600 s; (f) 1200 s.

lower surface roughness (∼280 nm,  Fig. 3a). As the number of dis-
charge channels decreases with PEO time, non-uniformities in  the
oxide coatings appear causing an increase in surface roughness
(∼1600 nm,  Fig. 3c). In a  thicker layer of oxide coating, higher
energy is  required for the current to pass through it. Under this con-
dition, the current is localized at weak points of the layer formed to
find its way through the oxide coating. This is  the reason why the
diameter of the discharge channels increases.

Typical optical emission spectrum of PEO microdischarges in
the spectral range from 370 nm to 850 nm is  shown in Fig. 4.
Atomic and ionic lines were identified using the NIST online
spectral database [30]. The strongest lines originate from elec-
trolyte and belong to Na I  at 588.99 nm and 589.59 nm,  Balmer
line H� (656.28 nm), O I at 777.19 nm,  777.42 nm, 777.54 nm,  Na
I at 818.33 nm and 819.47 nm,  O  I at 844.62 nm, 844.64 nm and
844.68 nm.  We  also detected the following relatively strong lines:
Balmer line H� (486.13 nm), O  I at 715.67 nm,  three lines of O I
at 794.75 nm,  795.08 nm,  795.22 nm.  In order to identify weaker
emission lines at lower wavelengths we thoroughly investigated
the spectral region from 375 nm to  510 nm (Fig. 5). Many lines of
O II, Balmer line H� (434.05 nm)  and Si II which originate from
electrolyte as well as Ti I and Ti II lines from substrate are iden-
tified. The notations I and II  refers to neutral and singly ionized
atoms, respectively. The continuum emission between 370 nm and
850 nm results from collision–radiative recombination of electrons
[31] and bremsstrahlung radiation [14].

For the explanation of microdischarge formation during PEO
process two models were suggested. According to the first model
[32,33], the appearance of microdischarges is  a result of dielectric
breakdown of oxide layer in strong electric field (∼107 V/m). The
second model [16,34] considers microdischarges as a gas discharges
occurring in  a micropores of the oxide films. The formation of a
gas phase in  micropores is  induced by initial dielectric breakdown
of a barrier layer in  the bottom of the micropores. The temporal
variation of the intensity of different lines during the PEO, after sub-
tracting the continuum emission, is shown in  Fig. 6.  Three lines O II
at 459.09 nm,  H I at 486.13 nm,  and Ti I at 498.17 nm were recorded
simultaneously. Emission line intensity indicates that the species
in the plasma have similar trends over the treatment time. Among
these lines, Ti line gives information about phenomena occurring at
the  titanium/oxide interface. At the beginning of the PEO process,
emission lines are not observed in  optical emission spectrum and
luminescence originates from radiative recombination of electrons
at flaws in oxide coatings [31,33]. During the PEO process, when
the electric field in  the oxide layer reaches a critical value beyond

which  the film breaks down, a number of channels are formed and
plasma chemical reactions take place in the channels.

According to Hussein et al. [16] three plasma discharge mod-
els have been proposed (see, Fig. 9 in [16]): metal–oxide interface
discharge type (B) and oxide–electrolyte interface discharge types
within the coating upper layer (A) and at the coating top layer (C).
Our recent investigation of PEO process of different metals have
shown that type of discharge with evaporation of  anodic material
(type B) always occurs during PEO of aluminum and magnesium
[19,22] regardless of the type of electrolyte, but does not  occur dur-
ing the PEO of tantalum [12] and titanium [27] in 12-tungstosilicic
acid. We assumed that the high melting temperature of  tantalum
(Tm =  3290 K) and titanium (Tm =  1941 K) does not allow evapora-
tion of anode material during PEO, unlike in the case of PEO on
aluminum and magnesium. Aluminum and magnesium have much
lower melting point (for aluminum Tm = 933 K,  for magnesium
Tm = 923 K), what is of importance for metal plasma generation
in discharge channels after evaporation of anode materials. With
tantalum and titanium metals in  12-tungstosilicic acid plasma is
not generated and lines of Ta and Ti were not detected in  PEO
spectra.

In contrast, during the PEO of titanium in  sodium metasili-
cate all three discharge models can be distinguished. More intense
microdischarges of titanium in sodium metasilicate (compared to
those in 12-tungstosilicic acid) [27] are related to the evaporation
of titanium substrate. Therefore, Ti I  and Ti II  lines are emitted
from titanium plasma generated in microchannels across the oxide
layer, corresponding to  process of type B,  while hydrogen, oxygen
and sodium lines are related to processes of type A (discharge in
relatively small holes near the surface of oxide layer) and type C
(discharge in  the micropores at the surface of oxide layer). Dis-
tinctive intensity spikes in Fig. 6 may  be attributed to the strong
discharges through oxide layer.

For electron number density measurements (Ne), we used
plasma broadened profile of Balmer H� line. Balmer line H� is
very strong in  PEO process (Fig. 4) and strongly self-absorbed
[12,19,22]. For  this reason H� is  not suitable for the spectral
line shape analysis. Weaker Balmer line H� in  PEO process inter-
feres with O II  lines (Fig. 5b) and is  too noisy to be used for
reliable spectral line shape analysis. During the analysis of the
H� line profile (Fig. 7), it was  found that the H� line shape
can be properly fitted only if two  Lorentzian profiles are used.
Full Width at Half Maximum (FWHM) of the upper part of
the H� profile is ∼ 0.25 nm,  while for the broad lower pro-
file FWHM is  ∼1.31 nm.  This is  in  conjunction with empirical
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Fig. 3. Three-dimensional AFM images of oxide coatings formed at various stages
of PEO process: (a)  1.5 min; (b) 3 min; (c) 5 min.

formula (2a)  in  [35], corresponding to Ne =  3.8 × 1015 cm−3 and
Ne = 4.5 × 1016 cm−3,  indicating that two plasma processes in dis-
charges always occur. These two electron number densities are
close to corresponding Ne results for PEO process on other metals
[12,19,22,27].

For electron temperature measurements (Te) relative line inten-
sities were used. This temperature is assumed to be equal to
electron excitation temperature, measured from relative line inten-
sities. For the application of this assumption one must be sure that
energy levels used for Te measurement are populated in accordance
with Boltzmann equilibrium distribution i.e. that the upper energy
level of the spectral line used is above the lowest level determined
by Partial Local Thermal Equilibrium (PLTE) condition. The discus-
sion of the fulfillment of PLTE is  given in [19].

Fig. 4.  Optical emission spectrum obtained during PEO in the range from 370 nm to
850 nm.

The relative line intensities of the same atomic species can be
used to  calculate Te using the equation [36]:

Te = Em(2) − Em(1)

k  · ln[(I1 · Amn(2) ·  gm(2) ·  �o(1))/(I2 · Amn(1) ·  gm(1) ·  �o(2))]
(1)

where  k  is the Boltzmann constant, I1 and I2 are relative line inten-
sities of the same species, Amn(i) are the transition probabilities, m
is the upper and n is  the lower level of the respective lines, gm(i) are
the statistical weights of the upper level, Em(i) are energies of  the
upper levels of the lines and �o(i) are the wavelengths of  the line
centers in  vacuum. For Te measurement we used Ti I  lines (Table 1)
at 398.18 nm and 501.42 nm.  Difficulty in estimation of  Te using Eq.
(1) is  related to  the question whether Te in  PEO is measured from the
same plasma region and in the same time of  microdischarge evo-
lution. Since it is not possible to  perform space and time resolved
microdischarge PEO diagnostics with presently available plasma
diagnostic techniques, Te is measured in a standard way from time
integrated relative line intensities. We performed a series of  mea-
surements with different integration times and obtained Te in  the
range (3700 ±  500) K.

3.2.  Chemical and phase compositions of PEO coatings

PEO is  a  complex process combining concurrent partial pro-
cesses of oxide formation, dissolution, and dielectric breakdown
[37]. At the beginning of the titanium anodization, oxide layer
grows at the titanium/oxide and oxide/electrolyte interfaces as a
result of migration of O2−/OH− and Ti4+ ions across the oxide,
assisted by a  strong electric field. Initial oxide layer forms at the
surface of titanium as a result of the following anodic reaction:

Ti  → Ti4+ + 4e−, (2)

while  the reaction at the oxide/electrolyte interface is:

4H2O–4e− → O2 ↑ +4H+ + 2H2O. (3)

The  overall reaction is:

Ti  + 2H2O–4e− → TiO2 +  4H+ +  4e− (4)

Table 1
The list of the Ti I lines used for the calculation of Te: �-wavelength; gk-statistical
weight  of upper energy level; Aik-transition probability [30].

Line � (nm) Transition gk Energy (eV) Aki (108 s−1)

Ti I 398.18  3d24s2-3d2(3F)4s4p(1P◦)  5 3.109 0.376
Ti I 501.42 3d24s2-3d2(3F)4s4p(3P◦)  3 2.469 0.053
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Fig. 5. Optical emission spectra obtained during PEO in the range of (a) 375–425 nm;
(b) 425–465 nm;  (c) 465–510 nm.

During the PEO process, anionic components of the electrolyte
are drawn into the discharge channels. Concurrently, titanium
melts out of the substrate, enters the channels, and gets oxidized.
At the same time, a  separation of oppositely charged ions occurs
in the channel due to the presence of the electric field. The cations
are ejected from the channels into the electrolyte by electrostatic
forces. In the next step, oxidized metal is  ejected from the chan-
nels into the coating surface in  contact with the electrolyte and
in that way increases the coating thickness around the channels.
Finally, discharge channels get cooled and the reaction products
are deposited onto its walls. This process repeats itself at a  num-
ber of discrete locations over the coating surface, leading to  the
increase in the coating thickness.

In silicate electrolyte system SiO3
2− ions are  transported to  the

coating/electrolyte interface and under high electric field and high

Fig. 6.  The temporal variation of the intensity of different lines during the PEO, after
subtracting the continuum emission: O II at  459.09 nm; H  I at  486.13 nm;  and Ti I at
498.17 nm.

Fig. 7. The H� line profile fitted with two Lorentzian profiles.

temperature conditions, the following reactions can be proposed
[38,39]:

SiO3
2− +  2H+ → SiO2 + H2O,  (5)

SiO3
2− → O2 + 2SiO2 + 4e− (6)

Based  on the above reactions, increase of PEO time results
in the increase of Si content on the top of obtained oxide
coatings.

SEM micrographs of the surface coatings obtained at various
stages of PEO process are shown in Fig. 8.  After breakdown the oxide
surface becomes laced with a number microdischarge channels as
well as molten regions formed due to rapid cooling effect of  the
electrolyte. Results of the EDX analyses of surface coatings in  Fig. 8
are shown in  Table 2. Main elements of the coatings are Ti, O, and

Table 2
EDX analysis of surface coatings in Fig. 8.

Sample Weight (%)

O Ti  Si Na

Fig. 2b  38.62 55.94 5.44
Fig.  2c  54.85 29.12 15.08 0.95
Fig. 2d 55.57 24.38 18.92 1.13
Fig. 2e 56.65 7.71 33.63 2.01
Fig. 2f 56.65 6.17 35.16 2.02
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Fig. 8. SEM micrographs of oxide coatings formed at various stages of PEO process: (a)  1.5 min  –  higher magnification; (b) 1.5 min – lower magnification; (c)  3 min; (d) 5  min;
(e)  10 min; (f) 20 min.

Si. The XRD patterns of oxide coatings obtained after various PEO
times are shown in Fig. 9. The coatings are partly crystallized and
mainly composed of anatase (A) and rutile (R). Amorphous SiO2 is
also detected. Elemental Ti mainly originates from the substrate
and therefore Ti diffraction lines are strong. It is  clear that species
from the electrolyte are incorporated during PEO into the coating
layer. The amount of Si in oxide coatings increases with PEO time
while the amount of Ti decreases. TiO2 film forms due to oxidation
of titanium during PEO process at titanium/oxide coating interface.
For this reason content of Ti is  higher in  the early stage of PEO
process, i.e., for thinner oxide coatings.

The species from the electrolyte are  incorporated during PEO
oxidation into the outer layer of oxide coating. Contents of Si

increases  with PEO time, implying that SiO2 is predominantly
formed in  the outer layer of oxide coating. To test this assumption
another SEM-EDX experiment was done. SEM micrograph and EDX
of three different regions on surface coating processed for 20 min

Table 3
EDX analysis of surface coating in Fig. 10 formed by PEO for 20 min.

Weight (%)

O Ti  Si Na

Spectrum 1 38.01 1.82 59.03 1.14
Spectrum 2  7.15 89.96 3.16
Spectrum  3 58.75 0.55 38.50 2.21
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Fig. 9. XRD patterns of oxide coatings formed at various stages of PEO process: (a)
3 min; (b) 5 min; (c) 10 min; (d) 20 min.

Fig. 10. SEM micrograph with marked positions of EDX spectra in Table 3 of oxide
coating formed by  PEO for 20 min.

are presented in  Fig. 10.  Spectrum 1 and spectrum 3 are  taken in the
area around the discharge channel, while the spectrum 2 is  taken
in the region where the discharge takes place. It is clear that the
content of Ti is much higher in the discharged channel, while con-
tent of Si is  much higher in the surrounding area, confirming that
SiO2 is predominantly formed in  the outer layer of oxide coating.

4.  Conclusion

We  have studied plasma electrolytic oxidation (PEO) process of
titanium in  sodium metasilicate. The following conclusions were
drawn:

• The  size of microdischarges appearing at the oxide/electrolyte
interface becomes larger, while the number of microdischarges
is  reduced, with increasing time of PEO.

• The  species that are identified in optical emission spectrum of
microdischarges originate either from titanium electrode or from
the  electrolyte.

• The analysis of hydrogen Balmer line H� shape indicates the
presence  of two types of discharges during PEO and electron
number density of Ne =  3.8 × 1015 cm−3 and Ne =  4.5 × 1016 cm−3

is determined. Plasma electron temperature in  the range of

(3700 ± 500) K is estimated from the line intensity ratios of Ti
I  lines at 398.18 nm and 501.42 nm.

• The  surface coatings morphology is strongly dependent on PEO
time.  During the PEO of titanium density of discharge channels
decreases while their diameter increases, resulting in  increased
roughness of the surface coating. The main elemental compo-
nents  of PEO coatings are Ti, O and Si. The PEO coatings are partly
crystallized  and mainly composed of anatase, rutile and amor-
phous  SiO2.

Acknowledgement

This work is supported by the Ministry of Education and Science
of the Republic of Serbia under project no. 171035.

References

[1] W.D. Brewer, R.K. Bird, T.A. Wallace, Materials Science and Engineering A 243
(1998) 299–304.

[2] C. Leyens, M. Peters, Titanium and Titanium Alloys: Fundamentals and Appli-
cations, Wiley-VCH, Weinheim, Germany, 2003.

[3]  X. Fana, B.  Fenga, Y. Dia, X. Lua, K. Duana, J. Wanga, J.  Wenga, Applied Surface
Science 258 (2012) 7584–7588.

[4] A.L. Yerokhin, X. Niea, A.  Leyland, A.  Matthews, Surface and Coatings Technol-
ogy 130 (2000) 195–206.

[5] M. Mu,  X. Zhou, Q.  Xiao, J. Liang, X. Huo, Applied Surface Science 258 (2012)
8570–8576.

[6]  M. Shokouhfar, C. Dehghanian, A.  Baradaran, Applied Surface Science 257
(2011) 2617–2624.

[7] D. Krupa, J. Baszkiewicz, J. Zdunek, J. Smolik, Z.  Słomka, J.W. Sobczak, Surface
and Coatings Technology 205 (2010) 1743–1749.

[8]  M. Montazeri, C. Dehghanian, M.  Shokouhfar, A. Baradaran, Applied Surface
Science 257 (2011) 7268–7275.

[9] A.L. Yerokhin, X. Nie, A.  Leyland, A.  Matthews, S.J. Dowey, Surface and Coatings
Technology 122 (1999) 73–93.
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Silicon nanoparticles (SiNPs) are attracting attention for applications in various fields, from energy

storage to bio-imaging. One of their main advantages is good photoluminescence (PL) properties

combined with the relatively high bio-compatibility. Here, we fabricated SiNPs by the laser abla-

tion of silicon single crystal in de-ionized water, employing simultaneously the picosecond pulse

laser (150 ps, 1064 nm, 7 mJ/pulse) and a continuous wave (CW) laser (532 nm, 270 mW). TEM

analysis (bright field TEM, HRTEM, HAADF, EDS) clearly shows that the introduction of the CW

laser significantly increases the crystallinity of the produced nanoparticles, which may be crucial

for many optical and electronic applications. The obtained SiNPs exhibit good blue photolumines-

cence properties, and the introduction of the CW laser into the fabrication process leads to the con-

siderable increases in the photoluminescence. Additionally, we conducted a detailed analysis on

the aging-time dependence and the excitation wavelength-dependent PL. The results indicate that

the blue photoluminescence may be ascribed to quantum confinement effect, interface related

states, and defect in the O-containing layer (shell) of the nanoparticles. We demonstrate that the

relative share of these mechanisms in overall PL is significantly affected by the introduction of the

CW laser to the pulse laser ablation and it may improve the applicability of the Si nanoparticles

produced to a wide variety of fields. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4990040]

I. INTRODUCTION

Silicon and silicon-based nanoparticles (SiNPs) have

been attracting attention for more than two decades because

of their broad field of potential applications, from engineer-

ing to biomedicine. In the field of energy storage, silicon is a

promising high-capacity anode material for lithium-ion bat-

teries.1,2 For instance, Wu et al. reported to have designed

the Si-nanoparticle-based electrodes and to have achieved a

high cycle stability by encapsulating them in a carbon tube

structure.3 Single crystal silicon is widely used in electron-

ics, but (due to the indirect bandgap) shows poor optical

properties. The discovery of room-temperature visible PL

from porous silicon in 1990,4,5 and later, from Si nanocrys-

tals embedded in SiO2,
6,7 has increased interest in the optical

properties of these materials. Despite such interests, which,

in turn, resulted in a large number of publications analyzing

these issues, there are still a considerable number of unre-

solved questions about the origin of the photoluminescence

properties of SiNPs.

Nanomaterials that can circulate in the body have a great

potential in diagnosing and treating various diseases.8–10

Their biocompatibility, coupled with the ability to be harm-

lessly eliminated from the body once they have completed

the mission, is of crucial importance. Porous silicon nanopar-

ticle is an alternative to quantum dots containing heavy

metal (shown to be toxic in biological environments for

in vivo use11). Additionally, silicon is a common trace ele-

ment in the human body, and a biodegradation product of

porous silicon is naturally found in numerous tissues.11

Photoluminescence properties are of great importance for the

bio-application of Si-nanoparticles. For instance, the SiNPs

are used as biological imaging agents.8,9,12 Additionally, sur-

face functionalization of the SiNPs has attracted consider-

able attention.13 It is essential for their stabilization,

targeting them to specific disease areas and allowing them to

selectively bind to the cells or the bio-molecules present on

the surface of the cells.14 Besides SiNPs, the silica (SiO2)

NPs have attracted attention as a promising material for bio-

medical applications.15 Although the low toxicity and good

biocompatibility are usually recognized as comparative

advantages of silicon and silica nanoparticles, the issue of

toxicity of these nanomaterials raises some concerns.16,17
a)Authors to whom correspondence should be addressed: kushima@mit.edu

and drdmpopovic@gmail.com
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The technique of nanoparticle (and nanotubes) fabrica-

tion that has attracted attention is the pulsed laser ablation of

solid target in liquid media (LAL).18–25 Some of the advan-

tages of this technique are that it is simple, fast, and provides

easy material handling since nanoparticles are produced

directly in the liquid. Additionally, it reduces the contamina-

tion risk of the NPs produced. Production of the silicon NPs

by LAL is widely reported, with silicon single crystal (pure

or doped) used as the target.26–29 In most of the cases, the

liquid used is de-ionized water, but other liquids—both inor-

ganic and organic—are used as well.30

Bulk single-crystal silicon exhibits poor PL properties

due to its indirect band gap (around 1.1 eV). In contrast, due

to the quantum confinement (QC) effect, the silicon nano-

crystals below the QC size limit show good PL properties.

This is ascribed to opening of the band gap and pushing it

toward the direct one.31 The value of QC size limit varies up

to 10 nm.32,33 When certain techniques are employed (inter
alia, LAL) to produce the silicon nanocrystals, they became

embedded in the silicon oxide matrix (SiOx, x< 2). On the

other hand, it has been reported that the Si/SiO2 interface

(the surface states), besides the QC effect, may play an

important role in PL properties.7 As far as the SiNPs pro-

duced by LAL are concerned, the PL bands could be placed

in the whole visible region of the spectrum. The PL band

positions and intensities depend on the LAL parameters and

the sample history.34–36 And there is a noticeable discrep-

ancy in the PL data obtained in different experiments

reported in the literature, even when similar LAL parameters

are used.

In this paper, we report a fabrication procedure of the

blue luminescent SiNPs using picosecond pulsed laser abla-

tion of Si single crystal in de-ionized water (150 ps,

1064 nm, 7 mJ/pulse) with an additional continuous wave

(CW) green laser (532 nm, 270 mW) during and for 15min

immediately prior to the ablation. Detailed transmission

electron microscopy (TEM) analysis was performed to corre-

late the photoluminescence (PL) properties and the structures

of the SiNPs, focusing on the impact of employing the CW

laser on the PL properties and the crystallinity of the SiNPs

produced.

II. EXPERIMENTAL

We synthesized SiNPs by pulsed laser ablation in

liquid using square-shaped plates of Si single crystal

(5.00mm� 5.00mm� 0.69mm in size) as a target. To

determine crystal orientation of Si substrate, an X-ray dif-

fraction (XRD) was performed using a Rigaku Ultima IV

diffractometer in Bragg-Brentano configuration with Ni-

filtered CuKa radiation (k ¼ 1.54178 Å). The orientation of

the Si substrate was determined to be h100i. The X-ray pow-

der diffraction (XRPD) patterns of the samples were col-

lected on Rigaku SmartLab 3 kW automatic X-ray

diffractometer in 25–50 range of 2h (�). During the ablation,

targets were fixed on the bottom of the vessel. The vessel

was filled with 5ml of de-ionized water (DIW). The water

layer thickness was kept to about 3mm during the experi-

ment. There were splashes during the laser ablation, and the

laser pulses were followed by noticeable bubbles in the

DIW. A shield was placed axially around the vessel to

reduce splashes around the setup. The target was placed

3mm under the focal plane of the lens (focal length

f¼171mm).

The picosecond pulse Nd:YAG laser was employed at

wavelengths of 1064 nm. Its pulse duration was 150 ps and

its repetition rate was 10Hz. It had a pulse energy of 7 mJ/

pulse (laser fluence 4.4 J cm�2) and the laser exposure time

was 15min. The additional continuous wave (CW) green

laser (270mW, 532 nm, laser power density 3.78W cm�2)

was applied during the LAL process and for 15min prior to

the application of the pulse laser. One of the impacts of

introducing the CW laser is the increase of the target tem-

perature. Increment in temperature of the silicon substrate

produced with CW laser stabilized within 15min. The cen-

ters of the laser spots, both continuous and pulsed, were

placed at a fixed position in the center of the silicon sub-

strate. The detail of the experimental setup is presented

elsewhere.37

Photoluminescence measurements of SiNPs in DIW

were carried out using Horiba Jobin Yvon, FL3-22 spectro-

fluorometer. A good quality scan was obtained by 450W-

xenon lamp in FL3 with a single excitation monochromator.

The range of excitation wavelength was 300–360 nm, and

the integration time was 0.5 s. The PL measurements were

performed using the solution obtained by LAL shortly after

the production and then in certain intervals. Transmission

electron microscopy analysis was performed at the Center of

Materials Science and Engineering in Massachusetts

Institute of Technology using JEOL 2010F operated at

200 kV acceleration voltage. The TEM is equipped with

energy dispersive X-ray spectrometer (Oxford Instruments).

The EDS analysis (including spectrum, line scan profile, and

elemental quantification) was conducted in the scanning

transmission electron microscopy mode. Dynamic light scat-

tering (DLS) analyses were carried out using Malvern

Zetasizer Nano ZS.

III. RESULTS AND DISCUSSION

The photoluminescence spectra (excitation 300 nm) of

SiNPs produced by pulsed laser ablation with and without

applying the additional continuous wave (CW) laser are

shown in Fig. 1. The PL spectrum shows a broad band

peaked at 410 nm and 427 nm, and the red-shift of the PL

peak is about 17 nm. Additionally, a considerable increase in

PL intensity (the PL peak intensity and peak height increase

about 50% and 100%, respectively) was observed as a result

of introducing the CW laser during the ablation.

To investigate the PL mechanism of the SiNPs samples

produce in this work, we performed the transmission electron

microscopy (TEM) analysis. The solution obtained by the

LAL was dropped onto the silicon nitride TEM window grid

(Norcada) and dried under atmospheric pressure at room

temperature. The bright field TEM, an electron diffraction

pattern, a high resolution TEM, high – angle annular dark

field (HAADF) image, and energy – dispersive X – ray spec-

troscopy (EDS) measurements were carried out to determine

113107-2 Popovic et al. J. Appl. Phys. 122, 113107 (2017)



the crystalline structure and the chemical composition of the

SiNPs.

Figure 2 shows the results of TEM analysis of SiNPs

produced by LAL without the additional CW laser. Figure

2(a) shows the TEM image of the SiNP with the diameter

�200 nm. The electron diffraction pattern (EDP) shows

amorphous halo with weak crystalline spots [Fig. 2(b)]. The

high resolution (HR) TEM images revealed the existence of

silicon nanocrystals embedded in the amorphous matrix [Fig.

2(c)]. These nanocrystals had no regular shape and were

about 5–10 nm in size. Figure 2(d) is a HAADF image of the

same SiNP. The elemental composition analysis by EDS

measurement was performed along the solid line in the fig-

ure, and the distribution of Si and O is shown in Fig. 2(e).

Figure 2(f) depicts EDS spectra measured at the numbered

squares in Fig. 2(d). The O peak is clearly seen at the sur-

face, but reduces at the inner regions. The atomic ratio of Si

and O at regions (1)–(4) is shown in Fig. 2(g). These EDS

analysis results show that the particle consists mostly of

silicon, and only a small portion at the surface contains more

significant amount of oxygen. It also revealed the oxygen

content was higher towards the particle surface indicating

the Si-rich core of the particle was coated by the O-

containing layer. It is worth noting that the Si:O ratio in this

layer is much higher than that of silicon dioxide [Fig. 2(g)].

Because the size of the silicon nanocrystals embedded in the

amorphous matrix is below the QC effect size limit, the QC

effect is expected to contribute to the PL of the SiNPs sam-

ple produced without the additional CW laser.

The results of TEM analysis of the SiNPs produced by

LAL with the additional CW laser are shown in Fig. 3. The

TEM micrograph [Fig. 3(a)] and the EDP [Fig. 3(b)] indicate

the particle was polycrystalline silicon, in contrast to amor-

phous structure observed for particles produced without CW

laser. The HRTEM image of the particle shows a clear Si lat-

tice structure. The size of these nanocrystals was far above

the QC effect size limit. The TEM analysis for few other par-

ticles of the same sample showed the same trend. Although

some nanocrystals below the QC effect size limit were found

in the particles, they are few in number. Therefore, QC effect

may not play a significant role in the PL property. HAADF

image of the particle is shown in Fig. 3(d), and elemental

distribution along the solid line and the EDS spectra taken

from the squared regions (1)–(4) are shown in Figs. 3(e) and

3(f), respectively. Similar to the SiNPs produced without the

CW laser, the oxygen peak is high at the particle surface and

low at the inner regions. The atomic composition ratio of Si

and O at the regions (1)–(4) as shown in Fig. 3(g) reveals the

O is concentrated on the surface (O-containing layer), but

the amount is less compared to the SiNPs produced without

the CW laser.

Comparing Figs. 2 and 3, it is obvious that the introduc-

tion of the additional CW laser in the LAL process leads to

(a) a significant increase in the silicon nanocrystal size (and

consequently to increasing crystallinity of the particles pro-

duced) and (b) a decrease in the amount of oxygen, both in

“the bulk” and in the O-containing layer of SiNP. The expo-

sure time and the power of the CW laser are expected to

FIG. 1. The photoluminescence spectra (excitation 300 nm) of SiNPs pro-

duced by pulsed laser ablation with and without applying the CW laser.

FIG. 2. TEM analysis of SiNPs pro-

duced by LAL without the additional

CW laser: (a) bright field TEM image,

(b) electron diffraction pattern, (c)

high resolution TEM image, (d)

HAADF image, (e) EDS line scan pro-

file from the solid line in (d), (f) EDS

spectra obtained from spots 1–4 in (d),

and (g) Si:O ratio in atomic %.
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affect the crystallinity of the final product. However, our

main purpose in this work is to demonstrate the possibility of

introducing a CW laser for designing the structure of the

SiNPs in LAL process.

The X-ray powder diffraction (XRPD) patterns of dried

SiNPs samples obtained with and without application of CW

laser are presented in Fig. 4. The diffraction peaks of both

samples coincided with those of silicon (ICCD PDF-2 2016)

and no other phases were detected, including SiO2. Its

absence of diffraction patterns confirms either no oxidation

of the particles, or the oxidation of the surface in the form of

thin amorphous layer that is below the XRPD detection

threshold. The XRPD patterns reveal an evident increase in

crystallinity of the SiNPs sample due to introducing the CW

laser in the LAL fabrication process.

In general, the particle size distribution can influence on

the photoluminescence spectra of SiNPs (related to the total

surface of the SiNPs in the solution, etc.). Figure 5 shows the

results of dynamic light scattering (DLS) analysis of SiNPs

produced by LAL without and with the additional CW laser.

Both distributions are broad and skewed, following the log-

normal distribution. It shows that the application of the addi-

tional CW laser slightly changed the SiNPs’ size distribution,

shifting its maximum to smaller values. However, the parti-

cle size distributions are almost identical, indicating the con-

siderable increase in photoluminescence intensity from Fig.

1 is not caused by difference in the size distribution of the

analyzed SiNPs samples.

It is widely accepted that, in addition to the QC effect,

the defects at the interfaces between the silicon nanocrystal

below the QC effect size limit and the surrounding matrix

greatly affect the PL properties. The well-known non-radia-

tive defects are the Pb centers, the trivalent silicon atoms at

the crystalline silicon/silicon dioxide interface.38,39 Some of

the excitons (electron-hole pairs) in nanoparticles are trapped

at these non-radiative defects, decreasing the PL intensity.

The radiative interface defects (luminescent recombination

centers) can be present at the interfaces as well. Therefore, a

FIG. 3. TEM analysis of SiNPs pro-

duced by LAL with the additional CW

laser: (a) bright field TEM image, (b)

electron diffraction pattern, (c) high

resolution TEM image, (d) HAADF

image, (e) EDS line scan profile from

the solid line in (d), (f) EDS spectra

obtained from spots 1–4 in (d), and (g)

Si:O ratio in atomic %.

FIG. 4. The X-ray powder diffraction (XRPD) patterns of SiNPs produced

by pulsed laser ablation without and with applying the CW laser.

FIG. 5. The particle size distribution obtained by dynamic light scattering

(DLS) for SiNPs produced by LAL without and with additional CW laser.
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decrease in the concentration of the non-radiative defects,

coupled with an increase in the concentration of the radiative

centers, may increase the photoluminescence. Some of the

experimental results and models reported in the literature

support the assumption that the mechanism responsible for

the efficient PL from silicon nanocrystals should be assigned

to the inhibition of nonradiative channels rather than to the

enhancement of the radiative ones.40 It is reported that the

analysis of interface defects is mostly related to Si/SiO2

interface, but these defects are also used in the analysis of

the PL properties of Si nanoparticles embedded in SiOx

(x< 2) matrix.41 The interface defects mentioned above are

oxygen-related – both the radiative and the non-radiative

ones. On the other hand, the amorphous core of the SiNPs

analyzed here, in which silicon nanocrystals are embedded

[Figs. 2(c) and 3(c)], contains less than 10% of oxygen [Figs.

2(g) and 3(g)]. This makes the evaluation of the role of the

interface defects at the PL properties more complex.

It has been reported that the amorphous silica exhibits

the luminescence properties, due to the existence of oxygen

deficient centers.42 These luminescent defects are observed

in irradiated or oxygen-deficient silica, both in bulk and in

porous SiOx films with high specific surface area.43,44 The

blue and the UV PL bands from Si/SiO2 core-shell nanoparti-

cle are attributed to these defects in amorphous silica.45 The

O-containing shell (O-containing layer) from Figs. 2(e)–2(g)

and 3(e)–3(g), may be considered as region of oxygen-

deficient amorphous silica. The oxygen deficit was more pro-

nounced in the SiNP sample produced with the additional

CW laser [Fig. 3(g)], than for the sample produced without it

[Fig. 2(g)]. We speculate that the lower content of the oxy-

gen in the SiNP’s O-containing layer may signify a higher

concentration of oxygen deficient centers, which lead to an

increase in the photoluminescence originating from oxygen-

related defects in this layer. Nevertheless, lower content of

oxygen in SiOx does not necessarily lead to an increase in

the concentration of oxygen deficient centers; for instance,

some oxygen can occupy interstitial sites, exhibiting the

luminescence properties.46 It is worth noting that, there are

other PL active defects in amorphous silica in addition to the

oxygen-related defects.

From the results and analysis presented above, the PL

properties of the SiNPs analyzed in this paper may be related

to (a) QC effect in Si nanocrystals embedded in the amor-

phous matrix, (b) interface related states, and (c) defects in
O-containing layer of the SiNPs. We emphasize here that a

relative contribution of these mechanisms in the overall PL

is different for the SiNP samples fabricated with and without

the additional CW laser. Such difference may be one of the

reasons for the red-shift of the PL peak shown in Fig. 1. In

some cases (depending on the fabrication of the NPs, sample

history, etc.), the PL peaks of silicon-based nanomaterials

originated from silicon nanocrystals and amorphous SiO2

nanoparticles are both broad and close to each other (com-

pare, for instance, previously reported PL data35,47).

Therefore, the lower concentration of the oxygen deficient

centers in O-containing layer of SiNPs produced without the

CW laser (because of the higher oxygen contents) and cou-

pled with the low presence of the QC effect in Si

nanocrystals for the sample produced with the CW laser

(because of its size) may cause a shift in the PL peak position

(Fig. 1). Some of the reported hypotheses concerning the ori-

gin of the red-shift in the PL peak deal with an increase in

the sizes of the Si-crystallites (as expected from the QC

effects)40 and oxidation (related to the recombination involv-

ing a trapped electron or exciton).32 Such effects may appear

in the NP samples analyzed here, because the introduction of

the CW laser in the LAL process increased the size of the Si

nanocrystal embedded in the amorphous matrix.

To analyze further the PL properties of the SiNPs and

the impact of the CW laser introduction in the LAL process,

we performed the excitation wavelength-dependent PL

measurements two months after the LAL (Fig. 6). The “cut

off” narrow peaks at 331 nm, 356 nm, 383 nm, and 408 nm

on Figs. 6(a) and 6(b) are Raman peaks of DIW.48 It can be

observed from Fig. 6(a) that, for the SiNPs produced without

additional CW laser, the PL peak exhibited the red-shift with

an increase in the excitation wavelength. When the excita-

tion wavelength increased from 300 to 360 nm, the PL peak

exhibited the red-shift of about 20 nm. The wavelength-

dependent PL measurements, for the SiNPs produced with

additional CW laser, showed that the peak positions slightly

depended on the excitation wavelength (the PL peak position

for 360 nm-excitation is red-shifted for about 9 nm compared

to the PL position for 300 nm-excitation), with clearly

noticeable exception for the excitation of 320 nm, where the

PL peak position exhibited a drastic blue-shift [Fig. 6(c)].

The excitation wavelength-dependent PL measurements

for the silicon nanoparticles have not been extensively stud-

ied, and this complex issue remains a subject of controversy.

It has been reported that when the excitation wavelength

shifts to the red, the visible PL peak position exhibits the

red-shift.49 Some authors propose, based on quantum con-

finement theory, that the absence of the red-shift in the PL

peak position with the increase in the excitation wavelength

is the evidence proving that the band-to-band transition in

the silicon nanocrystals ought to be excluded as the origin of

the blue PL.41

In this paper, we proposed several mechanisms contribut-

ing to the PL properties of the analyzed SiNPs. Such assump-

tion could be employed to enlighten further the excitation

wavelength-dependent PL in Figs. 6(a) and 6(b). For the

SiNPs produced without the additional CW, the red-shift of

the PL peak position with the increase in the excitation wave-

length supports (in accordance with the QC theory) the

assumption that the band-to-band transition in the silicon

nanocrystals has the significant role in the PL. The weak exci-

tation wavelength-dependent shift (with the exception for

apart from the excitation of 320 nm) of the PL peak position

for the SiNPs samples produced with the additional CW laser

[Figs. 6(b) and (c)] is in a good accordance with the fact that

the sizes of the majority of nanocrystals embedded in the

amorphous matrix are far above the QC effect size limit. We

assume here that the drastic blue-shift of PL peak position for

320 nm – excitation wavelength [Fig. 6(c)] is related to the

defects in the SiOx shells of the SiNPs. For visible lumines-

cence in nanosilica, Vaccaro et al. reported the electronic

energy level scheme for silica nanoparticles.50 If we assume
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that there is a similar energy level scheme for O-containing

layer in the SiNPs, the drastic blue-shift of PL peak position

for excitation of 320 nm might be explained. Namely, energy

of the 320 nm – excitation (3.88 eV) may correspond to the

energy gap between the energy states. Consequently, the crea-

tion of the excitons is disabled, and the PL excitation pathway

is ruined. Therefore, the mechanism related to the defects in

the O-containing layer does not contribute to the PL. Due to

the exclusion of this PL mechanism for the SiNPs produced

with the additional CW laser, the overall effect of the PL was

closer to the one for the SiNPs produced without the CW

laser. This explanation agrees with our measurement that

both, the PL peak position and the intensities for the excitation

of 320 nm, are close for both SiNPs samples [Figs. 6(c) and

6(d)]. This supports our previous assumption that the PL prop-

erties of the SiNPs analyzed here originated from multiple

contributing mechanisms, whose relative share depend on the

parameters of the production (in our experiments that would

be the additional CW laser). This may open the possibility of

using the CW laser in the LAL process as a tool for tailoring

the PL properties of the silicon-based nanoparticles. The

wavelength-dependent PL peak intensity [Fig. 6(d)] indicates

that the enhancement of the PL peak intensity due to the CW

laser employment occurred only for the excitation of 300 nm.

This did not occur for the lower PL excitation energy.

The aging-time dependence of the PL spectra (for the

excitation at 300 nm) from the SiNPs produced without and

with the CW laser is presented in Fig. 7. A noticeable

increase in photoluminescence occurred for both samples.

The increase was faster for the sample produced without the

CW laser. After one month of aging, the PL peak intensity of

the samples fabricated with and without the CW laser

increased for about 115% and 120%, respectively; after three

months of aging, the increase was about 190% and 420%,

respectively. Although the PL intensity of the SiNPs fabri-

cated with the CW laser was initially higher than that with-

out the CW laser, the three months of aging reduced the

difference to less than 10%.

The PL peak position for the SiNPs produced without

the CW laser, exhibited the red-shift due to aging [Fig. 7(a)];

for three months of aging the PL peak shifted for about 7 nm

(54.0meV). The aging-time dependence of the PL peak for

the SiNPs produced with the CW laser [Fig. 7(b)] exhibited

the red-shift during the first month of aging (about

FIG. 6. Excitation wavelength-dependent PL measurements after a two-months aging: (a) spectra of SiNPs produced without CW laser, (b) spectra of SiNPs

produced with CW laser, (c) PL peak positions for SiNPs produced with and without CW laser, and (d) PL peak intensities for SiNPs produced with and with-

out CW laser.
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60.0meV), followed by the blue-shifting during the next two

months (about 35.4meV).

The aging enhancement of the blue PL reported here

agrees well with other literatures. Svrcek et al. ascribed such

enhancement to the oxide passivation and defect relaxation

on the surface of the Si nanocrystal; no aging-induced shift

of blue PL peak position was reported.36 Yang et al. assumed

that the number of Pb centers should decrease gradually dur-

ing aging, due to the passivation of Si dangling bonds by

oxygen atoms.41 The analysis of the aging-time dependence

of the PL spectra we presented here may have more com-

plexity due to the O-containing layer of the SiNPs [Figs. 2(d)

and 3(d)]. In general, the presence of oxygen may have a sig-

nificant impact on the broad range of the PL properties of the

nanomaterials. For instance, the investigation of the role of

oxygen-containing groups in the fluorescence of nanodia-

monds is reported.51

Pulse laser ablation of solid materials in vacuum or gas

was developed soon after the first laser became available.

Due to a promising potential in material processing (thin

solid film and nanoparticle fabrication, surface cleaning,

etc.), this technique has attracted researchers’ attention. In

principle, pulse laser ablation of solid materials in liquid is a

modification of this technique, but the pivotal difference

between them is that liquid confines the plasma plume pro-

duced due to ablation. Consequently, this confining role of

liquid affects the stages of the LAL. Despite the extensive

investigations, the mechanism of pulse laser ablation in

water remains unclear, especially for silicon.

The absorption of laser pulses by the single crystal target

(photon–carrier interaction) is followed by energy transfer to

the crystal lattice (carrier–phonon interaction). Immediately

after the laser ablation, plasma plume from the solid target

will be generated over the laser spot (laser-induced plasma).

When nanosecond pulse laser is employed, the laser-induced

plasma expands adiabatically,52 generating a shock wave

under the confinement of the liquid.20,53,54 The shock wave

induces the pressure increase in the laser-induced plasma

(plasma-induced pressure). The increase in the pressure indu-

ces an additional increase in temperature of the laser-induced

plasma. The temperature and pressure in the plume rapidly

grow to maximal values. When these values start to increase,

the condensation of the plasma leads to the formation of par-

ent phase clusters. If these clusters reach a critical size, the

crystal starts to grow. For sub-nanosecond-pulse lasers, how-

ever, the mechanism of ablation is different and there is no

consensus on this issue. The role of the pulse duration depends

on the electron cooling time (electron�phonon coupling con-

stant) of the material.55 When the picoseconds pulse laser is

employed in LAL process, thermal effects or a solid�vapor

transition may occur depending on the pulse duration. Also,

the pulse duration affects the ablation thresholds of dielectric

materials.55,56 The high repetition rate of ps lasers is advanta-

geous for enhancing the production of nanoparticles.52 It is

reported that at the same pulse fluence, nanoparticle produc-

tivity is about three times higher for picosecond laser ablation

compared with femtosecond lasers, due to the higher repeti-

tion rate.57 Some recent reports have demonstrated that, com-

pared with nanosecond and femtosecond lasers, the

picosecond lasers are superior to improve the production of

NPs fabricated by LAL.58,59 A theoretical analysis shows that

for laser pulse duration of hundreds of picoseconds (150 ps in

our experiment), a trivial fragmentation seems to be the only

relevant ablation mechanism,60 which is in agreement with

the reported simulations of laser ablation in silicon.61 This is

in contradiction to the predictions of the widely accepted

phase explosion model.62

The issues concerning the way in which the application

of CW laser during the LAL affects the properties of the fabri-

cated SiNPs is quite complex due to at least two reasons.

First, the application of CW laser may affect more than one

stages of the LAL process, which makes the analysis and

interpretation of experimental results complex. Second, to the

best of our knowledge, there is a lack of theoretical analyses

concerning this issue. Enhanced silicon absorption under laser

irradiation has been reported.63–65 Two processes affect this

phenomenon – the free-carrier absorption and thermal absorp-

tion enhancement.66,67 Therefore, introducing the CW laser in

LAL may affect the laser absorption by silicon target, and,

consequently, the ablation process. This may indirectly affect

FIG. 7. The aging-time dependence of the PL spectra (excitation 300 nm) for SiNPs produced: (a) without and (b) with additional CW laser.
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the important thermodynamic parameters of the laser-induced

plasma (density of species, temperature, and pressure). If frag-

mentation is the only mechanism, introducing the CW laser in

the ablation process could affect it, but analysis of this issue

requires a comprehensive theoretical approach. The issues

concerning the impact of introducing the CW laser in LAL

process on the oxygen presence in the nanoparticles produced

by LAL remain unclear. For nanosecond laser ablation in

water, Yang reported four kinds of chemical reactions taking

place in the laser-induced plasma and the interface between

the liquid and the laser-induced plasma.20 Out of the four,

three chemical reactions are simultaneously involved two spe-

cies that result from the solid target and the confining liquid,

respectively. We showed here that introducing the CW laser

into the ablation process changed the chemical composition of

the silicon oxide matrix of the produced nanoparticles (the

amount of oxygen). This might indicate that the CW laser has

an impact on the laser induced plasma (and, consequently, on

the plasma-induced plasma created at the plasma-liquid inter-

face20) On the other hand, we speculate that the O-containing

layer of SiNPs is primarily formed when the particles enter

from the plume into the de-ionized water.

IV. CONCLUSION

In summary, we have analyzed blue photoluminescence

and crystallinity of silicon nanoparticles produced by pulsed

laser ablation of silicon single crystal in de-ionized water.

Simultaneously with the picosecond pulse laser, we employed

the continuous wave laser during the production.

It is clearly demonstrated here that introducing the con-

tinuous wave laser in the ablation process impacts the prop-

erties of the produced silicon nanoparticles and leads to (1) a

significant increase in crystallinity (increases the size of sili-

con nanocrystals embedded in amorphous matrix), (2) an

increase in the photoluminescence for 300 nm- excitation,

and (3) a slight decrease in the amount of oxygen.

Additionally, we demonstrated that introduction of the

continuous wave laser affects both the excitation-wavelength

and aging-time dependence photoluminescence properties of

the silicon nanoparticles. This is interpreted as the impact of

the continuous wave laser during the fabrication process on

the relative share of the different contributing photolumines-

cence mechanisms (related to quantum confinement effect,

interface related states, etc.). Therefore, the introduction of

the continuous wave laser into the pulse laser ablation pro-

cess has a potential as a tool for tailoring the properties of

silicon nanoparticles produced.
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In this paper, we have presented the results of our investigation of galvanoluminescence (GL) originating from
oxide films obtained by anodization of titanium in alkaline solutions. For the first time we have measured
weak GL during the anodization of titanium and found strong influence of sample's surface pretreatment, as
well as anodizing conditions (current density and electrolyte temperature). GL is more intense for rougher tita-
nium samples, higher current density, and higher temperature of electrolyte. Spectral characterization of GL
showed that there are wide GL bands present mostly in the visible and near infrared spectral region. As the
potential of anodization approaches the breakdown voltage, a numerous transient sparks appear superimposed
on the GL.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Titanium is one of the most widely used metals due to its low-
density, high melting point, nontoxic and biologically compatible with
human tissues and bones, high strength, stiffness, good toughness, and
good corrosion resistance. These properties make titanium valuable in
a number of applications including the aerospace, chemical and petro-
chemical industries, military and biomedicine [1]. The technique of
titanium anodization has been used for many years to improve the
surface properties. In recent years, anodic titanium oxides have found
new areas of applications in sensors, photocatalysis, photovoltaic
devices, solar cells, and biomaterials [2,3].

The aim of this work is to investigate galvanoluminescence (GL)
during titanium anodization in alkaline solutions. The GL is a common
name for light appearing at one of the electrodes in an electrolyte
solution during anodization [4]. Despite numerous articles considering
GL, especially on aluminum, there is no data on GL during titanium an-
odization. Most probable reason for this is very low, almost immeasur-
able GL intensity, which depends on many factors, such as surface
pretreatment, anodic conditions, and wavelength of light emission.
Our investigations of the GL during aluminumanodization have showed
that the nature and GL intensity depend on the type of the electrolyte,
surface pretreatment, and anodizing conditions [5–13]. Concentration
of impurities and surface pretreatment are factors which strongly affect
the GL intensity in inorganic electrolytes [5–8]. In the case of organic
electrolytes GL is agitated by collision of electrons, injected into the
oxide film at the electrolyte-oxide interface and accelerated by high
electric field (nearly 107 V/cm), with GL centers (carboxylate ions)

inside the oxide film [10,11]. In the case of some other valve metals
(magnesium, zirconium) GL is correlated to the existence of flaws in
oxide films generated by surface impurities [14,15].

2. Experimental

Titanium samples (99.5% purity, Alfa Aesar) were used as the starting
material. Before the anodization, samples were degreased in acetone
using ultrasonic cleaner. The anodization process was carried out in an
electrolytic cell with flat glass windows [11]. Two platinum wires
(5 cm long and 1 mm in diameter) were used as cathodes. During the
anodization, the electrolyte circulated through the chamber–reservoir
system and temperature of the electrolyte was maintained constant
within 0.1 °C [11].

Titanium samples were anodized in water solution of 10 g/L Na3PO4⋅
12H2O. Anodizing was carried out at different current densities in the
50−150 mA/cm2 range and different temperatures in the 14−34 °C
range. Experimental setup used for luminescence measurements was
described in [15]. The roughness of titanium samples was analyzed
using an atomic force microscope.

3. Results and discussion

Fig. 1a shows typical potential of anodization vs. time and lumines-
cence intensity vs. time characteristics during the titanium anodization.
From the beginning of anodization, potential of anodization increases
linearly with time to about 245 V, resulting in the constant rate of
increase of the barrier oxide film thickness (stage I). Simultaneously,
low GL is observed. This stage of anodization is followed by apparent
deflection from linearity in potential of anodization–time curve, starting
from so-called breakdown voltage (stage II). After the breakdown,
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potential of anodization continually increases, but the slope of the curve
decreases and a large number of small sized sparks appear, evenly
distributed over the whole sample surface. Sparking luminescence
combines with the GL and, as a result, the total luminescence intensity
increases. Further anodization results in relatively stable value of the
potential of anodization and luminescence intensity (stage III).

Fig. 1b showsGL intensity vs. time characteristic during the anodization
of titanium (stage I in Fig. 1a). GL intensity quasi-exponentially increases
with time, or potential of anodization. Based on previous research of GL,
very low GL intensity indicates that the flaws (microfissures, cracks, local
region of different compositions) in oxide films are main generators of
luminescence. These impurities act as preferable places for radiative re-
combination of electrons injected into conducting band of the oxide
films and multiplied in avalanching process [16].

To confirm our assumption that GL is caused by the flaws in oxide
films formed by anodization of titanium, we roughened the surface of
samples with P220 SiC paper. Average surface roughness ranged from
about 200 nm for as received samples (Fig. 2a) to about 800 nm for ad-
ditionally roughened samples (Fig. 2b). Fig. 2c shows that roughened
samples have higher GL intensity. Increased GL intensity is related to
the fact that energy gap between the conduction and valence bands in
titanium oxide is about 3.2 eV [17] and therefore there are no electrons
present in conduction band. The electrons, which take part in GL are
injected into the conduction band from the electrolyte/oxide interface
and accelerated by the electric field during the anodization [16]. Some
of electrons may fall from the conduction band to impurity levels in
band gap emitting GL. That is why we have observed strong influence
of the concentration of flaws onGL intensity. Consequently, GL intensity
might be an indicator of state of titanium sample's surface, as well as of
roughness caused by the pretreatment procedures of titanium films.
Surface roughness of titanium is one of the important parameters for
formatting oxide films by anodization with good corrosion and wear
resistance properties as well as optimal biological response [18].

The influence of anodization conditions on GL intensity is shown in
Fig. 3. GL is more intense for higher current density and higher electro-
lyte temperature. It is well known that GL intensity is proportional to
current density for constant thickness (thickness of a barrier part is
determined by potential of anodization [19]) and that is in agreement
with our results. Also, electronic component of anodization current
which is responsible for GL, is higher for higher electrolyte temperature
at the same voltage [20], resulting in higher GL intensity.

The exponential dependence of GL intensity with time under
galvanostatic conditions prevents measuring of GL spectra by measur-
ing of GL intensities on wide range of wavelengths. This obstacle can
be overcome by working under potentiostatic conditions. Fig. 4a pre-
sents anodization current density and GL intensity vs. time curves for

constant potential of anodization. Clearly, right after applying a constant
voltage, barrier oxide film begins to grow and anodization current den-
sity sharply increases to a certain maximum. During this stage of

Fig. 1. Time variation during galvanostatic anodization of titanium: (a) anodization poten-
tial and luminescence intensity; and (b) GL intensity (j = 150 mA/cm2, tel = 20 °C, λ =
600 nm).

Fig. 2. (a) AFM image of as received titanium; (b) AFM image of roughened titanium;
(c) effect of surface roughness of titanium on GL intensity.

Fig. 3. Effect of anodizing conditions on GL intensity: (a) influence of current density (tel =
20 °C, λ = 600 nm); and (b) influence of electrolyte temperature (j = 150 mA/cm2, λ =
600 nm).
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anodization, anodic current mainly consists of ionic current that forms
oxide film. Upon reaching certain oxide film thickness (corresponding
voltage of anodization), anodization current density begins to decrease.
After some time from the beginning of anodization, oxide film ceases to
grow significantly, which corresponds to lower values of anodization
current density. This, lower, current density is predominantly electronic
current that has no influence on oxide film thickening, but influences

GL. Constant values of GL intensity and current density allow measure-
ment of GL spectra in steady-state regime by simplemeasurement of GL
intensity at various wavelengths. Fig. 4b shows a typical shape of the
spectrum. Wide GL bands are presented in 375–875 nm range, with
two spectral maxima around 420 nm and 760 nm.

Luminescence spectrum under breakdown conditions (stages II and
III in Fig. 1a) is shown in Fig. 5a. The strongest lines originate from elec-
trolyte and belong to NaI at 588.99 nm and 589.59 nm, Balmer line Hα

(656.28 nm), OI at 777.19 nm, 777.42 nm, and 777.54 nm, NaI at
818.33 nm and 819.47 nm, and OI at 844.64 nm. We also detected the
following relatively strong lines: Balmer line Hβ (486.13 nm), OI at
715.67 nm, and three lines of OI at 794.75 nm, 795.08 nm, and
795.22 nm. In order to identify weaker emission lines at lower wave-
lengths we thoroughly investigated the spectral region from 375 nm
to 525 nm (Fig. 5b). Many lines of OII, Balmer line Hγ (434.05 nm),
which originate from electrolyte as well as TiI and TiII lines from sub-
strate are identified. The notations I and II refer to neutral and singly
ionized atoms, respectively. The continuum emission between 375 nm
and 850 nm results from collision-radiative recombination of electrons.

4. Conclusions

We have demonstrated that the anodization of titanium in alkaline
solutions is followed by weak galvanoluminescence (GL). Wide GL
bands are presented in the range from 375 nm to 875 nm, with two
spectral maxima around 420 nm and 760 nm. GL is correlated to the
existence of flaws in oxide films generated by surface impurities.
These impurities act as preferable places for radiative recombination
of electrons injected into conducting band of oxide and multiplied in
avalanching process. GL intensity is significantly determined by anodiz-
ing conditions. GL is more intense for higher current density and higher
temperature of electrolyte. Therefore, GL intensity can be used as a tool
to determine titanium surface quality.

Under breakdown conditions of titaniumanodization sparking lumi-
nescence combines with the GL and the total luminescence intensity
increases significantly. Luminescence spectrum under breakdown have
intensive emission band peakswhich originated from titanium electrode
and electrolyte.
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The process of plasma electrolytic oxidation of aluminumwas investigated bymeans of optical spectroscopy at a
very long time interval. The change of morphology of obtained oxide coatings in the course of time was studied.
Several hundreds of low-resolution emission optical spectra in the wavelength region between 250 nm and 850
nm, and higher-resolution spectra in the region from 230 nm to 290 nmwere taken at the time interval up to 300
min from the beginning of the anodization. The spectra consisted of spectral lines and bands originating both
from the anode material (Al, i.e. AlO) and the electrolyte (water solution of the boric acid and sodium
tetraborate). Three pairs of spectral lines of aluminum were used to estimate the plasma temperature. It was
found to be about 8000 K at the beginning of the process and as low as 3000–4000 K after roughly 1 h. The com-
position of the plasma containing aluminum, oxygen, hydrogen, and sodium was calculated in the temperature
range up to 11,000 K under assumption of local thermal equilibrium, in order to explain the appearance of the
observed spectral features.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the present study we continue our investigation of the process of
plasma electrolytic oxidation (PEO) of lightweight metals, particularly
of aluminum [1–10]. In PEO, in contrast to conventional anodic
oxidations, voltages above the dielectric breakdown potential are
utilized. The main practical benefit of PEO is protection of these metals
from corrosion through the forming of relatively thick coating layers
on their surface. A comprehensive overview of the development in
this research field until the end of the preceding century was presented
e.g. by Yerokhin et al. [11].

PEO of aluminum is a complex electrochemical process consisting of
several consecutive and parallel steps, involving oxide layer formation,
gas (hydrogen and oxygen) evolution, dielectric breakdown, formation
of microdischarge plasma zones on the electrode surface, and plasma
chemical reactions in them, accompanied by light emission. It starts
with the formation of a thin barrier oxide layer on the metal surface.
In the case of PEO, the electrode processes cannot be understood
based on a simple two-phase model electrode–electrolyte, like in
conventional electrochemistry [11]. Due to high electric field (order of
magnitude 107 V/cm) in the regime of (and above) the dielectric break-
down voltage, thicker (up to several hundred nm) amorphous barrier
oxide layers are produced at both the aluminum/oxide and oxide/
electrolyte interfaces, as a result of migration of the O2

−/OH− and Al3+

ions across the oxide. The process begins with formation of a number of
separated discharge channels in the oxide layer. This region is heated by
electron avalanches up to temperatures of l04 K. The strong electric field
causes the migration of anions from the electrolyte into the channels
and melting of aluminum that in this form enters the channels, where it
becomes oxidized. The pressure inside the channels is highly increased
(up to ~102 MPa [11]) and various plasma-chemical reactions involving
the species from the electrolyte and substrate take place in them. In the
last phase of the process, the cations are pushed from the channels into
the electrolyte and the oxidized metal is ejected from the channels into
the coating surface in contact with the electrolyte, forming in this way
the coatings of increased thickness. Finally, the discharge channels cool,
with the reaction products being deposited onto their walls. The results
of previous investigations have led to the conclusion that the discharge
plasma consists of a central core with the temperature at roughly 7000
K [12–14], surrounded by lower-temperature (about 3500 K) regions.
Dunleavy et al. [15] organized special experimental conditions, which
allowed them to isolate a single discharge, and concluded that the local
thermal equilibrium (LTE) conditions were fulfilled in the plasma core,
while the colder peripheral region was found to be in partial LTE.

The most widely applied technique for characterization of micro-
disharges has been optical emission spectroscopy (OES) in the visible
and near UV spectral region. It serves to identify the species present in
the systems investigated, and to determine important parameters of
these systems, like temperature, electron density, and total pressure
[5,6,8,9,12,15–24]. Assuming the existence of LTE, in several studies
the electron temperature has been determined based on the relative
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intensity of spectral lines of atoms originating both from substrate and
the electrolyte [5,9,12,16–18]. The shape of spectral lines, particularly
those of the hydrogen Balmer series, has been used for estimation of
the electron density in plasma [5,9,15,18]. The molecular vibrational
temperature was determined from the B2Σ+–X2Σ+ emission transition
of AlO [8] and B1Σ+–X1Σ+ transition of MgO [24]. The plasma tempera-
turewas also estimated bymeans of the unresolved rotational structure
of the A2Σ+ (v′ = 0)–X2П (v″ = 0) emission spectrum of OH [15,24].

2. Experimental

As anode we used high-purity cold-rolled aluminum (99.999%,
produced by Goodfellow) samples of 25 mm × 7 mm × 0.12 mm. The
aluminum surface was degreased in ethanol by means of an ultrasonic
cleaner and dried in a warm air stream. Platinum wires were used as
cathodes. The anodic oxidation process took place in a 100 ml volume
electrolytic cell with flat quartz glass windows. The electrolyte was
water solution involving 0.1 mole of boric acid (H3BO3) and 0.05 mole
sodium tetraborate (Na2B4O7·10H2O), prepared by double distilled
deionizedwater and PA grade chemical compounds. This buffer ensures
the pH value of the electrolyte of about 8. During the anodization, the
electrolyte circulated through the chamber–reservoir system, and
the temperature of the electrolyte was kept at 20 °C. The PEO process
took place at the constant current density of 10 mA/cm2 achieved by a
highly stabilized power supply.

Scanning electron microscope (SEM) JEOL 840A equipped with
energy dispersive X-ray spectroscopy (EDX) was used to characterize
morphology and chemical composition of formed oxide coatings.

Spectroscopicmeasurementswere performed utilizing two different
spectrometer systems. Fiber optic spectrometer USB4000 UV/VIS
manufactured by Ocean Optics was used for spectral measurement in
segment from 250 nm to 850 nm. The spectrometer detector consisted
of a 3648-elementar linear CCD array with a grating of 600 lines/mm
blazed at 300 nm. The entrance slit of spectrometer was fixed at
25 μm in width. Spectral resolution of spectrometer was 1.5 nm (Full
Width at Half-Maximum). The light emitted during PEO was transmit-
ted from Ocean Optic QP400-2-UV/BX, on the spectrometer slit. Optical
fiber had a core diameter of 400 μm, spectral range from 300 nm to
1100 nm, and a numerical aperture of 0.22.

Spectral measurement with better resolution during PEO were taken
on a spectrometer system consisting of a quartz objective, Czerny-
Turner spectrometer, and thermoelectrically cooled (−10 °C) CCD
detector (2048 × 506 pixels, each approximately 12 μm × 12 μm)
manufactured by Hamamatsu. This system was used for spectral
measurement in the segment of 60 nm and resolution of 0.2 nm.

3. Results and discussion

3.1. Time dependence of the anodization potential

Potential of anodization versus time curve is shown in Fig. 1. This
topic in discussed in more detail e.g. in our recent study on PEO of
Mg [23] and we present here only a brief summary.

The time dependence of the voltage can be separated into three
regions reflecting the processes described in the Introduction. At the
beginning of anodization, the voltage increases approximately linearly
with time up to about 400 V (breakdown voltage), resulting in the
constant rate of increase of the oxide film thickness (stage I). Simulta-
neously, low anodic light emission is observed, caused by radiative
recombination of electrons at flaws in the oxide film. The stage of
anodization in which avalanche multiplication of electrons takes place
corresponds to apparent deflection from linearity of the voltage–time
curve (stage II). After the breakdown, voltage continually increases,
but the voltage–time slope decreases. Sparking emission combines
with the anodic emission and, as a result, the total emission intensity

increases. Further anodization (after about 1 h) results in a nearly
constant value of the voltage of anodization (stage III).

During anodization the total current density is the sum of ionic
current density and of electron current density. In the stage I the ionic
current is two to three orders of magnitude larger than the electronic
component. In the stage II a relatively low voltage increase (compared
with the stage I) is required to maintain the same total current density,
due to the independence of the electron current density of the anodic
oxide film thickness. In the stage III, the fraction of electron current
density becomes dominant.

3.2. Morphology of oxide coatings

In Fig. 2a we show a SEM micrograph of the anode surface taken
before the dielectric breakdown. The surface is relatively smooth and
homogenous. The Al substrate is covered with a thin layer of Al2O3.
The SEM micrograph of the anode surface 1 h after beginning the PEO
process is presented in Fig. 2b. The surface is much rougher than that
shown in Fig. 2a. It is characterized by numerous, predominantly small
and medium-size, pores and channels. The EDX spectrum taken at the
surface of the anode involves Al and O peaks, whereas in that corre-
sponding to the inner part of the electrode only the Al signal appears.
Three hours after beginning of the PEO process the surface of the elec-
trode has the shape presented in Fig. 2c. The surface is extremely
rough and damaged; the number of cracks is smaller than in Fig. 2b,
but they aremuch larger (and particularly deeper, reaching in a number
of cases the metal substrate). Also in this case the EDX spectrum con-
tains Al and O signals. The above findings concerning the morphology
of the Al electrode are similar to those by Hussein et al. [17], who
discussed this topic in terms of “A, B, and C” positions on the surface.

3.3. Spectroscopy of PEO process

The spectra were recorded up to 300 min from the beginning of the
discharge process. This time interval is much larger than that chosen,
for example, by Hussein et al. (up to 60 min) [17]. The first series of
measurements were carried out at low resolution in the spectral region
between 250 nm and 850 nm. A typical spectrum, recorded 150 min
after beginning of the PEO process, is presented in Fig. 3. These spectra
are dominated by four, in general strong spectral lines, Hα at
656.29 nm, the Na doublet lines at 588.995 nm and 589.592 nm, and
the Al I lines at 309 nm and 396 nm. Besides, we detected several
bands of AlO, OH, and possibly AlH. The Hβ (486.135 nm) hydrogen
line is in the most recordings of week intensity.

Hussein et al. [17] used the Al lines at 309 and 396 nm to determine
the plasma temperature. We refrained from them for the following

Fig. 1. Time variation of potential of anodization during PEO of aluminum.
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reasons: The first of these species is composed of three closely lying
lines (308.21 nm, 309.27 nm, and 309.28 nm) corresponding to the
transitions from the J= 3/2 and J= 5/2 spin components of the excited

2D (3s23d) state to the J = 1/2 and J = 3/2 levels of the ground 2P
(3s23p) state [25]. These three lines are not clearly resolved in our spec-
tra. Further, they are overlapped with the parts of the C2Π–X2Σ band
system of AlO [main band heads at 311.26 (0,1), 302.16 (0,0), and
295.57 (1,0) nm], and with the bands of the A2Σ+–X2Π system of OH
(a number of bands around 306.4 nm) [26]. The 396 nm species is
composed of two spectral lines corresponding to the transitions 2S
(3s24s) → 2P1/2 (3s23p) at 394.40 nm, and 2S (3s24s) → 2P3/2 (3s23p)
at 396.15 nm, poorly resolved in our spectra. Finally, the Al lines at
309 and 396 nm are quite far from one another and also for this reason
they are not ideal for estimating the temperature.

Random distribution of absolute intensities of spectral lines from
one record to another, relatively large background intensities, difficul-
ties in distinguishing the continuum radiation from some parts of spec-
tral band systems, wavelength dependence of the recording sensitivity,
etc. signalize that one has to be very careful when drawing conclusions
concerning the evolution of the spectral line/band intensities. Thus, we
summarize here only general trends. The intensity of both Al lines
(more precisely, two groups of lines) decreases in the course of time.
The decrease of the 396 nm species is apparently more pronounced,
but one should keep inmind that the 309 nm line is heavily overlapped
with the OH and AlO bands. The Hα line shows relatively small variation
with time. On the other hand, the Na spectral lines are at the beginning
of the process weak but their intensity continuously increases, this in-
crease being much more pronounced than the decrease of the Al lines.

Another series of recordings were carried out under higher resolu-
tion in the spectral region between 230 nm and 290 nm (Fig. 4). Inter-
estingly, Hussein et al. [17] had claimed that they had not obtained
signals below 285 nm “probably due to self-absorption by the electro-
lyte”. Note that these authors used as electrolyte Na2SiO3 mixed with
KOH. We recorded, however, a number of spectral lines and bands
originating both from the Al sample and the electrolyte. This is in accor-
dance with the results of our above cited previous studies, where we
had registered several bands of diatomic molecules/radicals involving
Al, O, and H.

In the present casewe recorded theAl I spectral lines around237 nm
and 257nm, and at 265.25 nmand 266.04 nm. Thefirst two species con-
sist actually of two groups of poorly resolved lines. The 237 nm group
involves the lines with the wavelengths of 236.71 nm, 237.21 nm,
237.31 nm, 237.33 nm, and 237.84 nm, corresponding to the transitions
from J = 3/2 and J = 5/2 spin components of the excited 2D (3s23p)
state, and from the 2S (2s26s) state (J = 1/2), to the J = 1/2 and J =
3/2 levels of the ground 2P (3s23p) state [25]. The 257 nm feature is
composed of three lines involving the upper state assigned to y2D
[3 s2(1S)nd] (J = 5/2, J = 3/2) and the J = 1/2 and J = 3/2 component

Fig. 2. SEMmicrographs of oxide coating surface formed: (a) before dielectric breakdown;
(b) 60min after beginning of the PEO process; and (c) 300min after beginning of the PEO
process.

Fig. 3. Low-resolution emission spectrum recorded 150 min after beginning of the PEO
process.
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of the ground 2P state. In this case we obtained in our spectrum two
resolved peaks, the first one corresponding to 256.80 nm, and the sec-
ond involving the mutually overlapped 257.51 nm and 257.44 nm
lines. The lines at 265.25 nm and 266.04 nm have as the upper state a
2S species (3s25s) and therefore they are single. The difference in their

wavelengths is only caused by the spin-splitting of the ground 2P
state. Thus, the ratio of intensities of these two lines (theoretically it
should be two) cannot be used for estimation of the temperature, but
it can be utilized for checkingwhether the conditions for determination
of the temperature based on Al line intensities [existence of the partial
local thermal equilibrium (partial LTE), linear response of the detection
system, correct handling of the background emission, etc.] are fulfilled.
Additionally, they are in general of low intensity and thus not quite
convenient for combinations with other Al I spectral lines. For this
reasonwe determined the plasma temperature by comparing the inten-
sities of the lines Al I 237 nm, 257.51 nm, and the stronger (266.04 nm)
of the above mentioned ones.

At thefirst sight, the apparently strong spectral line recorded slightly
below 282 nm (see Fig. 4) should be unambiguously assigned to the
281.65 nm species of Al II, being the only ionic species of Al expected
to be seen in the wavelength region in question. However, this line is
overlapped with the bands of the A2Σ+–X2Π system of OH (R1, R2,
heads at 281.13 nm, 281.60 nm, degraded to red, of the relatively strong
(1,0) transition [26]) and thus itwould be very risky to use it for estima-
tion of the electron density. As will be shown below, the change of the
intensity of the 282 nm line in the course of time resembles that of
the species originating from the electrolyte, and is not such as would
be expected from an Al ionic line.

We also recorded two strong lines around 249.7 nm and 262.2 nm.
The first one is assigned to the 249.68 nm species of B I. Of all the
elements which could be found in the systems like the present one,
only atomic silicon has a spectral line (263.13 nm) that corresponds to
the feature observed at 262.2 nm. We carefully investigated the possi-
bility that the appearance of the 262.2 nm line could be a consequence
of Si-impurities either in the Al sample or in the electrolyte but came
to the conclusion that this was not the case. We discovered then that
this feature had already been assigned to Al II directly excited by charge
transfer [27].

Several band systems also appear in our spectra. The most clearly
pronounced are those of the A2Σ –X2Π transition of OH (beside the
above mentioned R1, R2 heads of the (1,0) transition, there are Q1 and
Q2 heads of the same vibrational transition, appearing at 281.91 nm
and 282.90 nm [26]). Several broad weak peaks are assigned to various
vibrational transitions within the D2Σ–X2Σ (e.g. that at 254.85 nm)
and/or E2Δ–A2Π (e.g. at 259.29 nm) band systems of AlO [26].

The general trends of the absolute intensity variations with time for
the spectra between 230 nm and 290 nm (Fig. 4a–c) are the same as
those for the 250–850 nm region: The intensities of Al I lines do not
change dramatically (if large random fluctuations from one recording
to the other are ignored) in the first phase of the process (between 0
and 60 min). They decrease later, first quite significantly (between
t = 60 and t = 150 min), and after 150 much more slowly. They prac-
tically disappear at the end of the time interval considered (300 min).
The intensities of the species originating from the electrolyte and/or
being combinations of the substrate and electrolyte elements (B, AlO)
first increase, and later gradually decrease. Only the intensity of OH
bands (like that of the Na lines, appearing in low-resolution spectra, as
that presented in Fig. 3) does not decrease even after very long duration
of the PEO process.

More reliable and interesting information can be drawn if we
consider relative, instead of absolute intensities. Let we choose the Al I
line(s) around 237 nm as the reference. It is then found that the relative
intensities of the electrolyte species, but also that of the 282 nm line,
continuously increase with time, whereas the change of intensities of
the other Al lines and of the AlO bands is much less pronounced. It can
be noticed, however, that all three other Al I lines (257.51 nm, 265.25
nm, and 266.04 nm) increase (with respect to the 237 nm line) in the
course of the PEO process. Having in mind that these lines correspond
to lower excitation energies than the 237 nm line(s) it can be concluded
that the temperature gradually decreases during the discharging
process. This is also consistent with the general decrease of absolute

Fig. 4. Higher-resolution emission spectra in the range from 230 nm to 290 nm recorded:
(a) 16 min after beginning of the PEO process; (b) 150 min after beginning of the PEO
process; and (c) 298 min after beginning of the PEO process.
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intensities of all species, except of Na I and OH. The dependence of the
logarithm of Al I intensity ratios, 257.51/237.31, 266.04/237.31, and
266.04/257.51 on the duration of the PEO process is presented in
Fig. 5. We excluded from consideration several recordings with ex-
tremely high- and low-intensity spectra. The spectral line intensities
were corrected to continuum background. Assuming the existence of
the partial LTE, we can use this data to estimate the dependence of the
plasma temperature on time. Because of the abovementioned problems
caused by the fact that the lineswe used are composed of several poorly
resolved components, the determination of absolute temperature
values based on the data shown in Fig. 5 conjugated with the Einstein
transition probabilities published in Ref. [25] was somewhat risky.
However, we found that it was at the beginning the PEO process very
similar to that determined in our previous study on Al, T = 8000 ±
2000 K, obtained by measuring the intensity distribution within the v′
− v″ = −1 and −2 band sequences of the B2Σ+–X2Σ+ emission
transition of AlO [8].

While the determination of absolute temperature values by means
of the intensity ratios 257.51/237.31, 266.04/237.31, and 266.04/
257.51 is somewhat questionable, as stated above, the change of these
ratios gives reliable information about the change of the temperature.
Let as consider the first pair of lines. The ratio of their intensities is
given simply by

I257:51
I237:31

¼ C257:51;237:31 � exp −E257:51−E237:31
kT

� �
ð1Þ

where E257.51 and E237.31 are the excitation energies and C257.51,237.31
is a constantwhose value is determined such that it fulfills the condition

lnC257:51;237:31 ¼ ln
I257:51
I237:31

� �
t¼0

− − E257:51−E237:31
k� 8000K

� �
: ð2Þ

(I257.51/I237.31)t = 0 is themeasured intensity ratio at the beginning of
the PEO process, when the plasma (electron) temperature is, as above
stated about 8000 K. After determining C, the temperature at any
moment t can be calculated by means of the formula

T ¼ − E257:51−E237:31
k ln I257:51

I237:31

� �
t
− lnC257:51;237:31

h i ð3Þ

The same procedure is applied to the remaining two pairs of lines.
Thus we have three formulae, which should produce the same results
provided that the partial LTE does exist. In Fig. 6 we present the temper-
ature obtained by means of three formulae of the type (3). In spite
of quite large dissipation of individual points, all three sets of points
in Fig. 6 clearly indicate that the plasma temperature becomes
already after roughly 1 h from the beginning of the process as low as

3000–4000 K. Note thatHussein et al. [17] did not report on any temper-
ature lowering in the course of the PEO process. Indeed, as mentioned
above the time interval considered in Ref. [17] (60min) is much shorter
than that of the present study. The agreement between three sets of
results presented in Fig. 6 supports the reliability of the assumption of
partial LTE as well as of the value of T ≈ 8000 at the beginning of the
PEO process. Moreover, it indicates that the LTE concept might be
extended to different degrees of freedom.

Encouraged by the last conclusion we calculated the equilibrium
composition of the plasma containing Al and H, O, and Na with the
goal to explain the exceptional behavior of the Na I lines and unexpect-
ed intensity evolution of the “Al II line” at 281.65 nm. The approach de-
veloped by White et al. [28] and adapted in Ref. [29] to make possible
handling charged species was used. The thermochemical data were
taken from JANAF Tables [30].

Not knowing the quantitative composition of our plasma, we made
the calculations for temperatures between 1000 and 11,000 K at the
total pressure of P0 = 105 Pa and for the relative contents of Al, H, O,
and Na of 1: 1: 0.5: 0.01. These numbers are, of course, arbitrary; we
do not include into consideration boron, and the pressure in such
systems is believed to be much higher [11]. We will, however, only
draw some qualitative conclusions and, based on the experience
gathered in our previous studies [8,24], we are confident that they
would not be substantially changed if we assumedmuchmore complex
plasmamodels, and particularly if we varied the relative contents of Al,
H, O, and Na. The results of calculations for all species whose partial
pressures are not negligible in the temperature region considered are
presented in Fig. 7.

The partial pressure of Al+ continuously increases, but even up to T
= 9000 K the most abundant of the Al-containing species is atomic Al.
The partial pressure of AlO is maximal in the temperature range about
4000 K. On the other hand, at high temperatures Na is almost complete-
ly present in the form of Na+ ions. This is the explanation for low inten-
sity of Na I atomic lines at the beginning of the PEOprocess. On the other
hand, the ionic Na lines have excitation energies too high to be observ-
able. If the concentration of sodium in the plasma is relatively high, this
has as a consequence an increase of the electron density, which
suppresses the ionization of other plasma constituents, in particular of
Al atoms.

In Fig. 8 we present the temperature dependence of the quantity
pi ⋅ exp(−Ei/kT), where pi is the partial pressure of the species i, and
Ei is the energy of the upper electronic state for particular emission
lines and bands. This quantity should serve for estimation of optimal
temperature regions for observing of spectral features in question. It is
seen that the intensity of Al I lines decreases with decreasing tempera-
ture, while the AlO and OH bands prefer lower-temperature regions
(between 3000 K and 5000 K). The continuous increase of the Na lines

Fig. 5. Logarithm of intensity ratios of Al I spectral lines at 237.31 nm, 257.51 nm, and
266.04 nm as a function of time.

Fig. 6. Time dependence of plasma temperature as determined on by means of intensity
ratios of Al I spectral lines at 237.31 nm, 257.51 nm, and 266.04 nm.
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in the course of time can be explained by two facts: The first one is
obvious. The partial pressure of the atomic sodium is relatively low at
high temperatures and it continuously increases with decreasing
temperature (Fig. 7). The function pNaI ⋅ exp(−ENaI/kT) reaches a
broad maximum in the lower temperature region (3000–6000 K). The
other reason could be increasing amount of all species originating
from the solution in the plasma, in course of the anodization process.

Particularly interesting is thedependence of the “Al II line”measured
at 282 nmand the Hα line intensities on time. If we look at Fig. 8, we see
that the intensity of the 281.65 nm Al II line should drastically decrease
with decreasing temperature. However, our experimental results are
not in accordance with this expectation. Thus we conclude that the in-
tensity of the “Al II linemeasured at 282 nm” is significantly contributed
by the surrounding unresolved OH bands making it apparently much
stronger than it really is.

A possible explanation for relative lowering of intensity of the Al
spectral lines with respect to the features originating from the electro-
lyte (particularly of the Na lines and OH bands) and estimated decrease
of the electron temperature measured by means of the intensity ratios
of the Al lines in the late phase of the PEO process is the following
one. At thick Al2O3 layers with deep channels reaching the surface of
the elemental Al, the strength of the electric filed in the channels of
the Al2O3 layer is lowered. A consequence thereof is that in the coating
area close to the electrode/electrolyte boundary the electrons have
relatively small energy, i.e. the electron temperature is relatively low,
favoring the appearance of the Na lines and the OH bands, and having
opposite effect on the Al spectral lines (see Figs. 7 and 8). The electrons
reach high energy only in the inner parts of the channels, far from the
electrode/electrolyte boundary and the intensity of the emission
originating from these areas is considerably quenched.

4. Conclusions

The investigations of the morphology and composition of the
substrate and the emission spectra recorded during the PEO process at
a long-time interval lead to the following conclusions: The complete
process may be divided into three phases. In the first phase, before the
breakdown, the thickness of the Al2O3 layer at the surfaces of the
anode is small but it continuously increases with time. The surface is
smooth and in the EDS spectrum aluminum is clearly dominating
species. In the second phase, lasting much longer (typically one our)
the Al2O3 layer becomes relatively thick and a number of small- and
middle-size microdischarges cover the coating surface producing on it
flat micropores and channels, making the surface in this way less
smooth. The EDS spectra taken at different places along the cross section
of the anode clearly show the appearance of aluminum in deep layers of
the electrode and both aluminum and oxygen in the coating layer. At
the beginning of the second phase of the PEOprocess the emission spec-
trum is dominated by Al I lines. In the course of time, besides aluminum
atomic lines the species originating from the electrolyte, likeNa I andH I
atomic lines andOHandAlO bands become intense. Themicodischarges
become gradually larger and they produce deeper and more lasting
cracks on the electrode surface. In the third phase of the PEO process
(few hours after its beginning) these cracks/channels reach the metal
substrate and cause thus irreparable defects of the coating surface.

The optical spectra taken during this phase are characterized by rel-
ative lowering of the intensity of aluminum spectral lines and increase
of some features originating from electrolyte, like Na and H lines and
OH bands. The temperature, as measured by using three pairs of Al I
spectral lines, gradually diminishes reaching in the last phase the values
typical for the outer-plasma zones (3000–4000 K) according to
Klapkiv's model [13,14].
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LED-based Vis-NIR spectrally tunable light
source - the optimization algorithm
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Abstract

Background: A novel numerical method for calculating the contributions of individual diodes in a set of light
emitting diodes (LEDs), aimed at simulating a blackbody radiation source, is examined. The intended purpose of the
light source is to enable calibration of various types of optical sensors, particularly optical radiation pyrometers in
the spectral range from 700 nm to 1070 nm.

Results: This numerical method is used to determine and optimize the intensity coefficients of individual LEDs that
contribute to the overall spectral distribution. The method was proven for known spectral distributions: “flat”
spectrum, International Commission on Illumination (CIE) standard daylight illuminant D65 spectrum, Hydrargyrum
Medium-arc Iodide (HMI) High Intensity Discharge (HID) lamp, and finally blackbody radiation spectra at various
temperatures.

Conclusions: The method enables achieving a broad range of continuous spectral distributions and compares
favorably with other methods proposed in the literature.

Keywords: Algorithmic solution, LEDs, Calibration source, Blackbody, Optical pyrometers

Background
Numerous variants of spectral light sources based on com-
bined radiation of individual LEDs have been reported in
the past 15 years [1–4]. Each LED has its own spectral char-
acteristic and contributes to the overall output spectrum in
a relatively narrow range. As the number of newly-
developed semiconductor light sources increases, covering
wider and wider spectral range, this kind of construction be-
comes increasingly popular [5–7]. This approach allows for
the generating a broad range of different output spectral dis-
tributions of almost arbitrary shape. This in turn, enables
various applications such as calibration of light-measuring
instruments, ambient lighting, applications in forensic sci-
ence, fluorescence applications [8–10], etc.
Special case of light sources based on combined emis-

sion from a set of LEDs (where each individual LED has
its own spectral distribution) are calibration sources
[11–17]. Such instruments often allow for the generation
of arbitrary shaped output spectrum. For example, refer-
ence [9] describes a LED-based calibration source for an
ultra-sensitive spectrometry system used for electro- and

photo-luminescent measurements. However, extensive
search through available literature produced only a few
readily implementable prescriptions for synthesizing the
output spectrum of a LED-based tunable source [15, 17].
The objective of this paper is to explore the possibilities
for improving spectrum synthesis methods.
We explore the possibilities of generating various

spectral shapes in the very near infrared region (VNIR)
using a relatively large number of individual LEDs. It is
our belief that the results of this work might be useful to
other researchers in this field.
Special emphasis will be placed on generating a simulated

“flat” spectrum and blackbody radiation spectra in the 700 -
1070 nm range for the 800 - 1300 °C temperature interval.
However, the proposed methodology should be readily ap-
plicable to other spectral ranges and/or temperatures [18].
The basic problem of synthesizing the shape of a given

spectral profile is determining the intensity of each indi-
vidual LED that contributes to the overall spectrum.
Each LED has a relatively narrow spectral distribution as
illustrated in Fig. 1 [19]. In the first approximation, the
spectral distribution of a single LED will be assumed to
be Gaussian. The synthesized output spectrum is a sum
of the contributions from each individual LED’s
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normalized spectral power distribution (SPD) weighted
by a certain factor. This factor in fact corresponds to the
current that drives the particular LED, in order to get
unity intensity at Gaussian center.
For a given target output spectral profile, it is therefore

necessary to mathematically find the combination of
values of the coefficients (driving current intensities)
that best iterate the target spectrum. An algorithmic
solution was developed to achieve this.
The algorithm was initially applied for the synthesis of a

flat spectrum, i.e. for producing an output spectrum that
has a constant intensity with respect to the wavelength in
the given wavelength interval. The “flat” spectrum can be
an excellent tool for direct measurements and evaluation
of the responsivity function of optical sensors and systems
like low-signal intensity measuring spectrometers, photo-
multipliers, etc., where standard lamps and black bodies
introduce large relative errors due to a great intensity vari-
ation (almost two orders of magnitude).
A further refinement of the algorithm was used to

synthesize arbitrarily shaped spectrum profiles and in
particular to simulate blackbody radiation. Deviation of
the synthesized blackbody spectra from the theoretical
curve was analyzed in detail. This was done in order to
estimate the temperature reading errors when the LED-
based source is used as a calibration source for optical
pyrometers. A LED-based system that simulates black-
body radiation would be a handy and practical solution
for calibrating pyrometers in industrial installations,
opposite to large blackbody furnaces.

Methods
As already mentioned, the main purpose of the proposed
algorithm for a given number of LEDs is to find the
coefficients (weight factors) that multiply the driving

currents of a LED in such way that the summary output
spectral profile represents the best possible approxima-
tion of the desired output spectral profile.
In order to simplify calculations, we assumed that the

SPDs of individual LEDs are normalized. In other words,
the output intensity for the emission peak of each LED
has a unity value. One has to bear in mind that in prac-
tical implementations LEDs feature different emission
efficiencies. Therefore, the coefficients obtained through
simulation need to be multiplied by an appropriate fac-
tor that accounts for different LED efficiencies.
Table 1 shows the relative light intensity emitted by in-

dividual LEDs per unit current (i.e. emission gain) in the
wavelength interval 632-1548 nm. The LEDs used were:
L680, L690, L700, L710, L720, L735, L750, L760, L770,
L780, L800, L810, L820, L830, L850, L870, L890, L910,
L940, L970, L980, L1020, L1050, L1070, L1200, L1300,
L1450 and L1550. The labels and the intensity data were
adopted from [19]. Figure 2 illustrates the typical SPD of
a diode from the set (L910 in this example).
Determining the values of the sought coefficients in

linear algebra comes down to solving m equations with
n unknown coefficients aj (j = 1,…n) according to (1),

Fig. 1 Relative SPDs of different LEDs in the spectral range 650 - 1110 nm

Table 1 Matrix M of relative LED SPDs in the spectral range
from 632 nm to 1548 nm with an increment of 4 nm. LEDs:
L680, L690, …, L1550

Wavelength
(nm)

LED

L680 L690 L700 … L1450 L1550

632 0.006757 0 0 … 0 0

636 0.013514 0 0 … 0 0

640 0.027027 0 0 … 0 0

644 0.041892 0.006757 0 … 0 0

648 0.067568 0.013514 0.006757 … 0 0

652 0.108108 0.027027 0.02027 … 0 0

656 0.151351 0.041892 0.02973 … 0 0

660 0.22973 0.067568 0.040541 … 0 0

664 0.337838 0.108108 0.060811 … 0 0

668 0.486486 0.151351 0.090541 … 0 0

672 0.689189 0.22973 0.135135 … 0 0

676 0.891892 0.337838 0.189189 … 0 0

680 1 0.486486 0.27027 … 0 0

684 0.891892 0.689189 0.364865 … 0 0

688 0.689189 0.891892 0.5 … 0 0

692 0.445946 1 0.702703 … 0 0

696 0.27027 0.891892 0.905405 … 0 0

700 0.175676 0.689189 1 … 0 0

… … … … … … …

1544 0 0 0 … 0.040541 0.986486

1548 0 0 0 … 0.033784 1
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where M represents the matrix of relative SPDs derived
from Table 1, depending on the number of chosen diodes
n and the selected spectral bandwidth m.

a1M11 þ a2M12 þ…þ anM1n ¼ I1
a1M21 þ a2M22 þ…þ anM2n ¼ I2

…

a1Mm1 þ a2Mm2 þ…þ anMmn ¼ Im
ð1Þ

The matrix form of (1) is given in (2) and (3), where A
represents a matrix of unknown LED coefficients and I
represent a matrix of targeted intensities. The element
Mij of the matrix M represents the spectral contribution
on the i-th wavelength of the j-th LED. The matrix M
has the dimensions m × n with non-zero elements
mainly concentrated along its diagonal. Owing to the
fact that m > n, mathematical problem (1) is actually an
overdetermined system.

M11M12 …M1n

M21M22 …M2n

…
Mm1Mm2 …Mmn

2
66664

3
77775�

a1
a2
…
an

2
664

3
775 ¼

I1
I2
…
Im

2
664

3
775 ð2Þ

M ¼

M11M12 …M1n

M21M22…M2n

…

Mm1Mm2…Mmn

2
666664

3
777775; A ¼

a1
a2
…
an

2
664

3
775; I ¼

I1
I2
…
Im
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ð3Þ
The optimal solution to this kind of problem can be

sought by several different methods (e.g. see [20–24]).

We proposed yet another innovative approach, starting
from the following assumptions:

� The target spectral profile is well-defined.
� The interval of the simulated wavelengths is covered

by n LED sources.
� Each LED’s SPD can be initially approximated by a

Gaussian, to accelerate calculations. However, final
calculations are performed using real SPDs.

� The contribution of each LED to the summary
spectrum is determined by a coefficient aj (j = 1,…n),
which is proportional to the driving current of
that LED.

� All coefficients aj must be in the interval lba < aj < uba.
The values of the lower lba and the upper uba interval
boundary depend on the shape of the target.

The system of Eq. (1) in the new approach is solved by
allowing for the summed intensities I1, I2, …,Im to
slightly deviate from the prescribed values of the target
intensities IT1, IT2, …,ITm. The coefficients a1, a2,.., an
are varied within their expected range and for each vari-
ation a standard deviation from the target intensities IT1,
IT2, …,ITm is calculated and stored. This procedure en-
ables finding of the variation of coefficients a1, a2, …, an
that yields the minimum deviation of the combined
LEDs spectral distribution from the target SPD. The out-
line of the proposed optimization algorithm is presented
in the flowchart shown in Fig. 3.
Each coefficient aj is determined with resolution res,

which gives a number of possible values for each aj as:

N ¼ uba−lbað Þ=res ð4Þ
Under these assumptions, it is possible to generate Vr
different spectra (variations with repetition):

Vr ¼ Nn ð5Þ
The criterion for selecting the best variation is min-

imal standard deviation from the target SPD. Taking into
account the spectral range in which optical pyrometers
would operate and the purpose for which it would be
used, the spectral interval of interest in our research was
700 - 1070 nm. Choosing of the best values for the coef-
ficients a1, a2,.., an by finding the variation that produces
the minimum deviation of the synthesized spectrum in
mentioned spectral region, was limited by the availability
of LEDs on the market. Due to this constraint, we cov-
ered the interval by n = 24 LED models: L680, L690,
L700, L710, L720, L735, L750, L760, L770, L780, L800,
L810, L820, L830, L850, L870, L890, L910, L940, L970,
L980, L1020, L1050 and L1070. To broaden the dynamic
range, a group of four identical devices were used for
each diode model. Since we wished to determine the

Fig. 2 Relative SPD of light emission for LED L910 in spectral
width 820 - 1000 nm. Solid line: realistic profile curve. Dashed line:
Gaussian profile curve with the same spectral full width at half
maximum (FWHM) as L910
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coefficients accurately to the third decimal place (res =
0.001), according to (4) it followed that N = 4000. Based
on (5), for 24 LED models the overall number of varia-
tions was Vr = 400024. The number of variations repre-
sented a formidable computing challenge and it was
necessary to further reduce it. This was achieved by: (i)
reducing the number of possible coefficient values and
(ii) reducing the number of diodes that were simultan-
eously active during the optimization run.
The number of possible coefficient values was reduced

by an iterative procedure, where N = 3 was kept fixed,
while the interval and the resolution were simultan-
eously decremented.
The reduction in the number of active diodes during

optimization was effectively achieved by shortening the
wavelength interval for the optimization search. This

procedure started by taking the first n' diodes (arranged
by increasing wavelength). The number n' was chosen so
that computer optimization over the shortened wave-
length interval could be carried out in a reasonable time.
The next step involved shifting of the “optimization
window” by two spaces to the right. Thus, a new set on
n' diodes underwent an optimization run. The coeffi-
cients left of the current window remained as calculated
in the previous run. The procedure was repeated until
the optimization window reached the rightmost diode
(the diode with the longest wavelength). Figure 4 is a
graphical representation of the procedure.
The search for the coefficients in the optimization

window was performed using the following method:
three values (N = 3) of the coefficients were evaluated
for each iteration step and each diode. In the first

Fig. 3 Flowchart of the proposed optimization algorithm

Fig. 4 Graphical representation of window movement (WM) when calculating coefficients for n = 24 and n' = 8 LEDs in one iteration cycle
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iteration (c = 0), these values were given by (6) (brackets
denote a set of elements) and represented the lower
boundary (lba), the upper boundary (uba), and their
arithmetic average.

aj;c¼0∈ lba ;
uba−lba

2
; uba

� �
ð6Þ

The computer program evaluated all 3n' variations of
the coefficients and chose one that yielded a minimal
deviation of intensities I1, I2, …,Im from the target inten-
sities IT1, IT2, …,ITm. For each evaluated coefficient vari-
ation, the criterion for minimal deviation was taken to
be standard deviation σmin according to (7):

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

X
i¼0

m
Ii−ITið Þ2

r
ð7Þ

In the next iteration cycle, the value chosen from the
previous cycle was surrounded by shorter interval
boundaries (step) according to (8). The function f(c) de-
pends of the iteration number c. Selection of the step is
of utmost importance for convergence. If the step is too
narrow, the possibility exists that the real value of the
coefficient will be missed. Conversely, if the step is too
broad, the number of iterations increases and conver-
gence is too slow.

step ¼ 1
2

uba−lbað Þ�f cð Þ ð8Þ

Numerous functions f(c) were tested to find a way to
systematically decrease the interval step. The simplest of
these functions was given by (9).

f cð Þ ¼ βc ð9Þ
where β is the fitting parameter, β ∈ (0, 1). However,
the best results were achieved with the function given
by (10):

f cð Þ ¼ βc�ln cþ1ð Þ ð10Þ
Consequently, (8) became:

step ¼ 1
2

uba−lbað Þ�βc�ln cþ1ð Þ ð11Þ

After the initial iteration (c = 0) and determination of
the best variation of the coefficients, the following itera-
tions (c ≥ 1) were performed in an identical manner,
bearing in mind that the three possible values of each
coefficient aj,c were chosen from the set given by (12) or,
alternatively written, (13). The only condition that
needed to be met was that the coefficients from the pre-
vious (c-1)-th iteration satisfy lba < aj,c-1 < uba. If a coeffi-
cient from the (c-1)-th iteration satisfied aj,c-1 ≤ lba, than
aj,c in the c-th iteration, it assumed values given by (14).

Finally, if a coefficient from the (c-1)-th iteration
satisfied aj,c-1 ≥ uba, then the three possible values for
the c-th iteration were given by (15).

aj;c∈
aj;c−1−step;

aj;c−1;
aj;c−1 þ step

8<
:

9=
; ð12Þ

aj;c∈
aj;c−1−

1
2

uba−lbað Þβc�ln cþ1ð Þ ;

aj;c−1 ;

aj;c−1 þ 1
2

uba−lbað Þβc�ln cþ1ð Þ

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

ð13Þ

aj;c∈

lba ;

lba 1−
1
2
βc�ln cþ1ð Þ

� �
þ uba

2
βc�ln cþ1ð Þ ;

lba 1−βc�ln cþ1ð Þ
� �

þ ubaβ
c�ln cþ1ð Þ

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

ð14Þ

aj;c∈

uba ;

uba 1−
1
2
βc�ln cþ1ð Þ

� �
þ lba

2
βc�ln cþ1ð Þ ;

uba 1−βc�ln cþ1ð Þ
� �

þ lbaβ
c�ln cþ1ð Þ

8>>>><
>>>>:

9>>>>=
>>>>;

ð15Þ

With each subsequent iteration, the intervals from
which each coefficient was sampled, decreased. The pro-
cedure was repeated until all the intervals fall below the
sought resolution res. The alternative criterion for the
end of simulation was when the best variation of the
coefficients’ c-th iteration conceded with the best vari-
ation from the previous (c-1)-th variation.
Among various monotonically decreasing functions

that we investigated, βc · ln(c + 1) (Fig. 5) proved to be one
of the simplest and most efficient for the determining
the decreasing step during the iterations. This function

Fig. 5 Shape of function f(c) = βc · ln(c + 1) for different values of
coefficient β
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had a single parameter β that needs to be defined prior
to the simulation. The value of β determined the num-
ber of iterations. If β was small, the simulation executed
quickly but was likely to miss the optimum set of coeffi-
cients. A higher value of β yielded better results at the
expense of an increased number of iterations. Above
certain values of β, the computing time increased with
no noticeable improvement in accuracy. For most target
spectral profiles, this point of diminishing returns was
found to be at β = 0.99.
The logarithmic part of function (10) prevented the

program from executing an unnecessarily large num-
ber of steps after a certain resolution was achieved.
For example, if the currently achieved resolution is
0.01 (lba = 0, uba = 4, β = 0.9) for function (9), which
has no logarithm, it takes 11 more iterations to get to
the target resolution of 0.005 (Table 2). By contrast,
function (10) achieves a resolution of 0.005 in only
three additional steps for the same values of the coef-
ficients (Table 3). We believe that the use of function
(10) for this particular optimization problem signifi-
cantly enhances the efficiency of the simulation and
represents one of the most important improvements
in comparison to previous algorithms.
One of the common approaches (e.g. see [15, 17]) for

estimating how good the overlap is between the LED
source and the target SPD is to introduce parameter p:

p ¼
X780

380

Xn

i¼1
kj−1i SLEDi λð Þ−STARGET λð Þ

			 			X780

380
STARGET λð Þ

ð16Þ

In our research we also used parameter p along with
standard deviation σ as a criterion for choosing the best
variation of coefficients aj.

Results and discussion
Simulation results
The proposed algorithm was encoded in the C program-
ming language. The program outputs the best coefficients,
the minimum achieved standard deviation, the average
value of the intensities, and the maximum deviation of in-
tensities from target values. The values of parameter p for
different search steps (step) (Table 4) are also contained in
the program’s output. The results from Table 4 suggest
that standard deviation of the maximum intensity devi-
ation rapidly falls as the values of the step decrease.
A separate program written in C# used the text output

of the main simulation and generated textual and graph-
ical reports. Running of the actual program for different
values of n' showed that it produced the best results for
n' = n. However, with increasing n', the simulation time
sharply increased and the simulation quickly became in-
feasible. With the computer currently at our disposal
(PC, CPU 3 GHz, 4GB RAM), the limit for simulations
of reasonable length was set at n' = 13.
Figure 6 illustrates typical simulation results for the

“flat” target spectrum. It also indicates the position of
the maximum of intensity deviation with respect to the
intensity of the targeted spectrum. This particular ex-
ample of spectrum synthesis serves a dual purpose: (i)
the simplicity of the spectrum shape allows for easy ana-
lysis of the errors introduced by the algorithm and (ii) a
physical device with a flat output spectrum can serve as
a very useful tool for calibration and characterization
measurements of various types of spectrophotometers.

Table 2 Number of iteration cycles for res = 0.005 and function (9)

Iteration number c Function: 12 uba−lbað Þ�βc
40 0.014781

41 0.013303

42 0.011973

43 0.010775

44 0.009698

45 0.008728

46 0.007855

47 0.007070

48 0.006363

49 0.005726

50 0.005154

Table 3 Number of iteration cycles for res = 0.005 and function (10)

Iteration number c Function: 12 uba−lbað Þ�βc�ln cþ1ð Þ

15 0.012503

16 0.008428

17 0.005645

18 0.003757

Table 4 Representative values of minimum standard deviation
σmin (7) and parameter p (16) as a function of step for spectral
range 700 - 1070 nm, lba = 0, uba = 4, n' = 13, β = 0.99

Step σmin Iav maxDev (%) Parameter p

2.000 0.562685 1.166304 112.16 0.470257

1.520 0.369954 1.130186 67.96 0.316449

1.000 0.177625 0.997913 34.04 0.155436

0.517 0.087310 1.026825 26.60 0.068435

0.168 0.040357 1.003645 9.49 0.033639

0.015 0.021147 1.000960 5.95 0.017140

0.001 0.020861 0.999567 5.69 0.016990
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Figure 7 illustrates the typical convergence pattern of a
single LED coefficient (L850 in this example), as a func-
tion of the iteration number c. Convergence of coefficients
of the remaining LEDs in the array follows a similar pat-
tern. It is readily apparent that the coefficient oscillates
around the optimal value, with the amplitude of oscillations
diminishing as c rises, according to the given logarithmic
function (11). The iteration process is repeated until the
amplitude of oscillations falls below the sought resolution.
Finally, Fig. 8 is a graphical representation of devia-

tions from the targeted flat curve in the spectral range
700 - 1070 nm of the obtained spectrum. Due to the
SPD characteristics of the LEDs used in the simulation
(Figs. 1 and 2), deviations were mostly pronounced in
the 840 - 860 nm spectral range (~5 %). In the rest of
the spectrum they did not exceed 4 %.

Verification of the algorithm using programming package
mathematica
The algorithmic solution presented in this paper was
also verified with the computer algebra system MATHE-
MATICA, which is highly applicable to problems that
involve symbolic computations. Here, similar to what we
did in our algorithmic solution, we adopted that the
desired intensities I1, I2, …, Im have the same constant
value, i.e. I1 = I2 =… = Im = 1. Also, we added εi, i ¼ 1; m,
to the right sides of the equations from (1), where εi is the
difference between the i-th obtained intensity Ii and the
desired light-emitting intensity value I equal to 1 (17, 18).
We also considered the limits (19) for the unknowns aj,
j ¼ 1; n:Xn

j¼1
ajMij ¼ 1þ εi; i ¼ 1;m; ð17Þ

−1 ≤ εi ≤ 1; i ¼ 1;m; ð18Þ
0 ≤ aj ≤ 4; j ¼ 1; n ð19Þ

The standard deviation of the dispersion of intensities
(2) obtained in this way, compared to the desired intensity
values equal to 1, needed to be minimized (21):

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm

i¼0
Ii−1ð Þ2

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm

i¼0
εi
2

r
ð20Þ

Therefore, we obtained the following single-objective
optimization problem in (2), which was subjected to
(17, 18, and 19).

min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm

i¼0
εi
2

r
ð21Þ

The above-mentioned optimization problem is a vari-
ation of the standard linear programming problem; it con-
tains n +m unknowns and is subject to the constraints

Fig. 6 “Synthetized” spectrum (solid line) and position of maximum
deviation (maxDev) from flat spectrum (dashed line) in 700-1070 nm
spectral range

Fig. 7 Convergence pattern of simulation results (LED with peak at
850 nm) for the simulation presented in Fig. 6

Fig. 8 Ratio of target SPD (flat curve – dashed line) to the simulation
results (solid line) presented in Fig. 6
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determined by m equations and n +m inequalities. There
are several methods that can be applied to solve this prob-
lem (e.g. see Tikhonov’s method [25–28]). The classical
approach is to introduce so-called free variables, in order
to transform the primal problem to its standard form,
containing only equations. After that, the Simplex method
is certainly the approach of choice for solving the obtained
linear programming problem [29, 30].
A built-in MATHEMATICA function NMinimize[{f,-

cons}, vars] minimizes the objective function f numeric-
ally, subject to the constraints provided by the list cons,
and variables given by the list vars. Therefore, the
following implementation was considered:

MinDeviation M List½ � :¼ Module m; n; cons; f ; varsf g;½
m; nf g ¼ Dimensions M½ �;

cons ¼ Union

"
Table

X24

j¼1
M i; j½ �½ � � a j½ � ¼¼ 1þ eps i½ �; i; 1; mf g

h i
;

Table −1 ≤ eps i½ � ≤ 1; i; 1; mf g½ �;
Table 0 ≤ a j½ � ≤ 4; j; 1; nf g½ �

#
;

vars ¼ Union Table eps i½ �; i; 1; mf g½ �; Table a j½ �; j; 1; nf g½ �½ �;

f ¼ Sqrt
1

m �
X

i¼1

m
eps i½ �ˆ2ð Þ

" #
;

Return NMinimize f ; consf g; vars½ �½ �; �;
The matrix M, where M = (Mij), 1 ≤ i ≤m, 1 ≤ j ≤ n, is

an SPD matrix of the LEDs extracted from Table 1. The
dimensions of the matrix are m × n, where m is the
selected spectral bandwidth and n is the number of
selected diodes. For this matrix, the minimal standard
deviation was equal to 0.019792.
Therefore, the maximal absolute declination was

obtained for the coefficient ε37 = 0.0565 = 5.65 %. Notice
that the constraints –1 ≤ εi ≤ 1, i ¼ 1;m in our mathemat-
ical model can be formulated as –0.06 ≤ εi ≤ 0.06, i ¼ 1;m,
since the maximal absolute declination never exceeded
6 % in our computations in MATHEMATICA.
The solutions obtained by means of this software

showed considerable overlaps with the data received
from our method (Table 5).

Comparison with an existing algorithmic solution
In order to evaluate potential merits of the newly-
developed algorithm, a comparison was made with the
algorithmic solution described in [15]. This previously-
published algorithm solely depends on the minimization
of parameter p (16). To make a meaningful comparison,
the same set of assumptions were made as in [15]:
individual LED spectra were taken as having a Gaussian

Table 5 LED coefficients obtained with MATHEMATICA software
and our algorithmic solution for a “flat” curve in the spectral
range 700 - 1070 nm

Spectral range 700 - 1070 nm

LED Coefficient Mathematica Our algorithm

L680 a1 0.758 0.825

L690 a2 0.020 0.002

L700 a3 0.558 0.559

L710 a4 0.260 0.261

L720 a5 0.411 0.410

L735 a6 0.560 0.560

L750 a7 0.346 0.346

L760 a8 0.328 0.327

L770 a9 0.185 0.186

L780 a10 0.480 0.479

L800 a11 0.478 0.479

L810 a12 0.401 0.401

L820 a13 0 0

L830 a14 0.354 0.354

L850 a15 0.633 0.633

L870 a16 0.240 0.240

L890 a17 0.606 0.607

L910 a18 0.280 0.279

L940 a19 0.731 0.731

L970 a20 0.012 0.012

L980 a21 0.570 0.569

L1020 a22 0.482 0.482

L1050 a23 0.324 0.325

L1070 a24 0.815 0.815

σ (standard deviation) 0.020860 0.020861

Maximum deviation (%) 5.68 5.69

Fig. 9 SPD of daylight illuminant D65 (solid line) and our simulation
results with 5 nm LED intervals (circles)
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shape with 20 nm FWHM. The simulations were per-
formed for the visible spectrum (380 - 780 nm). The peek
wavelengths for a given set of LEDs were chosen to be
equidistant at 20, 10 and 5 nm. This effectively means that
three sets of 20, 40 and 80 LEDs, respectively, were tested.
The validity of our optimization algorithm was tested

for two well-known light spectra: CIE standard daylight
illuminant D65 and HMI HID lamp. The simulation
results with 5 nm LED intervals for the spectral range
380 – 780 nm are presented in Figs. 9 and 10. The
figures show that the proposed algorithm simulated the
spectra very accurately.
Table 6 shows a comparison between the results for

parameter p of the two different algorithms. It is im-
mediately apparent that the new algorithm yielded some-
what better results (lower value of p) for the 20 nm
distance between peeks. For more densely populated sets
of LEDs (10 nm and 5 nm inter-peak distance), our
algorithm produced the same or slightly higher values of p
for the CIE D65 and HMI HID lamps.
Based on the presented comparisons, we believe that

the newly-developed algorithm offers some improve-
ments, particularly in the case of sparsely populated sets
of LEDs and/or target SPDs with more pronounced peeks.

Simulation of blackbody radiation
One of the SPDs of particular interest in our research
was the spectrum of blackbody radiation in VNIR (700 -

1070 nm,) corresponding to blackbody temperatures
above 800 °C [31, 32]. As previously mentioned, this
kind of source could be useful for the calibration of
optical pyrometers that operate in the range from 700 to
1070 nm.
Synthesis of Planck’s curve in the given wavelength

interval and for the temperatures of interest presented
an additional challenge for the algorithm described in
this paper. Namely, the spectra cover a very broad dy-
namic range with orders-of-magnitude different inten-
sities at the endpoints. Our algorithm is limited in the
sense that uba determines the dynamic range of the
synthetized spectrum. To address this problem, the ini-
tial values of the lower (lba) and upper (uba) boundaries
for the coefficients aj were changed. Thus, for t = 800 °C
boundaries they were lba = 0 and uba = 4, while for t =
1300 °C uba was increased to uba = 30. It was also deter-
mined that for this kind of target SPD, the optimal value
of parameter β was β = 0.992.
Using the modifications mentioned in the previous para-

graph, the newly-developed algorithm was applied to a set
of real LEDs (using real SPDs for each LED from the set),
in order to derive the intensity coefficients aj and simulate
Planck’s law curve for temperatures between 800 °C and
1300 °C. Representative results of these simulations are pre-
sented in Fig. 11. Numerical results of the simulations for
three different temperatures are given in Table 7, along with
the values of aj calculated using MATHEMATICA
software. The similarity of the coefficients obtained by our
algorithm and MATHEMATICA was yet another verifica-
tion of the validity of our approach.
In order to verify that the synthesized blackbody spectra

can indeed be used for calibrating optical pyrometers, the
errors introduced by this non-ideal calibration source
needed to be estimated. The basic assumption was that in
the 800 - 1300 °C temperature range, the most common
sensors used in pyrometry are PIN diodes with typical
spectral sensitivity characteristics in the spectral range
600 - 1100 nm, as illustrated in Fig. 12 [33–35].
The output voltage of the PIN diode amplifier is propor-

tional to the spectral radiance and for the spectral range
(λ1, λ2) it depends on the blackbody temperature as:

U Tð Þ ¼ C �
Z λ2

λ1

N λ;Tð ÞS λð Þdλ ð22Þ

Fig. 10 SPD of an HMI HID lamp (solid line) and our simulation
results with 5 nm LED intervals (circles)

Table 6 Parameter p for wavelength intervals over the spectral range from 380 nm to 780 nm

Algorithm with function βcln(c + 1) I. Fryc, S. W. Brown and Y. Ohno algorithm [15]

LED’s peak wavelength intervals 20 nm 10 nm 5 nm 20 nm 10 nm 5 nm

Parameter p for target light source CIE D65 0.040 0.004 0.004 0.079 0.004 0.003

HMI HID 0.042 0.011 0.010 0.074 0.008 0.007

The modeled LED distributions were based on normalized Gaussian functions with FWHM of 20 nm
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where: C is the proportionality constant which includes
amplification and optical characteristics of a sensor and
optical parts of the pyrometer, and S(λ) is the spectral
responsivity of the PIN diode. The quantity Nλ(λ,T) is
the spectral radiance in the given temperature range and
can be derived from Planck’s law:

Nλ λ;Tð Þ ¼ 2hc2

λ5
1

e
hc

λkBT−1
ð23Þ

By substituting the values of the ideal blackbody spec-
tral radiance (23) with radiance values obtained from the
simulation, it is possible to calculate the difference in
temperature readings between the ideal blackbody and
the synthesized calibration source.
Our calculations showed that the errors in tem-

perature readout due to the non-ideality of the LED

Fig. 11 Blackbody relative radiant intensities for 800, 900, 1000,
1100, 1200 and 1300 °C (dashed lines) and LED SPDs (solid lines) for
the spectral width of 700 - 1070 nm

Table 7 LED coefficients produced by MATHEMATICA and our algorithmic solutions for different temperatures in the spectral range
700 - 1070 nm

SPD of LEDs for Planck’s law in the spectral range 700 - 1070 nm

LED Coefficient Temperature 800 °C Temperature 1000 °C Temperature 1200 °C

Mathematica Our algorithm Mathematica Our algorithm Mathematica Our algorithm

L680 a1 0.008 0.023 0.290 0.215 2.893 3.770

L690 a2 0.004 0 0 0.012 0 0

L700 a3 0.013 0.013 0.319 0.325 2.893 2.727

L710 a4 0.010 0.010 0.171 0.168 1.497 1.570

L720 a5 0.014 0.015 0.295 0.297 2.565 2.532

L735 a6 0.031 0.030 0.542 0.542 4.407 4.417

L750 a7 0.020 0.021 0.362 0.362 2.916 2.906

L760 a8 0.030 0.029 0.478 0.479 3.593 3.592

L770 a9 0.015 0.015 0.233 0.231 1.792 1.786

L780 a10 0.054 0.054 0.834 0.835 6.048 6.051

L800 a11 0.067 0.065 0.955 0.955 6.701 6.700

L810 a12 0.074 0.074 1.008 1.008 6.753 6.754

L820 a13 0 0 0 0 0 0

L830 a14 0.076 0.076 1.003 1.002 6.548 6.547

L850 a15 0.190 0.190 2.298 2.298 14.156 14.156

L870 a16 0.072 0.072 0.930 0.930 5.803 5.804

L890 a17 0.322 0.323 3.401 3.401 19.004 19.004

L910 a18 0.156 0.156 1.681 1.682 9.371 9.371

L940 a19 0.662 0.663 6.226 6.226 31.796 31.796

L970 a20 0 0 0 0 0.029 0.029

L980 a21 0.706 0.706 6.188 6.188 29.972 29.972

L1020 a22 0.802 0.801 6.499 6.498 29.740 29.740

L1050 a23 0.571 0.571 4.617 4.617 20.981 20.981

L1070 a24 2.273 2.273 16.032 16.032 66.493 66.492

σ (standard deviation) 0.022123 0.022124 0.181485 0.181485 0.855000 0.855004

Maximum deviation (%) 4.63 4.65 4.79 4.79 5.00 5.00
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source did not exceed 0.1 °C in the temperature range of
interest.

Conclusion
This paper examined the feasibility of using a set of LED
sources whose cumulative output simulated the “flat”
spectrum as well as the blackbody radiation spectrum in
the 700 - 1070 nm interval and in the 800 - 1300 °C
temperature range. Our research team intends to use the
actual composite LED source primarily to calibrate op-
tical pyrometers. We developed a novel algorithm that
calculates the intensities of each individual LED in the
composite source, in order to achieve the desired output
spectral profile. Apart from the “flat” and blackbody
spectra, the algorithm was tested on various other target
spectral profiles. Especially the “flat” spectrum which is
very important as it might enable evaluation and direct
measurements of spectral responses of various types of
optical sensors and systems. We demonstrated that the
proposed algorithm compares favorably with other
methods for shaping the output spectral profile of tunable
LED light sources. It provides an efficient theoretical base
for practical realization of calibration sources.
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The anomalous sodium doublet D2/D1 spectral line
intensity ratio – a manifestation of CCD’s presaturation
effect

Bećko Kasalica,a Stevan Stojadinović,a Ivan Belča,a Mirjana Sarvan,a Ljubǐsa Zekovića

and Jelena Radić-Perić*b

In this paper we present the results of intensity measurements of D1 (589.5224 nm) and D2 (588.9950 nm)

sodium doublet spectral lines emitted from a short-lifetime plasma randomly appearing across the

aluminum anode surface during its electrolytic oxidation from the water solution of boric acid with

sodium tetraborate. We found that the D2 to D1 intensity ratios were not constant, varying from 2 to

1.2. Assuming that the plasma is in local thermal equilibrium it is expected that the intensity ratio of

sodium doublet components equals the ratio of the statistical weights of the atomic sublevels

corresponding to the electronic transitions (D1: 32P1/2–3
2S1/2, D2: 32P3/2–3

2S1/2) i.e. 2. After detailed

analyses of a series of spectra obtained by applying different detection parameters, like exposure time,

slit width, detection mode, and number of accumulations, we attributed the anomalous D2/D1 intensity

ratio to the effect of approaching a saturation condition of the charge coupled device detector and

thus to an early indication of saturation occurrence.

Introduction

Plasma electrolytic oxidation (PEO) of valve metals like Al, Ti, Zr,
Ta, etc. is a processing technique in which surfaces of metals are
transformed into oxide coatings.1 The thickness of the coating
lm varies from tens to hundreds of micrometers, which is
inuenced by the processing parameters like power supply,
electric eld strength and the type of the metals and electrolytes
used in the PEO process. In the conventional electrolytic
oxidation process, the oxidation of the metal is a consequence
of electrochemical reactions in the electrolyte (one phase) and
on the electrode (the other phase), including the phase-
boundary processes. In the PEO processing, due to dielectric
breakdown of an anode oxide lm under high electric eld, a
plasma state is generated in the form of visible microdischarges
or (plasma) sparks. They are of short duration, typically of a few
microseconds, appearing stochastically in time and in space (on
the surface of the coating). The oxidation mechanism becomes
now more complex, including also plasma chemical reactions.2

Due to these plasma processes, the roughness of the coating as
well as its morphology, the coating microstructure and
composition are modied to some extent, which can be
controlled by process parameters.3,4

The investigation and characterization of PEO micro-
discharges (plasmas) are important steps for understanding of
the PEO process. In a number of papers the results of optical
emission spectroscopic studies of plasma generated during the
PEO process have been presented.5–8 In these studies the
recorded optical emission spectra have been used to determine
the plasma composition. Based on the identication of a
number of atomic spectral lines (e.g. of Al, Mg, H, O, Na, K, Si,
etc.), ionic lines (e.g. of Al, Si, etc.), and molecular bands (OH,
AlO, MgO, etc.), the presence of particular elements, originating
from the coating and/or electrolyte, as well as of their
predominant forms (atomic, ionic, molecular) in the PEO
plasma has been proven.

In another group of papers, the recorded emission spectra
have been used to determine plasma parameters like tempera-
ture and electron density. Under assumption of a local thermal
equilibrium (LTE), the spectral line intensity ratio method has
been applied to obtain the (electron) temperature. For this
purpose, different spectral lines can be used, as for example
hydrogen Balmer,5 Al and Mg lines.6 In ref. 9 and 10, the plasma
temperature has been obtained from the AlO andMgO emission
molecular bands. The plasma electron density can be deter-
mined from the analysis of proles of different spectral lines, as
it was done for PEO plasmas in ref. 11 using hydrogen Balmer
lines. Further, the recording of the PEO spectra can be carried
out continuously in time, such that the so-obtained spectra can
be correlated with the time evolution of the PEO process
and can be used tomonitor the PEO process, too, as for example
in ref. 12.
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The necessary condition for performing all the above-
mentioned tasks is to record “good” spectra in the “proper”way.
“Good” spectra means the spectra with a sufficiently large ratio
of spectral lines/band intensity to noise, accompanied with well
resolved spectral lines. The “proper” way means that we should
pay attention to the properties of the detection device and
choose the correct mode for collecting the signal in order, e.g.,
to avoid the saturation of signals.

In this paper we present the results of intensity measure-
ments of D1 (589.5224 nm) and D2 (588.9950 nm) sodium
doublet spectral lines emitted from a PEO plasma during the
aluminum oxidation from a water solution of boric acid with
sodium tetraborate decahydrate. We found that the sodium D2

to sodium D1 intensity ratios, D2/D1, were not constant, varying
from 2 to 1.2. If the PEO plasma is in LTE this intensity ratio
should be constant and equal to the ratio of the statistical
weights of the atomic sublevels corresponding to the electronic
transitions (D1: 3

2P1/2–3
2S1/2, D2: 3

2P3/2–3
2S1/2) i.e. 2.

Anomalous intensity ratios within spectral multiplets is a
well known phenomenon. It has been observed in spectra of
early type stars,13 in comet spectra,14 in the exosphere of the
planet Mercury,15 in sodium uorescence spectra (induced by a
pulsed tunable dye laser) in ames,16 in high-density laser
produced plasma17 but also in mesospheric night glow.18

Anomalous ratios within multiplet components may reect the
optical properties of particular plasma and can be a conse-
quence of various mechanisms which cause the perturbation of
the LTE. They are a typical characteristic of optically thick
plasmas.19 In that case the effects of reabsorption take place, the
radiation eld inuences the population of levels, etc., as a
consequence the excited levels are not populated according to
their statistical weights and the Boltzmann law. So, in some
papers, the cause for the anomalous sodium D2 to D1 intensity
ratio has been attributed to the fact that the particular plasma is
optically thick.17 In ref. 13, the anomalous behavior of sodium
doublet components emitted from early type stars has been
explained by the inhomogeneity of large (interstellar) clouds
where the sodium emission originates from. It has also been
stressed that the sodium D2/D1 intensity ratio tends to be much
closer to 2 for the weaker lines than for the stronger ones.

Experimental

The PEO process was performed on high purity cold-rolled
aluminum (99.999%, obtained from Goodfellow) samples of
25 mm � 7 mm � 0.12 mm. The surface of aluminum was
degreased in ethanol using an ultrasonic cleaner and dried in a
warm air stream. The anodic oxidation process was carried out
in a 100 ml volume electrolytic cell with at glass windows.
Platinum wires were used as cathodes and the electrolyte was
thermostatted at 20 �C. During anodization the electrolyte
circulated through the chamber–reservoir system, and the
control temperature sensor was suited by the sample. The
anodization of aluminum occurred in a water solution of boric
acid with sodium tetraborate decahydrate (0.1 mole H3BO3 and
0.05 mole Na2B4O7$10H2O) as an electrolyte. The electrolyte was
prepared with double distilled deionized water and PA grade

chemical substances. The PEO process took place at the
constant current density of 10 mA cm�2 achieved by a highly
stabilized power supply.

It is not a simple task to record optical emission spectra of
PEO plasmas because of their random appearance across the
anode surface, short lifetimes and usually low intensities.
Besides, an anodizing process is time dependent and by
recording spectra continuously in time, the evolution of the
PEO process can be observed. Because of that, an optic-detec-
tion system with improved sensitivity has been developed.20 The
emission spectra of PEO microdischarges have been recorded
by projecting a small area of the anode surface onto the
entrance slit of the spectrograph, in the ratio of 1 : 1, Fig. 1. In
order to collect and to focus the highest possible extent of the
emitted light on the spectrometer slit, a collimating system
consisting of a large-aperture achromatic spherical concave lens
has been used. The collecting and focusing of the light on the
grating have been performed using a set of at and spherical
concave mirrors, and a similar optics has been applied for the
illumination of the Intensied Charge Coupled Device (ICCD)
detector,21–24 as the most important part of this optic-detection
system. A very sensitive PI-MAX ICCD cooled camera with high
quantum efficiency, manufactured by Princeton Instruments,
has been used. The CCD chip consists of 1024 � 256 pixels,
approximately 26 mm� 26 mm each. To reduce the dark current,
the CCD chip was cooled at �40 �C using Peltier devices. The
real time images of the PEO plasmas have been taken with a
video camera Sony DCR-DVD110 (800k pixels CCD, 40 � optical
zoom and 40 mm lens lter). A reconstructed “Rank-Hilger”
spectrometer with a diffraction grating of 1200 grooves per mm
was used for spectra detection. Its linear dispersion is 0.07 nm
per pixel, with spectral resolution in the rst grating order of
about 1200.

Because of the nature of the PEO plasma, the intensities of
spectra are in general rather low. An increase in the spectral
intensities can be achieved by choosing an appropriate combi-
nation of spectra-recording parameters like the slit width (d),
exposure time (E), and by accumulation (A) of signals. The

Fig. 1 Schematic diagram of the experimental set up: the electrolytic cell
consists of two electrodes, platinum cathodes (�) and aluminum anode (+), in a
glass container (GC) with a particular electrolyte solution; a very small area (0.07
mm � 6.7 mm) of the aluminum anode surface (S) is projected via spherical
concave lens (CL) onto the slit of a spectrometer. Spectra have been detected
using an intensified charge couple device (ICCD) without applying the micro-
channel plate (MCP).
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accumulation represents (computer) summing of A distinct
signals obtained successively over a denite exposure time. The
accumulation number, A, can be varied, from one (A ¼ 1) to
several hundreds. Thus the spectra can be recorded and pre-
sented in two manners. The rst procedure (rst mode) implies
the recording of spectra over a certain longer exposure time. The
other way (second mode, or accumulation mode) is to record
spectra A times (usually A [ 1) over a certain shorter exposure
time and aer that to accumulate the results.

The intensity of the spectral lines measured in our experi-
ments depended not only on the particular choice of technical
parameters (like the time of recording with respect to the
beginning of anodization, exposure time, slit width, measuring
mode, possible lters applied to reduce the light intensity) but
also showed stochastic behavior. For this reason we repeated
each experiment with a xed set of these parameters several
(between ve and few hundreds) times. (An analogous proce-
dure was applied in our previous studies on Al and Mg.9,10,25)
While generally being roughly linearly correlated with the
exposure time and/or the accumulation number, the spectral
line intensities showed relatively large dispersion with respect
to the mean value of several measurements carried out under
the same conditions. In extreme cases, appearing usually in one
or two of ten experiments, particular peaks were up to one order
of magnitude stronger or weaker than the mean value. In the
following text we discuss our results primarily in terms of peak
intensities (when working in the rst mode) and the intensities
divided by the number of accumulations (second mode).

All measurements described in the present study were per-
formed without applying the microchannel plate (MCP) nor-
mally serving to intensify the signals, because the results of
some previous studies26,27 had shown that this part of the device
had been responsible for nonlinear response of ICCDs. To avoid
confusion, from now on, we shall denote our detection device by
CCD (instead of ICCD).

Results and discussion

In order to nd an explanation for the anomalous sodium D2/D1

intensity ratio, found in a number of our spectra, we system-
atically investigated the inuence of the detection parameters
mentioned above on the sodium D1 and D2 spectral line
intensities.

At the beginning, we present in Fig. 2 the real time images of
PEO microdischarges corresponding to different times of the
anodizing process, to illustrate the main PEO-plasma features.
The PEO plasmas become visible at about 20 s aer the begin-
ning of the anodizing process, their size becomes larger during
the PEO process, while their number reduces. They have an
average cross-section area of 0.05 mm2.

In Fig. 3, six particular spectra involving sodium D1 and D2

spectral lines are presented. These spectra have been recorded
at different times of the anodizing process e.g. at t1¼ 5min, t2¼
12 min etc. (t denotes the anodizing time; t ¼ 0 is the beginning
of anodization) with the exposure time of 1 s, with 50 accu-
mulations and the slit width of 0.075 mm. The intensity of
sodium spectral lines increases with increasing anodizing time.
It is noticeable that the D2/D1 intensity ratios are not constant.
They vary from the value close to 2 [cases (a and b)] to 1.2 [case
(f)]. As it will be shown below, we ascribe this tendency to the
continuously more expressed nonlinearity of the CCD response
with increasing spectral line intensities.

Particular difficulties in spectral measurements of the
present kind are caused by some inherent characteristics of the
PEO plasma, like its random appearance across the anode
surface and its short lifetime. A consequence thereof is that the
spectral features recorded are in general of low intensity (if they
appear at all) and of poor reproducibility. Both of these draw-
backs can be diminished by using longer exposure times and/or
larger slit widths. This is illustrated in Fig. 4a and b. We present
in Fig. 4a 70 records and in Fig. 4b 20 records (extracted of
totally 300 ones) of the PEO plasma luminescence involving
sodium D1 and D2 spectral lines. These spectra were recorded at
t ¼ 183 min aer the beginning of the PEO without accumula-
tion of signals (A ¼ 1, mode one). In the rst case (Fig. 4a) a
narrow slit (d ¼ 0.075 mm) and a relatively short exposure time
(E¼ 0.05 s) were used, and in the second case (Fig. 4b) we chose
a moderate slit width (d ¼ 0.15 mm) and longer exposure time
(E ¼ 0.3 s). In the spectra presented in Fig. 4a sodium spectral
lines are observed in only 6 records of 70 presented (an analysis
of all 300 records gives a yield of 9%) and they are characterized
by quite different intensities. The yield of observed sodium
emission in spectra recorded with longer exposure time (Fig. 4b)
is much higher (50–60%), and, naturally, higher are also the line
intensities. We analyze now separately the inuence of the slit
width on the intensity and shape of the sodium spectral lines.
The increase of the slit width results in a decrease of resolution

Fig. 2 Real time images of microdischarges appearing at different times t of the
anodizing process: (a) 15 min; (b) 30 min; (c) 60 min; and (d) 120 min.

Fig. 3 Sodium D2 and D1 emission spectral lines recorded at different times t of
the anodizing process: (a) 5 min; (b) 12 min; (c) 43 min; (d) 94 min; (e) 142 min;
and (f) 256 min.
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of the spectral lines and in an increase of their intensities. In
some cases the sodium lines presented in Fig. 4b are even
saturated – they appear as peaks with at “cut” maximum.

In Fig. 5a are presented D2 and D1 lines recorded with a
relatively broad slit of 0.3 mm, obtained in the accumulation

mode (A ¼ 300) with short exposure times (E ¼ 0.05 s). Let us
rst note that the background in our experiments is either the
same for the both lines (because of their mutual vicinity) or is a
very slowly varying linear function of the wavelength, and in
general it is much less intense than the lines [1–2% in the rst
mode (without accumulation) and typically about 5% in the
second (accumulation) mode]. Consequently, it can be easily
subtracted from the measured spectral lines. The intensity ratio
of the unresolved spectral lines (solid curve) equals (when the
background is subtracted) 1.66. However, aer applying a
deconvolution, using Lorenzian t, the intensity ratio of the
resolved sodium lines nearly yields the theoretical value 2.
However, if we deconvolute the sodium lines detected using a
narrow slit (d ¼ 0.075 mm) and longer exposure time (E ¼ 1 s),
Fig. 5b, the deviation of D2/D1 intensity ratios from 2 still
remains (D2/D1 ¼ 1.3). Note that the half-width of both lines is
practically the same, with a consequence that the ratio of the
areas below the lines (aer deconvolution) equals the ratio of
their intensities. Thus in order to avoid the artifacts in relative

Fig. 4 Successively recorded emission spectra of PEO plasma around sodium D1 and D2 spectral lines: (a) spectra taken with low exposure time (0.05 s) and narrow slit
(0.075 mm) and (b) spectra taken with longer exposure time (0.3 s) and wider slit (0.15 mm).

Fig. 5 Sodium D2 and D1 emission spectral lines: (a) recorded with a wider slit
(0.3 mm) and short exposure time (0.05 s): — before deconvolution, ---- after
deconvolution and (b) recorded with a narrow slit width (0.075 mm) and longer
exposure time (1 s): — before deconvolution, ---- after deconvolution.

Fig. 6 Correlation between the intensity of sodium D2 spectral line and that of D1 line multiplied by two. In the cases where the experiments are carried out in the
second mode, the intensities are divided by the accumulation number A. (a) Intensity range 0–1000; (b) 0–10 000; and (c) 0–100 000.
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line intensities we carried out all the following experiments
using a narrow slit, d ¼ 0.075 mm.

In order to investigate the inuence of the exposure time on
intensities of D1 and D2 spectral lines and particularly on D2/D1

intensity ratios, we recorded a series of spectra with longer
exposure times (E ¼ 60 s, 20 s, 10 s, 1 s, and 0.4 s) and without
accumulation, and another series of spectra with shorter
exposure times (0.2 s, 0.1 s and 0.05 s) with several hundred
accumulations. The results of these measurements are pre-
sented in Fig. 6a–c. We show the correlation between the
intensity of D2 spectral line and D1 line intensity multiplied by
two. In the cases where the experiments are carried out in the
second mode, the intensities are divided by the accumulation
number A. Theoretically, all points should be embedded along
the diagonal of that diagram.

Although it could be expected that recording spectra at longer
exposure time of, say 10 s, with only one accumulation (rst
mode) or using a short exposure time of 0.1 s with hundred
accumulations (second mode) are equivalent procedures, both
giving comparable spectral intensities, the right choice between
these two procedures should be made, having in mind the
properties of the excitation source whose spectra are recorded
and the properties of the detection system. In a long exposure
time mode, illumination of the detector over longer period of
time and consequently the appearance of intense radiation can
cause saturation effects or effects of approaching a saturation
regime. As a result thereof the CCD may start operating outside
the range of a linear relationship between the incident photon
level and the output signal from CCD. Exceeding the saturation
level is usually followedby visible signs likeblooming23or similar
effects like those that can be seen in Fig. 4b. However, the CCD
usually doesnot produce visible signs at the stage of approaching
the saturation regime,24 although already operating outside the
range of linear response. On the other hand, when the second
(accumulation) mode of recording spectra is applied, spectra of
sufficient intensities are obtained due to computer summing of
particular signals obtained over a short period of time. In that
way the saturation or (pre)saturation effects can be avoided.

The content of Fig. 6 speaks in favor of our belief that the
anomaly in the D2/D1 ratio observed in a number of our exper-
iments should be attributed to the presaturation effects. At
small intensities of the spectral lines (Fig. 6a) the deviation of
the measured D2/D1 ratio from 2 is negligible. It becomes
continuously larger with increasing spectral line intensities. At
highest intensities measured in this series of experiments,
corresponding to the exposure time of E ¼ 60 s, the D2/D1 ratio
becomes approximately 1.6 (Fig. 6c). Note, however, that in the
majority of experiments with such a long exposure time the
signals are beyond the saturation point and thus are not pre-
sented in Fig. 6c. On the other hand, the lines of the same
intensity obtained in the second mode (say with E ¼ 0.2 s and
A¼ 300) show nearly normal D2/D1 ratio, close to 2. We obtained
the same effect (quasi-normal D2/D1) in long-exposure
measurement using the lters that transmitted 2.4% and 0.6%
of initial radiation.

An important question is whether there is another expla-
nation for the anomaly of the D2/D1 ratio. A condition for

obtaining the theoretical ratio of 2 is the existence of the LTE
in our plasma. There are several arguments speaking in favor
of reliability of the assumption that there is LTE. The rst one
is that an ratio very close to 2 is always obtained when the
intensities of spectral lines are low, i.e. at short exposure times.
If we did not have the LTE, this would be reected in both
short- and long-exposure time regimes. Further, in our
previous studies on AlO9 and MgO10 we showed that the
plasma of the present type is in the LTE, at least concerning
the vibrational motion modes. Finally, in an extensive study
Dunleavy et al.5 concluded that a similar plasma is in its high-
temperature core region in LTE, while in the colder zones at
least partial LTE takes place.

Conclusions

A series of spectra involving D1 and D2 sodium doublet spectral
lines, emitted from the PEO plasma during the aluminum
oxidation, have been recorded by varying different detection
parameters, like the exposure time, slit width, detection mode,
number of accumulations, etc. These detailed investigations
have been performed in order to nd an explanation for the
anomalous sodium D2/D1 spectral line intensity ratio observed
in a number of our spectra. The largest deviations of D2/D1

intensity ratios from the theoretical value of 2 have been found
in spectra recorded with long exposure time (60 s, 20 s, etc.). A
correlation between the deviation of the D2/D1 ratio from 2 and
the overall spectral line intensities has been established. Based
on these ndings we attribute the anomalous D2/D1 intensity
ratio to the effect of CCD’s approaching a saturation regime and
thus to an early indication of saturation occurrence. Let us
stress that at the stage of approaching the saturation regime
CCD usually does not produce visible signs like blooming or
evidently saturated signals, although already operating outside
the range of linear response.

Anomalous intensity ratios within doublet components can
also be a consequence of complex physical and chemical
processes that cause the perturbation of the LTE and of the
energy level population. Having in mind that the plasma arising
during the electrolytic oxidation process of different metals has
not been explored enough in spite of a great number of papers
dealing with it, at the beginning of our investigations we did not
rule out the possibility that some complex physical and chem-
ical processes induced the anomalous D2/D1 intensity ratio. But,
at last, we came to the conclusion that the anomaly we observed
is due to a more trivial cause connected with our detection
system and CCD characteristics, i.e. that it represents a mani-
festation of the CCD’s presaturation effect. This presaturation
effect can be successfully avoided by recording spectra in the
accumulation mode. In this mode successive scans of shorter
exposure time are summed to achieve sufficiently high effective
intensities without long exposure time, overcoming in that way
the risk of CCD overcharging. The same effect could be, of
course, achieved by the use of appropriate lters, but a conse-
quence of that would be inconvenient lowering of the intensity
of other inherently weak spectral features, particularly of
molecular spectral bands.
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In this study, we present the results of investigation of plasma electrolytic anodization of aluminum bymeans of
different experimental techniques, in few first minutes of the process. Scanning electron microscopy equipped
with X-ray energy dispersive spectroscopy was used to study the aluminum oxide coating morphology, micro-
structure and composition as well as cross-sections of the obtained coating. The mechanism of evolution of
microdischarges at the beginning of the plasma electrolytic anodization process is proposed. Our results indicate
that during a single discharge event, new inner oxide layer is formed at the bottomof discharge channel, between
the metal substrate and the Al2O3 layer. That new oxide layer and the gas that remains in the channel seem to
present a higher barrier for dielectric breakdown then the original coating layer.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Plasma electrolytic anodization/oxidation (PEO) is a complex elec-
trolytic oxidation process in which a metal surface is transformed into
a metal oxide coating (aluminum oxide in the present case). The anod-
izing (PEO) process, which takes place above the dielectric breakdown
voltage, is followed by short-living visible microdischarges (plasma
sparks) appearing across the anode. Metal oxide coating formed in
this process is a result of both electrochemical processes involving mi-
gration of O2

−/OH− ions from the electrolyte to the aluminum anode
and Al3+ across the oxide, and of the plasma-chemical reactions due
to the electric breakdown of the oxide layer formed already by conven-
tional anodizing process [1–3]. The thickness of oxide layers, limited to
several hundredmicrometers, depends on the process parameters such
as applied voltage, current density, current regime, duration of anodiza-
tion, electrolyte type etc. It was shown, e.g. for PEO of aluminum, that
the obtained coating can be of low porosity, with excellent interfacial
adhesion and of high resistance to the abrasive wear and to the corro-
sion [4–6]. Generally, aluminum oxide coatings formed during the PEO
process are of enhanced hardness (depending particularly on the
amount of the Al2O3 crystalline phase) compared to those obtained in
conventionally performed anodization [7].

The morphology and the phase composition of the PEO coating are
strongly influenced by the breakdown phenomenon [8,9]. Dielectric
breakdown of the oxide film above the breakdown voltage occurs as a
consequence of electron avalanche formed under strong electric field.
It is induced by structural defects in the oxide film with initial electrons

being injected into the oxide film from the electrolyte [10,11]. As a con-
sequence, in the oxide layer (with possibly incorporated species from
the electrolyte) are built plasma channels, in which the processes like
melting, evaporation, atomization, and ionization take place [12]. The
cations are pushed from the plasma channels into the electrolyte to-
gether with the direct ejection of Al from the channels into the coating
surface in the contact with electrolyte, forming in this way the coating
of the increased thickness [3]. Finally, the plasma cools, with the reac-
tion products being deposited on the walls. In the cooling process,
Al2O3 in crystal form (γ, α) can be obtained. The results of previous in-
vestigations have led to the conclusions that the plasma consists of a
central core at about and/or above 7000 K [13], surrounded by lower
temperature (up to 3500 K) regions [14].

According to the discharge model based on the locations of dis-
charge initiation, presented by Hussein et al. [15,16], followed by spec-
troscopic study of the plasma emission spectra as well as of the EDX
analysis, during the PEO process three types of plasma can be identified:

a) Strong, alreadymentioned plasma, named “B” [15], is formed due to
oxide film dielectric bre
akdown under strong electric field at metal-oxide interface. The
spectra emitted from this type of plasma consist of intensive atomic
as well of ionic spectral lines of aluminum, oxygen, hydrogen, sodi-
um (from electrolyte), etc.

b) Another type of plasma, named “C” [15], occurs inside the surface
holes or (micro) pores, located relatively deeply in the oxide layer.
These holes can be filled with gas and/or electrolyte. The discharge
in pores is believed to be induced by an initial dielectric breakdown
of a barrier layer in the bottom of the micropore [17].

c) At last, there is also a weak plasma, named “A” [15], occurring at
the interface of the oxide coating and the electrolyte, or in the
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gas attached to this interface close to the very small holes in the
oxide coating.

An extensive study of the influence of the breakdown phenomenon
on the formation of pores, channels, “dome shaped” protuberances
representing local overgrowth of the film, up to about 0.5 μm in diame-
ter [18], and generally on the coatingmorphology, has been carried out
thus far. It was shown [19,20] that average diameter of obtained dis-
charge channels in the case of the PEO process on aluminum was ap-
proximately the same as the thickness of the oxide layer. Recently,
several important studies were published [21–24] in which new infor-
mation about building, magnitude and lifetime of individual discharges
was presented. Although carried out under different experimental con-
ditions than those of the present study, these results are closely related
to our ones and will be discussed below.

We focus in the present study to the questions concerning the for-
mation and evolution of the channels in the coating surface and try to
explain the mechanism of the processes which take place inside these
channels in the early phase (few minutes after the beginning) of the
PEO process. We relate these processes to the change of electric resis-
tance at particular sites of the coating layer.

2. Experimental details

In the present PEO experiment, oxide filmswere formed on high pu-
rity cold-rolled aluminum (99.999%, obtained from Goodfellow) sam-
ples of 10 mm × 10 mm × 0.12 mm. The anodization was carried out
at current density of 10 mA/cm2. For anodization of aluminum we
used water solution of 0.1 M boric acid + 0.05 M borax. The electrolyte
was prepared using double distilled, deionized water and PA grade
chemical compounds. The samples were prepared in two ways: 1. Just
cleaned in acetone and ethanol using ultrasonic bath; 2. first cleaned
in acetone, then annealed at 350 °C for 5 h and finally electropolished
according to Tajima's instructions [25].

The anodization process took place in an electrolytic cell withflat glass
windows, presented in Fig. 1. Two platinumwires were used as cathodes.

This system, used also in our previous experiments [26–30], has been
modified in order to enable anodizationof only oneof the two sample sur-
faces. We can now observe and analyze the PEO coating: a) at the side in
contact with the electrolyte (being the usual procedure); b) at the side in
contact with the metal substrate, by solving the metal in an appropriate
acid; furthermore, by removing the coating from the metal substrate,
we can investigate the “finger prints” of the PEO oxide on the metal sur-
face; c) cross-section of the PEO coating. The sample has been attached
on a circle-shaped window and pressed firmly by a plate to prevent leak-
age of the electrolyte. During anodization, the electrolyte circulated
through the chamber–reservoir system, and the control temperature sen-
sor was situated beside the sample. The temperature of the electrolyte
was maintained during anodization to within 0.1 °C. In some anodized
samples, aluminum was removed in a CuCl2-based solution [100 mL HCl
(38%) + 100 mL H2O + 3.4 g CuCl2H2O].

Scanning electron microscope (SEM) JEOL 840A equipped with X-
ray energy dispersive spectroscopy (EDX) was used to characterize
morphology and chemical composition of formed surface coatings.
The morphology of surface coatings was characterized using an atomic
forcemicroscope (AFM; Veeco Instruments, model Dimension V). Ther-
mo Scientific iCAP 6500 Duo inductively coupled plasma optic emission
spectrometry (ICP-OES) was used to analyze composition of electrolyte
after anodization of the sample.

For obtaining XRD patterns of oxide coatings, Rigaku Ultima IV dif-
fractometer was used.

3. Results and discussion

3.1. Voltage and current variation during the PEO process on aluminum

Typical voltage and current vs. time curve obtained by aluminuman-
odization in 0.1 M solution of boric acid and borax (inorganic electro-
lyte) is shown in Fig. 2. In stage 1, relatively uniform growth of a
barrier anodic oxide layer, at a constant current density (j =
10 mA/cm2), is characterized by a linear increase in the anodization
voltage, corresponding to a conventional metal anodizing process. Uni-
form film thickening is terminated by attaining dielectric breakdown
voltage (~400 V). During anodization, the total current density is the
sum of the ionic current density and of electron current density. In
this stage, the ionic current is two to three orders of magnitude larger
than the electronic component [11].

In the second stage (2), avalanche multiplication of electrons takes
place, corresponding to apparent deflection from linearity of the
voltage–time curve. In this stage a relatively low voltage increase (com-
pared with the stage I) is required to maintain the same total current
density, due to the independence of the electron current density of
the anodic oxide film thickness. After the breakdown the voltage–time
slope decreases.

Fig. 1. a) Schematic diagram of the electrolytic cell: 1 - anode, aluminum sample; 2 -
cathode, platinum wires; 3 - silicone membrane; 4 - round window on glace cuvettes; 5
- mechanism for holding and fixing of aluminum sample on round window; 6 -
chamber–reservoir system; 7 -oxide layer. b) Schematic diagram of the electrolytic cell,
cross-section.

Fig. 2. Voltage–time and current-time responses during PEO process on aluminum in
0.1 M solution of borax and boric acid.
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Further anodization results in a nearly constant value of the voltage
of anodization (stage 3). In this stage, the fraction of electron current
density becomes dominant. The total current density is almost indepen-
dent of oxide film thickness.

3.2. Morphology and chemical composition of PEO coatings and electrolyte
after PEO treatment

Scanning electron microscopy (SEM) equipped with X-ray energy
dispersive spectroscopy (EDX) was used to study PEO coating
microstructure.

In Fig. 3 is presented a high-magnification image of free PEO coatings
surfaces on aluminum obtained 1 min after beginning of PEO process. It
is characterized by numerous small discharges pores (average diameter
in range of 0.5 μm–0.6 μm). As mentioned before [29], thickness of the
barrier oxide layer is in the range of 0.05 μm–0.5 μm and its average di-
ameter is of comparablemagnitude. There are also significant regions of
surface where no discharge pores are present.

EDX analyzewas used to investigate the difference in composition of
these two different regions. The results are presented in Table 1. One
EDX spectrum was taken in the region where a single discharge took
place (Spectrum 2, Fig. 3), while the other one was taken in the area
around the discharge channel where there were no visible changes in
oxide caused by the PEO treatment (Spectrum 1). It is obvious that the
content of Al inside the discharge channel is higher, while the content
of oxygen is significantly decreased.

In course of time the area of surface coveredwith themicropores be-
comes continuously larger, indicating that new discharge sites are pro-
duced in spite of the fact that it should be expected that the anodic
current would more easily pass through already present channels.

The main questions are why the EDX results indicate that the con-
tents of aluminum and oxygen are significantly different in
microchannels and at the smooth layer surface, what happens with
these discharge channels after they were made, how deep they are,
and why the discharge channels finally present higher dielectric barrier
then rest of the oxide coating?

In order to answer these questions, it was needed to see how cross-
sections of the PEO layer looked like.

It is not an easy task to obtain PEO coating cross-sections with pre-
served structures. In Fig. 4a and b we see the results of two different at-
tempts. Fig. 4a represents a cross-section SEM image of the aluminum
sample with PEO coating obtained by simple mechanical cutting, and
Fig. 4b is the cross-section image obtained on a sample that was
wrapped in epoxy and then polished. Because aluminum is soft metal
and the formed PEO layer is brittle, cross-sections obtained by mechan-
ical cuttings cannot provide good insight into the structure. Themethod
where aluminum sample was wrapped in epoxy and then polished is

also problematic. During polishing, metal and oxide particles enter
into discharging channels and the real structure of oxide coating re-
mains unknown.

In order to make possible recording of cross sections we removed
the Al substrate, mechanically broke a part of the oxide layer presented
in Fig. 3 and obtained the images such as two typical ones presented in
Fig. 5a and b. They correspond to the time 1 min after the beginning of
the PEO process. In Fig. 5a is shown the contour of a single channel,
while in Fig. 5b are seen two close lying channels. We discuss this
topic in some details below; at this place we only point out that the
channels pass through the whole coating layer, i.e. that their depth is
as large as the thickness of the coating layer. We can also identify
(half-) spherical cap forms (calottes) and holes, particularly at the
places where the coating layer was in contact with the metal. Finally,
at the right edge of Fig. 5c (taken 6 h after beginning of the PEO process)
is clearly seen a now coating layer built through joining of calottes
formed at the bottom of the craters.

Since we had managed to develop the electrolyte chamber where
only one side of the aluminum sample is in contactwith electrolyte dur-
ing the PEO process (Fig. 1), we were able later to remove metal easily

Fig. 3. SEMmicrographs of aluminum oxide coating surface formed 1min after beginning
of the PEO process.

Table 1
EDX analysis of the oxide coating surface shown in Fig. 3.

Atomic (%)

O Al

Spectrum 1 54.25 45.75
Spectrum 2 30.83 69.14

Fig. 4. SEM images of cross-section of PEO coating on aluminum; a)mechanical break and
b) wrapped in epoxy and polished.
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and to obtain preserved cross-section and surface of coating that was in
contact with metal. Fig. 6 represents a SEM image of such a layer on the
side that was in contact with metal. This layer has thickness of approx-
imately 0.6 μm. This image supports the above finding that discharge
channels are as deep as the thickness of the layer.We can also easily dis-
tinguish (half-) spherical cap forms (calottes) and holes.

Using another aluminum sample anodized under the same experi-
mental conditions and removing this time PEO coating, it was also pos-
sible to see morphology of obtained metal surfaces that were in contact
with coating and to see how they correspond to the same-side surfaces
of PEO coating. In Fig. 7 is presented an AFM image of such a metal sur-
face, representing “finger prints” of the features appearing in Fig. 6.

In order to obtain better insight and to answer the proposed ques-
tions, it was needed to investigate morphology of PEO coatings on alu-
minum samples, both electropolished and not electropolished, formed

before the beginning of the PEO process and in its several first minutes.
The surfaces of electropolished and not electropolished samples of alu-
minum anodized under the voltage 350 V, i.e. before first visible
microdischarges occurred, showed significant differences, as seen in
Fig. 8. Although there are no visible microdischarges under these condi-
tions, we can identify in Fig. 8b little holes in the not electropolished
sample, connected with the beginning of breakdown events. On the
other side, the surface of electropolished aluminum sample, anodized
under the same condition is clean, as seen in Fig. 8a. It is well known
that macro- and micro-defects in oxides (fissures, micropores, flaws
etc.) are responsible for breakdown [18]. The breakdown voltage is
lower for degreased samples, and slightly higher for electropolished
ones [29,31]. Namely, electropolishing gives the cleanest and smoothest
surface and that is the reason why there are no discharging channels on
this surface under the mentioned voltage.

After the beginning of breakdown, increasing number of
microdischarges can be noticed [6]. Surface topography of oxide coat-
ings in the beginning stages of PEO process (5 s, 10 s, 15 s, 30 s after
first visible microdischarges occurred) shows no significant differences
for both samples in the sense of dimension of channels, but there is a
visible increase in their number. On both samples anodized under the
same conditions there are small regions where surface was changed
under the PEO process but also regions where no visible changes
occur, Fig. 9. The only difference between samples anodized 10 s, 15 s,
30 s, and 1 min after breakdown, is noticeable increase in the area of
those regions that were changed by the PEO process. The same trend
can be observed on surfaces (both electropolished and not
electropolished ones) that were in contact with metal, Fig. 10.

EDX analyze of two different regions, at the place of a spherical cup
(Fig. 11, Spectrum 1) and at a neighboring place where dielectric break-
down did not take place (Fig. 11, Spectrum 2) showed the same ratio of

Fig. 5. a, b. SEM cross-section images of PEO oxide layer on aluminum. c. At right edge is
seen new coating layer built through joining of calottes formed at the bottom of the
craters, taken 6 h after beginning of the PEO process.

Fig. 6. SEM image of the surface of oxide layer obtained in PEO process on aluminum
(surface that was in contact with metal before its removing): 1 - discharging channel
and 2 - crystal islands of alumina.

Fig. 7. AFM image of aluminum surface, taken after 1 min of PEO process, obtained after
removing of oxide layer (non electropolished sample).
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Fig. 8. SEM micrographs of oxide surface on aluminum anodized before first microdischarges occurred (voltage: 350 V): a) electropolished sample, b) nonelectropolished sample,
c) electropolished sample, surface of oxide layer that was in contact with aluminum, and d) nonelectropolished sample and surface of oxide layer that was in contact with aluminum.

Fig. 9. SEM images of surface of the same aluminum sample, non-electropolished: a) 5 s
after first visible microdischarges occurred and b) 30 s after first visible microdischarges
occurred.

Fig. 10. SEM images of PEO layer on the side that was in contact with aluminum during
anodization, 5 s after first visible microdischarges occurred: a) non electropolished
samples and b) electropolished samples.
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Al and O. Dimension and profile of one spherical cap form is presented
in Fig. Fig. 12. Fig. 13a shows AFM images of a coating surface that was
in contact with metal.

Comparing this image with images of cross-sections in Fig. 5 and all
other obtained results, it can be concluded that during one single PEO
event, the whole material from discharge channel has been melted
and evaporated. In the same process a part of the metal surface at the
end of the discharging channel also melts and evaporates.

In order to carry out XRD analysis, oxide coatings were detached
from the Al substrate. Since oxide films (produced within 30 s–300 s
of the PEO process) were relatively thin, in order to obtain enough
XRD response, we performed XRD investigations using Rigaku Ultima
IV diffractometer in low angle/thin film configuration. Fig. 14 shows
XRD patterns of oxide coatings formed at various stages of PEO process.

As expected, in short periods of PEO the coatings are partly crystal-
lized and we have detected only gamma alumina crystal phase. The in-
tensity of detected peaks increases with PEO time, indicating growth of
crystal phase with increasing PEO time. The possible mechanisms of
gamma alumina production are: Conversion of amorphous alumina in
gamma alumina due to local heating in PEO channels and direct crystal
growth at the bottom of the channels due to interaction of plasma and
melted Al.

All the results obtained lead us to conclude that new oxide layer, on
the bottom of discharge channel, with presumably increased percent-
age of crystalline phase [18] and the remaining gas in channels becomes
new barrier for dielectric breakdown, higher than the barrier caused by
the presence of the original layer.

3.3. ICP-OES analysis of electrolyte during PEO

Knowing that during the PEO process, material from discharge
cannels is released in electrolyte, ICP-OES method was used to investi-
gate how the content of aluminum is changed in electrolyte in course
of time. The results are presented in Table 2.

The content of aluminum in electrolyte increases almost linearly
with the PEO time. At the beginning of anodization, as expected, it is
negligibly small but after 2 h it takes a value of roughly 40 mg/L.
These results also indicate that during the PEO process, most of the con-
tent from the inside of channels evaporates, the created discharge chan-
nels remain empty (filled only with gas) and only on their bottoms,
embedded on the metal surface we can detect an inner oxide layer.

Fig. 11. SEM images of one spherical form with EDX analysis, 5 s after first visible
microdischarges occurred.

Fig. 12. AFM images of one randomly chosen oxide spherical cap obtained in PEO process
on aluminum, 5 s after first visible microdischarges occurred.

Fig. 13. AFM images of electropolished aluminum samples: a) Surface of PEO layer on the
side of metal and b) surface of metal on the side of PEO coating, 5 s after first visible
microdischarges occurred.

Fig. 14. XRD patterns of oxide coatings formed at various stages of PEO: a) 0.5 min;
b) 1 min; c) 2 min; d) 5 min.
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3.4. Average energy needed for one discharging PEO event

Assuming, based on our previous investigations, that the average en-
ergy of one PEO event is approximately ~10−1 μJ [29], the question is if
that is enough energy to cause melting of oxide and evaporation of
metal in a discharge channel?

From a randomly chosen AFM image presented in Fig. 13, dimen-
sions (height and base radius) of a spherical cap built at the bottom of
a channel can be obtained, and based on these quantities we can calcu-
late its volume.With the height of h ~ 0.2 μmand base radius r ~ 0.5 μm,
we obtained the volume V=h(3r2+h2)π/6~0.8×10−19 m3. Knowing
that the molar volume of aluminum is ~10−5 m3/mol and molar evap-
oration heat is ~294.4 kJ/mol, a simple calculation gives the energy
needed for melting and evaporation of substrate. That energy for the
spherical cap from Fig. 13 takes the value of ~3 × 10−3 μJ. The energy re-
quired tomelt and evaporate the substance both from this spherical cup
and the whole channel above it, assumed to have cylindrical form with
the depth of 0.5 μm(i.e. the volume of ~4 × 10−19m3), would be rough-
ly 0.02 μJ. In our previous experiments we managed to isolate one
breakdown event and obtained the average energy of ~0.2 μJ [29]. Our
result shows that only a small amount of the energy for one PEO event
is enough to heat, melt and evaporate aluminum at the bottom of dis-
charge channel. The remaining part of that energy is used for evapora-
tion of material in discharge channel and local heating of oxide and
surrounding metal.

The results estimated above can be compared with those published
by Troughton et al. [24]. Based on the result of one of their previous
studies [23] these authors assumed that a typical volume of substrate
being oxidized during one discharge was ~10 μm3, i.e. somewhat larger
than our estimate. The energy required to melt, vaporize and raise the
temperature of the corresponding mass of the substrate to that of the
plasma was calculated by means of the formula Q=m(CpΔT+ΔHmelt+
ΔHvap) where Cp is the specific heat (~1 J g−1 K−1), ΔHmelt (400 J g−1)
is the latent heat of melting, and ΔHvap (10,500 J g−1, being practically
identical to the molar evaporation heat for Al we used) is the latent
heat of vaporization. Because the plasma temperature vas assumed to
be not higher that 10,000 K, the contribution of the first term in the equa-
tion for Q is comparable to that of the third one, and since ΔHmelt≪ΔHvap,
the second term is negligible. The result obtained for Q was 0.6 μJ, i.e.
roughly 30 times larger than our one. However, the conclusion of the au-
thors was the same as ours, namely, that “Vaporizing this quantity of ma-
terial requires just 0.6 μJ, which is an insignificant fraction of the total
energy input (~1 mJ).” Numerical differences of particular result from
our study and the corresponding results published in Ref. [24] should be
ascribed to different experimental conditions (in Refs. [23, 24] the PEO
processing was carried out at 50 Hz AC) and random choice of the dis-
charge channel (the difference in the values for Q would have been re-
duced by factor two if we had taken into account the energy needed for
raising the temperature to 10,000 K).

3.5. Calculation of microdischarge plasma composition

Based on the results of the present work concerning the form and
the magnitude of channels on the aluminum oxide layer, of the
microcharge temperatures measured in our previous studies [32–34],
as well as on the models proposed by the other authors we carried out
computations of the plasma containing aluminumand oxygen in atomic

ratio 2:3.We assumed that we have spherical microchannels with radi-
us of 0.5 μm, that the core temperature is 8000K, and that at the periph-
ery is 1000 K. The calculations were carried out using the method
described elsewhere [35–37]. The thermochemical data were taken
from JANAF Tables [38]. The results are presented in Fig. Fig. 15. In the
central zoneof theplasma the dominating formsof aluminumare atom-
ic Al and ionic Al+ being present in comparable amounts, and that of ox-
ygen is atomic O. However, in the vicinity of the channelwalls and at the
bottom, where the temperature is relatively low (b3000 K), the most
abundant compounds involving aluminum are Al2O2 and AlO2 mole-
cules. During the cooling process, Al2O3 in solid state form could be
formed involving these molecules, already at the temperatures lower
than 2327K (which is themelting point ofαAl2O3), via the following re-
action paths:

a. 2AlO2 (g) → Al2O3 (s) + ½O2 (g), with reaction Gibbs energy:
ΔG = −660.50 kJ, at 2000 K.

b. 2Al2O2 (g)→ Al2O3 (s)+½O2 (g)+ 2Al (g), with reaction Gibbs en-
ergy: ΔG = −174.99 kJ, at 2000 K.

Table 2
IOS-ICP analysis of electrolyte in different stages of PEO.

Time of anodization (min) Content of Al (mg/L)

0 0.00
5 2.57
15 8.94
60 25.10
120 41.95

Fig. 15. a) Schematic presentation of a microdischarge with assumed temperature
distribution. b) Composition of plasma containing aluminum and oxygen in atomic ratio
2:3.
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Symbols s and g in the brackets denote solid and gas phases,
respectively.

3.6. Proposed scheme of dielectric breakdown during PEO of aluminum

Based on all presented results we propose the following schema of
the PEO process on aluminum (Fig. 16): Macro and micro defects and
other inhomogeneities are initial spots for dielectric breakdown,
Fig. 16a. As found in recent studies [23–24] (indeed, carried out under
experimental conditions differing from the present one) individual dis-
charges tend to occur in “cascades”, at well-defined sites on the coating
layer. A breakdown event does not stop on the border metal – oxide. It
continues and heats the metal surface. Metal melts and evaporates in
electrolyte, Fig. 16b, leaving spherical cap forms of Al2O3 on the metal
surface. A new oxide layer is built at the bottom of discharge channel
(Fig. 16c). It, combined with the remaining high-pressure gas in the

channel gradually becomes a higher barrier for dielectric breakdown
then the original coating layer. Consequently, new initial spots are
formed. Finally, spherical cap forms join one another forming in this
way a new coating layer (Fig. 16d).

4. Conclusions

In this study, we present the results of extensive investigation of the
plasma electrolytic anodization of aluminum by means of different ex-
perimental techniques.

We identified at the bottom of discharge channels a new inner coat-
ing layer at and below the initial border between the metal substrate
and the Al2O3 layer. Taking into account increased crystallinity of this
new layer and presence of the remaining high-pressure gas in the chan-
nel, newmodel ofmechanismof evolution ofmicrodischarges at the be-
ginning of the PEO process on aluminum is proposed. It is similar to that
suggested by Nominé et al. [23] (see Fig. 5 of Ref. [23]) but we offer an
alternative explanation for raising of the electric resistance and final
quenching of the current through a channel. Nominé et al. quote: “It's
probably at this point that there is violent ejection of molten oxide
from the core to the channel, giving rise to characteristic volcanic craters
on the free surface of the coating.” We suggest the possibility that in-
crease of the resistance arises as combination of the two findings men-
tioned in the first two sentences of this paragraph, causing in this way
formation of new initial spots for breakdown events in first several mi-
nutes of PEO process. This model is supported by consideration of ther-
modynamic effects in the framework of a standard model for
miscoplasmas appearing in the PEO process.
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