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The method for determining the composition of nanolayer from the experimental
spectra of optical transmission and reflection was developed. Modeling of the optical
properties of the composite was carried out on the basis of Bruggeman’s effective medium
theory. This method was applied to samples of silica glass implanted with Cu~ ion beam of
60 keV energy and at various current densities. The structure and thickness of nanolayer
are determined using transmission electron microscopy method. On the basis of the optical
spectra analysis the range of photons energy (3.5 + 4.5 eV) was selected. Composition of
the implanted layers in the form of volume concentrations of it’s components (copper,
cuprous oxide (Cu,0) and substrate material) were obtained.

PaspaboTana MeTOAMKAa OMNpeleIeHUA COCTABA HAHOCJOS C MCIOJL30BAHMEM JSKCIepPHMeH-
TAJILHEIX CHEKTPOB ONTUYECKOTO MPOIYCKAHUS M OTPaKeHUsd. MomelupoBaHMe ONTUYECKUX
CBOMCTE KOMIIO3UTHOrO MATepHajia CJ0d MPOBOIAUJOCL Ha OCHOBAHUM TeOpUU d(PPeKTUBHOI
cpeabl Bpyrremana. J[aHublii MeToa OB OmMpo0OBaH Ha 0o0pasiax M3 KBapIeBOTO CTeKJa,
UMILIAHTUPOBAHHBIX IIy4KoM noHOB CU™ ¢ sHeprueit 60 k5B M pasiMuHBIMU ILJIOTHOCTSIMU
Toka. Crpykrypa m tommmaa (60 HM) HAHOCHOS OIpPemeleHBl METOAOM IMIPOCBEUMBAIOIIEll
9JIEKTPOHHON MUKpocKonuu. Ha ocHOBe aHAa/M3a OITHYECKUX CIIEKTPOB ObLI BBIOpAH Auara-
30H sHepruit porouos (3.5 + 4.5 9B). IloayueHsl cOCTABBl UMILIAHTUPOBAHHBIX CJIIO€B B BHU/E
00 beMHBIX KOHIIEHTPAIMUN UX COCTABIAIOIINX (Meou, FeMUOKCHAA MEIU (CUZO) U MaTepua-

J1a MOIJIOMKH).

1. Introduction

Ion implantation is widely used to pro-
duce metal-composite materials with the
nonlinear optical properties [1]. Implanta-
tion of the metal species into insulators
leads to formation of the composites with
optical properties and composition which de-
pend on the nature of species and parame-
ters of implantation. Implantation of the
metal ions into insulator causes changing
the optical properties such as luminescence
and absorption. Both phenomena can be
used to control the formation of complex
defect aggregates, the production of new
crystalline phases or the destruction of
crystallinity. As an example, the implanta-
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tion of Cu ions into different substrates
leads to a drastic change in the lumines-
cence properties of the materials [2—4].

Composition defines the main functional
properties of the implanted layer. Layer-by-
layer mass spectrometry analysis [5] or X-ray
photoelectron spectroscopy [6] can be used for
determining the composition of the implanted
layer. But both methods are destructive and
they require very lengthy studies and high
vacuum for their implementation.

In this paper we studied properties of the
samples with implanted layer and their de-
pendence on the current density of ion
beam. We also determined a composition of
the implanted layer using measured optical
characteristics of the samples.
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Fig. 1. Cross-section TEM images of silica glass implanted with Cu~ ions of 60 keV to the total dose of
3.1016 jons/cm?2 at different current densities: a) 1, b) 3 and c¢) 10 uA/em2. A black layer on the top of

implanted area is a Cr layer used for the marker.

2. Experimental

Negative Cu ions of 60 keV energy were
produced by a plasma-sputter-type ion
source. The implantation techniques have
already been described elsewhere [7]. In our
experiment we used four current densities
of 1, 3, 10 and 30 uA/ecm?2, total dose irra-
diation achieved the value of
3.0 - 1016 jons/cm2. As substrates the opti-
cal grade silica glasses of 15 mm in diame-
ter and 0.5 mm thick were utilized. Optical
transmittance and reflectance were meas-
ured in wavelength range from 190 to
2500 nm using a dual beam spectrophotome-
ter. Transmission electron microscopy
(TEM) was carried out to evaluate the struc-
ture of copper implanted region.

TEM images of the implanted layers in
three samples fabricated at different current
densities of 1, 3 and 10 pA/cm?2 are shown in
Fig. 1. Samples obtained at different current
densities of the ion beam have significant dif-
ferences in the structure and concentration of
nanoparticles. From these TEM images we
can estimate volume occupied by copper
nanoparticles in the glass matrix and thick-
ness of the modified layer. The overall thick-
ness of implanted layer is about 60 nm.

In Fig. 2 the transmittance spectra of
implanted layer obtained at different cur-
rent density are presented. These spectra
were measured with pristine glass in refer-
ence beam and represent the net effect of
the ion implantation. The spectra demon-
strate the minimum of transmittance at
photon energy of 2.2 eV, which corresponds
to absorption band related to surface plas-
mon resonance (SPR) of Cu-metal nanoparti-
cles. Difference in optical transmittance
values of the implanted layer obtained at
current densities of 1, 3, 10 and 30 pA/cm?
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Fig. 2. Transmission spectra of Cu-ion im-
planted layer in silica glass obtained at dif-
ferent current densities: 1 — 1,2 — 3, 3 — 10
and 4 — 30 uA/cm?2.

is due to the dynamies of nanoparticle for-
mation. Temperature of the samples under
the implantation rises with increasing cur-
rent density. This leads to more intensive
copper atoms nucleation and the formation
of mnanoparticles. We determined that at
current density of 8 uA/em? the tempera-
ture of the sample reaches 320 K and of
10 uA/em2 — 420 K. As a result the diffu-
sion and rate of defects production grow up.
Optical specular reflectance spectra of the
implanted samples relative to aluminum mir-
ror are shown in Fig. 8. These spectra demon-
strate the effect of surface plasmon resonance
from copper nanoparticles and essential differ-
ences for the different ion current densities.

3. Theoretical model

The method of determination of the im-
planted layer composition is based on com-
parison of the experimental and theoretical
spectra of optical transmission and reflection.
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Theoretical spectra were calculated tak-
ing into account the possible composition of
the composite, and the optical properties of
its components. Among all the theoretically
possible compositions that composition for
which the theoretical spectrum has the
smallest average deviation from the experi-
mental one is considered to be true.

The structure of the sample was deter-
mined from the TEM images. The samples
consist of three layers. The first one is thin
layer of glass with thickness of about
10 nm. The second one is the modified layer
d; of 60 nm thick, and the third is the sub-
strate of silica glass. Transmission and re-
flection of the top layer was estimated by
Fresnel formulas for a thin transparent
film. Reflection coefficient of the top layer at
wavelength of A = 400 nm is less than 0.1 %.
Therefore, this layer was not taken into ac-
count in calculating the theoretical spectrum.
The sample was considered as the homogene-
ous thin (d; <A) modified layer with refrac-
tive index n; and extinction coefficient k;, on
the thick (d, >> A) substrate of glass.

To calculate the transmission and reflec-
tion spectra Fresnel formulas for the trans-
mittance Tp, (n;, k;, ng d;, €) and reflec-
tance Ry, (n;, kj, ng, d;, €) of thin absorbing
layer between two semi-infinite transparent
media [8] were used. We also took into ac-
count the coefficient of reflectance R, _,(ng)
from the plane boundary of air and trans-
parent medium. In these expressions ng is
the refractive index of glass and ¢ is the
photon energy.

Optical constants of the implanted layer
were determined on the basis of Bruggeman
effective medium theory [9]. Bruggeman
theory allows calculating the optical con-
stants of the composite material using vol-
ume fractions and optical constants of the
constituent substances. We supposed mate-
rial of the composite layer to consist of me-
tallic copper, cuprous oxide (Cu,0) and sub-
strate material (SiO,). The algorithm of the
method for determining composition of the
implanted layer from the experimental spec-
tra is presented below.

Step 1. Optical constants of the compos-
ite material for all possible compositions of
the implanted layer are calculated. Composi-
tion of the material is defined by the volume
fractions of copper (x;), cuprous oxide (x5)
and the substrate material (x3 =1 — x; — x9).
To find the functions of ny(x;) and %;(x;) an
equation of the effective medium theory is
solved for each set of x;:
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Fig. 3. Reflectance spectra of Cu -ion im-
planted layer in silica glass obtained at dif-
ferent current densities: 1 — 1,2 — 3, 3 — 10
and 4 — 30 uA/cm?.

xi~”i ~ Meft _ 0, (1)
oo 2neff
here n; is the complex refractive index of
i-th substance: n; = n; + ik;, n; is the real
part of refractive index, &; is the extinction
coefficient; ﬁeff is effective refractive index
of the composite layer.

The characteristic equation is solved in
two stages. The first step is finding the
global minimum of (1). For this purpose we
use the method of linear search with a large
mesh size (30 x 40 points). Second stage is
clarification of the optical constants 7, val-
ues by using Newton’s method. Such ap-
proach allows us to obtain values of the opti-
cal constants of the composite with sufficient
precision, but with low cost of computing.
This aspect is important, because the proce-
dure must be repeated 103 + 109 times de-
pending on the number of parameters taken
into account and the chosen precision.

Step 2. Optical constants n;(x;) and k;(x;)
obtained at the first step are substituted
into expressions for the optical transmittance
T ouie (xi,dl,sj) and reflectance R, ;. (xi,dl,sj):

Tcalc(xi’dl’gj) = (2)
= TFr (nl(xi),kl(xi)ang,dl’gj) X (1 - Rg—a(ng)),

Rcalc(xi,dl’gj) = TFr (n’l(xi)’kl(xi)’ng’dlagj) +(3)
+ Ry ,(ng) X Ty, (ny(x),k)(X;),ng,d},E)).

At the calculation of theoretical reflec-

tion and transmission spectra the densifica-

tion of silica glass due to ion beam irradia-
tion was taken into account.
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Spectral range for the analyzing experi-
mental data was selected according to the
following several demands:

1. The range should not contain any spe-
cific features. Minimum in the transmission
spectra and maximum in the reflection spec-
tra are associated with the surface plasmon
resonance on nanoparticles of copper. But
the theoretical model ignores this phenome-
non and we can not use the data.

2. In the low-energy photon range, hv <
2.6 eV, the cuprous oxide has a very low
extinction coefficient. This leads to large
errors in the calculations, that is why the
low-energy photons are also excluded from
the chosen spectral range.

3. In our theoretical model we utilize two
assumptions. First, we consider that sub-
strate is transparent. Second, we ignore
scattering of light on the sample surface.
Both assumptions are not valid at high pho-
ton energies, when the absorption of radia-
tion induced defects and the scattering by
surface irregularities become significant.

Basing on these criteria, the range of the
spectrum 2.75 + 3.75 eV (330 + 450 nm)
was selected. Within this range, 5 points
were chosen for processing.

Step 3. For each composition, the stand-
ard deviation of the theoretical spectra
from the experimental ones are calculated.
The characteristic function can be written
as follows:

(CIEDEDY ((Tmeash(gj) - Tcalc(xl’xz’dl’gj))z +

! (4)
+ (Rmeash(gj) - Rcalc(xl’XZ’dl’gj)z)'
Composition, for which the function (4)
takes the minimum wvalue, is considered to
be true.

4. Results and discussion

The method was applied to the samples
shown in Fig. 1. The volume fractions of
the substances, which were contained in the
modified layer, were found. In the Table we
show the composition of the implanted lay-
ers obtained for different ion current densi-
ties. In the considered range of wavelengths
the isolated atoms influence weakly on the
absorption spectra of the samples. So, the
proposed method for determining the chemi-
cal composition of the nanolayers is not sen-
sitive to them, and this method allows reg-
istering the presence of nanoclusters or
large particles of Cu and its compounds.

At the current density of 1 pA/em? the

small values of p and y are obtained because

254

N
N

_ A

Relative volume fraction (y), a.u.

Total volume fraction (p), %
NN
O N DMOODOWMON MO

1 1 1 1 00
2 4 8 16 32

Current dencities, HA/(:m2

N

Fig. 4. The plots of total volume fraction of
copper and cuprous oxide (p = x; + x,) and the
ratio of their volumes (y = x;/x,) as a function
of the current density of ion beam.

of low rate of nanoparticles creation and
high probability of the small nanoclusters
oxidation.

For the sample irradiated at current den-
sity of 83 wA/cm? the y reaches the maxi-
mum value. Formation of larger nanoparti-
cles leads to decreasing the oxidation rate
due to enhancement of ratio of the nanopar-
ticles surface to their volume. The more in-
tensive diffusion results in increase of p.

Under irradiation by ion beam with cur-
rent density of 10 uA/cm?2 almost all copper
atoms gather in nanoclusters. The maxi-
mum of p and considerable sputtering of the
top glass layer is observed. The trend of
y decreasing remains. In current range of
10 + 80 pA/cm? an effect of sputtering be-
comes important. And at the current den-

Table. Composition of the ion implanted
nanolayers derived from the optical char-
acteristics as a function of the set of the
spectra measurements and the beam cur-
rent density

(Cilurr_etnt Usetd Composition
wavont | | G |4 (G0,
1 T and R 2 8

T 2 9
3 T and R 6 7

T 6 7
10 T and R 6 14

T 6 14
30 T and R 2

T 2
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sity of 80 pA/cm? considerable sputtering
of the sample surface leads to decrease of p.

Thus, by varying the beam current den-
sity during the ion implantation, one can
control the chemical composition and optical
properties of the implanted layer.

Spectra of optical transmission and re-
flection were measured from both the irra-
diation side and the substrate side. The re-
sults of "front™ and "back™ spectra analysis
differ only slightly. This confirms the valid-
ity of the model approximation of the homo-
geneous modified layer.

The results of processing the both spec-
tra T,,,,(¢) and R, . (€), and T, .(€) are
compared in Table. As one can see the re-
sults are almost identical.

Thus, this technique allows using the
transmission spectra end only T,,,.(€). In
this case, the sufficiently high accuracy is
maintained, and calculations are simplified.
Furthermore, this advantage is important,
because the most commercial spectro-
photometers can measure the transmission
spectra only.

In this case, the characteristic function
(4) takes the following form:

f(x1,x2’x3) = (5)
2
= 2 (Tmeas(gj) - Tcalc(xl’x2’x3’d’8j)) -
J
The composition, for which the function

(5) takes the minimum value, is determined
in the way described above.

5. Conclusions

Thus, the method for determining the
composition of the implanted layer based on
comparison of the experimental and the
theoretically calculated spectra is devel-
oped. This method is successfully applied to
analysing the copper implanted layer in a
glass substrate. The structure of the im-
planted layers obtained at varying ion cur-
rent density was studied. Thickness of the
layers, that is required in theoretical calcu-
lations, was determined from TEM images.
Based on chemical composition and struc-
ture of the modified layer an interpretation
of the role of various processes taking place
in the implanted layer at the different cur-
rent densities of the ion beam is given.
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Bu3snaueHHs e€JIeMEHTHOTO CKJAAYy iMILJIAHTOBAHMX
HAHOIIAPIiB HA OCHOBI 1X ONTHYHHX BJACTHBOCTEH

I.M.Mucwpa, 1.0.I'ipxa, B.T.I'puyuna

Pospobieno mMeTOAMKY BU3HAUEHHS CKJAAY HAHOIIAPIB 3 BUKOPUCTAHHSAM €KCIIEPUMEH-
TAJbHUX CIIEKTPiB OITHYHOI'O HPOIyCKaHHS 1 Bigburrda. MomeaoBaHHS ONTHUYHUX BJIACTHUBOC-
Tell KOMIIOBUTHOI'0 MaTepialy IIapy HPOBOAMJIOCH BUXOAAUYN 3 Teopil eheKTHBHOIO cepemsoBU-
ma Bpyrremana. Jaruii MeTos BUNPOOYBAHO HA 3pas3Kax 38 KBapPIOBOT'O CKJIa, iIMILJIAHTOBAHUX
nyukamu ioHiB Cu~ 3 emepricio 60 KeB Ta pisHumMu ryctmHamm crpymy. CTpyKTypy Ta
TOBIIMHY HaHomapy (60 HM) BH3HAUEHO METOAOM IIPOCBiuyOuoi eleKTPOHHOI MiKpockoIii.
Ha ocmosi amaxisy onrmunux cmekTpiB oOpamo miamason enepriii doromis (3.5+4.5 eB).
OrpuMano CKJIaJ IMIIAaHTOBAHUX IIapiB y Buriaaal o6’eMHMX KOHIEHTpaliil IX cKIamoBUX
(migi, remioxcuzy mizi (Cu,0) i maTepiany migkragkm).
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