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Abstract
This work presents results of comparative studies of the optical absorption coefficient spectra of ion implanted
layers in silicon. Three nondestructive and noncontact techniques were used for this purpose: spectroscopic
ellipsometry (SE), modulated free carriers absorption (MFCA) and the photo thermal radiometry (PTR).
Results obtained with the ellipsometric method are the proof of correctness of the results obtained with the
MFCA and PTR techniques. These techniques are usually used for investigations of recombination parameters
of semiconductors. They are not used for investigations of the optical parameters of semiconductors. Optical
absorption coefficient spectra of Fe+ and Ge+ high energy and dose implanted layers in silicon, obtained
with the three techniques, are presented and compared.
Keywords: silicon, ion implantation, optical absorption coefficient spectra, modulated free carrier absorption,
photo thermal radiometry, ellipsometry, nondestructive techniques.
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1. Introduction

Nowadays the ion implantation is still an important tool in modern electronics [1–4]. Influence
of the implantation process on different physical parameters is measured with several techniques.
In this paper Fe+ and Ge+ ion-implanted silicon samples are investigated. Reaction of iron and
silicon during ion implantation is reported in [5]. Issues of recrystallization behavior and thermal
annealing of silicon samples implanted with iron are described in [6, 7]. Results of the low-
energy Fe+ ion implantation into silicon nanostructures are reported in [8]. In turn, ferromagnetic
behavior of Fe+ implanted Si is presented in [9]. Results of investigations of silicon implanted
with Ge+ ions after annealing are reported in [10–12]. Ion implantation damage and crystalline-
amorphous transition in Ge are discussed in [13]. Thermal oxidation of Ge-implanted Si and the
role of defects are reported in [14].
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In this paper three measuring techniques are considered and compared: spectroscopic ellip-
sometry (SE), modulated free carriers absorption (MFCA) and the photo thermal radiometry
(PTR). Modulated free carriers absorption is a technique routinely applied to characterize mate-
rials recombination parameters such as the lifetime of carriers [15–18]. It is not routinely applied
to measurements of optical properties such as coefficient spectra of optical absorption. Photo
thermal radiometry is a technique applied to characterize materials recombination and thermal
parameters [19–23]. A comparison of these methods from the point of view of investigations of re-
combination parameters in silicon is presented in paper [24]. Both the MFCA and PTR techniques
proved appropriate tools for investigating properties of implanted layers [25–29]. Spectroscopic
ellipsometry is a well-established optical technique, routinely applied to characterize materials
optical and structure properties [30]. As non-destructive, non-invasive and highly sensitive to
changes of optical properties, ellipsometry is one of the most suitable methods for studies of
implanted materials. The technique has already been applied for the investigations of the optical
constants’ modification and the process of amorphization of silicon due to the ion implantation
[31–35], as well as for the characterization of a damage profile [36, 37].

2. Sample preparation and experimental methods

In our research, we used silicon p-type samples. The samples had been grown using the
Czochralski method. The samples exhibited the (1 1 1) orientation. The concentration of the
Boron dopant and resistivity of the samples were 1015 cm−3 and 10 Ω·cm respectively. After
standard cleaning and polishing, wafers were cut into square 5 mm× 5 mm× 0.375 mm samples.
Fe+, Ge+ ions were introduced into silicon samples. The energy of implantation was 100 keV.
The doses of ions were about 1014 cm−2. The implanted area had the same size in the all samples
i.e. 2 mm × 2 mm.

The experimental setup for modulated free carriers absorption method measurements is
presented schematically in Fig. 1 and described in details elsewhere [26]. This setup allows for
spatial profile measurements of the MFCA signal in the frequency domain.
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Fig. 1. Block diagram of the experimental set-up used for investigations of the MFCA frequency characteristics
and the spatial profile distribution measurements.

324



Metrol. Meas. Syst.,Vol. 27 (2020), No. 2, pp. 323–337
DOI: 10.24425/mms.2020.132778

The experimental setup for photo thermal radiometry method measurements is presented
schematically in Fig. 2 and described in details elsewhere [29]. This setup allows for spatial
profile measurements of the PTR signal and its measurements in the frequency domain.
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Fig. 2. Block diagram of the experimental set-up used for the PTR frequency characteristics
and spatial profile distribution measurements.

The ellipsometric spectra Ψ(E) and ∆(E) of the implanted Si samples were recorded at room
temperature in the photon energy range 0.75–6.4 eV with the resolution of about 0.03 eV using
a Woollam RC2 dual rotating compensator ellipsometer. For high accuracy of the subsequent
experimental data analysis, the measurements were applied at multiple angles of the incident
light. The spectra of the Mueller matrix elements reveal that no mode conversion by either the
optical anisotropy nor the light depolarization is present. Thus, the discussion below will be
restricted to Ψ and ∆. Additionally, the surface roughness of the studied specimens was measured
with atomic force microscopy AFM (with a Park XE-150 device).

3. Theoretical background

MFCA and PTR signals strongly depend on the lifetime of carriers. With the decreasing
lifetime of carriers, there is a strong decrease of the amplitude of the signal. The lifetime of
carriers as well as their diffusion length in the implanted layer are much smaller than in the silicon
substrate. In sum, the measured signal comes mainly from the silicon substrate (see Fig. 3). The
ion implantation causes also a significant increase of the optical absorption coefficient in the
implanted layer as compared to the substrate.

A simplified model which describes the dependence k (E) results from the Lambert–Beer law
which says that the intensity of light passing through a sample of the thickness l is described as:

I (E) = I0 exp
[−β(E) · l] , (1)

so for the MFCA measurements

k (E) =
MFCAi (E)
MFCAs (E)

= exp
[
−nβ · βs (E) · d

]
(2)
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Fig. 3. Simplified diagram of the implanted sample under the laser beam excitation. Symbols are as follows: I0 – the
intensity of the excitation light, βi – the optical absorption coefficient in the implanted layer, ßs – the optical absorption
coefficient in the silicon substrate, d – the thickness of the implanted layer, l – the total thickness of the sample, µ – the

optical absorption path.

or for the PTR measurements

k (E) =
PTRi (E)
PTRs (E)

= exp
[
−nβ · βs (E) · d

]
, (3)

βi (E) = nβ · βs (E) = nβ · A ·
(
E − Eg

)2
, (4)

where: E – photon energy, nβ – increase coefficient of the optical absorption coefficient in the
implanted layer compared to the silicon substrate, A – absorption factor for silicon. Indices in
the equations are the following: i – implanted layer, s – substrate, d – thickness of the implanted
layer.

The proposed simplified model can be used for interpretation of results obtained with the
MFCA and PTR methods for silicon samples implanted with various ions under two conditions.
The first condition is that the diffusion length of carriers in the implanted layer is much smaller
than its thickness. This information is obtained from the frequency measurements of the MFCA
or PTR characteristics. The second condition is that the amplitudes of the MFCA and PTR
signals must be read out at a frequency where the plasma components dominate in the frequency
characteristics.

In ellipsometry, information about material and geometrical properties can be deduced from
the measurement of the change of the light polarization state after interaction with the sample
under study [38–42]. A diagram of the ellipsometric measurement is shown in Fig. 4.

The sample is illuminated at the oblique incidence angle with light of known polarization.
The measured reflected light polarization state is described by two parameters, Ψ and ∆, which
refer to the arc tan of the amplitude ratio and the phase shift respectively, of p- and s-components
of polarized light as described by the fundamental equation of ellipsometry [30, 43].

ρ = tanΨei∆ =
Rp

Rs
=

Erp/Eip

Ers/Eis
, (5)

where Rp and Rs are the Fresnel reflection coefficients.

326



Metrol. Meas. Syst.,Vol. 27 (2020), No. 2, pp. 323–337
DOI: 10.24425/mms.2020.132778

Fig. 4. Diagram of an ellipsometric measurement. The sample is illuminated at the oblique incidence angle θ0 (θ1 is the
angle of refraction) with the polarized light. The polarization state of the measured reflected light depends on the optical
properties (complex refractive index N ) of the sample and thicknesses of the layers in the case of the layered sample.
Symbols Ei p , Eis denote p- and s-components of the incidence polarized light, where Er p and Er s are components

of the reflected light, and Rp and Rs reflection coefficients of p- and s-polarization, respectively.

Once the Ψ(E) and ∆(E) spectra are measured the samples parameters of interest are de-
termined by the transfer matrix calculus in the process of a nonlinear least-squares numerical
inversion of experimental data, assuming the parameterized optical model which consists of plan-
parallel layers, each described by its optical constants and thickness. Ellipsometry on implanted
materials is based on the fact that the implantation substantially changes their optical properties
[44]. In the most common case of the implantation of the crystalline material at a relatively
high energy (more than 10 keV), amorphization of the implanted area occurs and, obviously, the
amorphous medium has very different optical properties from the crystalline one. However, as
was recently shown, even in the case of low energy ion implantation (around 1 are keV), where no
amorphization is observed, implantation-induced damages change optical constants of the media
which, thanks to their high precision, can be observed with ellipsometry [45–47].

4. Results and discussion

The thickness of the implanted layer necessary for calculations of the optical absorption
coefficient of the implanted layer from the MFCA and PTR measurements was calculated using
the TRIM software. The Fe+ and Ge+ ions distributions are presented in Fig. 5 and Fig. 6,
respectively.

The thickness of the implanted layer was 174 nm for a sample implanted with iron ions and
149 nm for a sample implanted with germanium ions.

Optical absorption coefficient spectra of crystalline silicon, amorphous silicon, Si:Fe+ im-
planted layer determined by the MFCA method are presented in Fig. 7.

Optical absorption coefficient spectra of: crystalline silicon, amorphous silicon, Si:Ge+ im-
planted layer, determined by the MFCA method are presented in Fig. 8.
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Fig. 5. Distribution of Fe+ ions in silicon computed in the TRIM software.
The thickness of the implanted region d is about 174 nm.
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Fig. 6. Distribution of Ge+ ions in silicon computed in the TRIM software.
The thickness of the implanted region d is about 149 nm.

Optical absorption coefficient spectra of: crystalline silicon, amorphous silicon, Si:Fe+ im-
planted layer, determined by the PTR method are presented in Fig. 9.

Optical absorption coefficient spectra of: crystalline silicon, amorphous silicon, Si:Ge+ im-
planted layer, determined by the PTR method are presented in Fig. 10.

From the results obtained with the use of the MFCA and PTR methods, it is easy to conclude
that the increase of the optical absorption coefficient in the implanted layer is bigger than in
the case of literature references concerning the amorphous silicon. The obtained results needed
experimental verification so the ellipsometric measurements are performed. They were treated as
the reference measurement results.
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Fig. 7. Optical absorption coefficient values for silicon samples implanted with Fe+ ions obtained
from MFCA spectral measurements (full squares). Circles – theoretical optical absorption
coefficient spectra of implanted silicon (full circles) and non-implanted silicon (empty circles).

Diamonds – optical absorption coefficient spectrum of an amorphous silicon [51].
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Fig. 8. Optical absorption coefficient values for silicon samples implanted with Ge+ ions
obtained from MFCA spectral measurements (full squares). Circles – theoretical optical ab-
sorption coefficient spectra of implanted silicon (full circles) and non-implanted silicon (empty
circles). Diamonds – optical absorption spectrum coefficient of an amorphous silicon [51].

In the case of crystalline silicon (c−Si), the presence of SiO2 on the top of Si after exposure
to air needs to be taken into consideration as an additional layer, beside the implanted region
of the sample (i−Si), in the optical model. Having in mind that optical constants of these three
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Fig. 9. Optical absorption coefficient values for silicon samples implanted with Fe+ ions obtained
from PTR spectral measurements (full squares). Circles – theoretical optical absorption coeffi-
cient spectra of implanted (full circles) and non-implanted silicon (empty circles). Diamonds –

optical absorption coefficient spectrum of amorphous silicon [51].
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Fig. 10. Optical absorption coefficient values for silicon samples implanted with Ge+ ion
obtained from PTR spectral measurements (squares). Circles – theoretical optical absorption
coefficient spectra of implanted silicon (full circles) and non-implanted silicon (empty circles),

Diamonds – optical absorption coefficient spectrum of amorphous silicon [51].

materials are significantly different [44], thicknesses of the top layer of the implanted region i−Si
and SiO2 can be determined using the so-called 5-phase model: c−Si/i−Si/SiO2/BEMA where
BEMA stands for the additional layer which describes surface roughness of the sample according
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to the Brugemann Medium Approximation [30] theory. The non-implanted region of the samples
was also measured and its optical constants determined to ensure that the reference data for
Si and SiO2 can be applied to data modeling. Since the effect of implantation on the optical
properties of SiO2 is minor [48], it was assumed that its optical constants were not modified due
to implantation.

Finally, in order to ensure a unique fit between experimental and simulated data, the optical
constants of the i−Si layer were described by a parametric dispersion function model. Among
various dispersion functions, Tauc–Lorentz (T–L) [49] and Cody–Lorentz (C–L) [50] are the most
commonly applied to the amorphous materials. Both describe the main absorption of the material
using a broad Lorentzian line shape with zero absorption below the bandgap. However, as the C–L
oscillator also includes the Urbach absorption term to model absorption below the bandgap, this
model was chosen. To find good starting points, the parameters of C–L model were first fitted to
the reference data for the amorphous silicon [51]. Afterwards, all C–L model parameters together
with thicknesses of the implanted SiO2 and roughness layers, di−Si, dSiO2 , dr , respectively, were
varied to match the experimental and simulated data. The standard Levenberg–Marquardt routine,
as implemented in the CompleteEASETM software, was used to fit model parameters [52].

Results of the fitting procedure of ellipsometric data for Fe+ and Ge+ implanted silicon samples
are shown in Fig. 11 and Fig. 12 where solid and dotted lines denote modeled and experimental

Fig. 11. Model (dots) and experimental (solid lines) Ψ, ∆ ellipsometric spectra of an Fe+
implanted silicon sample for angles of the incident light from 45◦ to 75◦ with a step 5◦.

Fig. 12. Model (dots) and experimental (solid lines) Ψ, ∆ ellipsometric spectra of a Ge+
implanted silicon sample for angles of the incident light from 45◦ to 75◦ with a step 5◦.
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data, respectively. Interference fringes in the ellipsometric spectra below the photon energy range
~2.5 eV indicate the light reflection at the i−Si/Si interface. Therefore, the thicknesses of all
modeled layers can be determined based on the ellipsometric data analysis in this energy range.

It should be noted that optical constants of the implanted region are in principle vertically
inhomogeneous [36]. The variation of the complex refractive index with the depth of the film can
be modeled as a layer structure where each layer is described by the composition of amorphous
and crystalline Si according to the effective medium theory [37]. Such sophisticated modeling
gives a chance to obtain the ion implantation-induced damage depth profile [36]. Nevertheless,
a very good match between experimental and theoretical curves, as shown in Figs. 11 and 12,
with the average mean square error MSE around 4 proves that a much simpler theoretical model
in which the implanted region is expressed as a layer with parameterized optical function (C–L
oscillator) can be successfully applied in ellipsometric studies of ion implanted Si.

The determined real n and imaginary k parts of the complex refractive index of the Fe+ and
Ge+ implanted silicon regions for all the samples studied are shown in Fig. 13.

Fig. 13. Real n and imaginary k parts of the complex refractive index of Fe+ and Ge+ implanted silicon samples determined
after numerical inversion of ellipsometric data. Data for crystalline c−Si [51], amorphous a−Si [51] and self-implanted

i − a−Si [33] silicon are plotted for comparison.

It can be seen that the optical spectra of the implanted layer are indeed similar to the corre-
sponding spectra for amorphous Si. All the obtained layers thicknesses are collected in Table 1.
The determined thicknesses of the roughness layer dr for all the studied samples are in good
agreement with the corresponding root mean square Rq value obtained with AFM.

Table 1. Determined, by the spectroscopic ellipsometry, thicknesses of the implanted di−Si, SiO2 dSiO2 , and roughness
dr layers for Fe+, Ge+ ion implanted Si samples.

Ion di−Si [nm] dSiO2 [nm] dr [nm] Rq (AFM) [nm] MSE

Fe+ 146.65 ± 0.05 2.77 ± 0.02 6.45 ± 0.09 4.4 5.28

Ge+ 113.87 ± 0.05 0.71 ± 0.03 2.58 ± 0.09 2.4 5.43
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Optical absorption coefficient spectra of: crystalline silicon, amorphous silicon, Si:Ge+ im-
planted layer, Si:Fe+ implanted layer determined by the ellipsometry method are presented in
Fig. 14.

Fig. 14. Optical absorption coefficient spectra of: crystalline silicon, amorphous silicon, Si:Ge+, Si:Fe+ implanted silicon
layers calculated from n and k spectra obtained from ellipsometric measurements.

A comparison of values of the nβ parameter, describing the increase of the optical absorption
coefficient of the implanted layers respective to the silicon crystalline substrate and defined by
equation (4), obtained for Fe+ and Ge+ ions, with different measuring methods is presented in
Table 2.

Table 2. Comparison of the values of changes of the optical absorption coefficient in implanted layers, expressed by nβ
parameter, determined by MFCA, PTR and ELIP methods.

Ion dTRIM [nm] nβ–MFCA fitting nβ–PTR fitting nβ–ELIP fitting

Fe+ 174 33.94 ± 4.88 35.09 ± 13.11 36.58 ± 5.69

Ge+ 149 40.50 ± 4.15 35.30 ± 4.35 40.18 ± 5.15

5. Conclusions

This paper shows a comparison of the results of measurements of the optical absorption
coefficient spectra of implanted layers in silicon. For comparison the layers of silicon implanted
with a high energy and high dose Fe+ and Ge+ ions were chosen. Three measuring methods i.e.
the modulated free carrier absorption (MFCA), photo thermal radiometry (PTR) and ellipsometry
were chosen for comparison. The ellipsometric method was used as the reference method for to
the MFCA and PTR methods.

The following conclusions can be drawn from the experiments. All the three methods gave
similar values of the nβ factor, describing the increase of the optical absorption coefficient spectra
in the ion implanted layers respective to the crystalline silicon spectra, both for Fe+ and Ge+
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ions. It turned out that this factor nβ for the investigated implanted layers is approximately two
times bigger than the literature nβ factor for the amorphous silicon (nβ = 17). This nβ factor for
MFCA and PTR methods was extracted in this paper from the experimental k (E) spectra with
the simplified model. However, its application is limited to the implanted layers exhibiting a very
short diffusion length of carriers. The ellipsometric method does not have this limitation and as
such is more universal.

As for practical consequences, a compatibility between modeled and experimental ellipso-
metric curves shows that the relatively simple optical model proposed here, in which optical
response of the implanted region is described by the Cody–Lorentz dispersion formula, can be
successfully applied in ellipsometric studies of ion implanted silicon. When compared to the
more sophisticated model, in which the implanted region is described with multiple layers with
a different ratio of amorphous and crystalline Si, this model substantially reduces the model
parameter correlation. Therefore, we believe that the model proposed here can be successfully
applied in ellipsometric studies of implanted silicon with any ions.

For MFCA and PTR methods the thickness of the implanted layers must be computed with
the TRIM program while in the ellipsometric method it is measured directly. A comparison
of the results obtained in this way shows that the thicknesses are similar. The methods used
have no limitations in terms of the sample size. The ellipsometric method does not require
a calibration curve for the apparatuswhich, unfortunately, is required for MFCA and PTR methods.
Considering the cost, the MFCA and PTR methods are much more favorable when compared
to the ellipsometric method. As for disadvantages of PTR, it requires precise optics focusing
infrared radiation on the surface of the detector. In the MFCA technique, the disadvantage is the
need to provide a precisely correlated position of two laser beams. To sum up all three methods
have their advantages and disadvantages but the comparison presented in this paper shows that
the results obtained with these methods are similar at least for the high energy and high dose ion
implanted layers.
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