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ABSTRACT

The unique capabilities of time domain Brillouin scattering (TDBS) for studying post-implantation effects on op-
tical and opto-elastic properties of semiconductors are discussed. This method utilizes coherent acoustic phonons
to measure depth-dependent optical and opto-elastic changes arising from structural damage caused by ion im-
plantation. This non-destructive technique is shown to be two orders of magnitude more sensitive than Rutherford
backscattering spectrometry. Results are presented for silicon carbide (SiC), gallium arsenide (GaAs) and diamond.
Using the TDBS approach, we have obtained depth-dependent profiles of the complex refractive index in hydrogen
implanted 4H-SiC, and of the photoelastic coefficient in hydrogen implanted GaAs. In helium implanted diamond
samples, both the complex refractive index and the photoelastic coefficient have been determined. A comparison
between indirect (4H-SiC, diamond) and direct (GaAs) band gap semiconductors shows the sensitivity of TDBS to
the particular optical properties of different semiconductors. These studies provide basic insight into the depen-
dence of optical properties on defect densities created by ion implantation, which is of relevance to the fabrication
of photonic and optoelectronic devices. Further development of TDBS shows promise for measuring the depth

dependent positions of specific defects (color centers) in wide band gap semiconductors.

1. Introduction

Essential to the basic understanding of the ion-matter interaction is the
experimental determination of depth profiles of implanted species and the
damage produced during the implantation process. This can provide in-
formation about the electronic and nuclear stopping mechanisms, and
their coupled effects [1] involving defect dynamics [2,3]. There are var-
ious depth profiling techniques in use, e.g., Rutherford backscattering
[4,5], elastic recoil detection [6,7], secondary ion mass spectrometry
[8,9], particle induced X-ray emission [10,11], X-ray fluorescence
[12-14], X-ray photoelectron spectroscopy [15,16], and others.

In this paper, we review advances in time-domain Brillouin scat-
tering (TDBS) as applied to ion implanted semiconductors and show
examples of depth profiling of optical and elasto-optical properties for
GaAs, 4H-SiC, and diamond. TDBS, known as picosecond ultrasonics or
coherent acoustic phonon (CAP) spectroscopy, is a nondestructive
technique and offers markedly high depth resolution for all materials
under study. It is an ultrafast optical pump-probe technique and has
been thoroughly reviewed by Matsuda et al. [17] and Gusev et al. [18].
In short, an optical pump pulse absorbed in a thin transducer generates
a strain wave (coherent acoustic phonons or CAP) that traverses a
material. The reflection and transmission of the optical probe pulse is
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then modulated by the travelling CAP wave which results in a signal
containing oscillations as light scatters from acoustic phonons due to
Brillouin scattering. The amplitude and frequency of the Brillouin os-
cillations depend on the material’s elastic, optical and opto-elastic
properties that, in general, can be depth dependent.

To date, TDBS has been widely used to access depth dependent
material properties such as elastic and optical inhomogeneities in dis-
ordered films [19-21], ion implantation induced modification of in-
terfacial bonding [22], sub-um textures in materials compressed at
megabar pressures [23,24], doping profiles [25], depth-dependent
stress [26], imaging of grain microstructure [27], and determination of
laser-induced temperature gradients in liquids [28]. It has been shown
that TDBS is sensitive to ion implantation induced damage in gallium
arsenide [29-31], diamond [32] and silicon carbide [33] at low flu-
ences.

2. Results
2.1. Theoretical background

The measured change in reflectivity due to propagating CAP wave
(strain wave), 7(z, t), is proportional to the real part of the complex
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reflectance, AR/R, = 2Re[dr/1,], where subscript zero indicates an un-
perturbed system. The complex reflectance for a CAP wave propagating
in an inhomogeneous medium can be written as [20]:
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where k is the wavevector, Pj, is the photoelastic coefficient. When
depth dependent variables are slowly varying functions of depth co-
ordinate, the acoustic pulse can be assumed to be a delta-like strain
pulse and integral in Eq. (1) can be taken analytically resulting in the
following expression for the changes in the complex reflectance:
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where v is the speed of sound, C is a complex constant. Eq. (2) is valid
only when the speed of sound is constant (or its depth variation is
negligible) in the damage region. This is true for all experiments pre-
sented below as they are performed in a relatively low fluence im-
plantation regime.

2.2. Depth dependence of the photoelastic coefficient of H implanted GaAs

For direct band gap materials like GaAs, defects created by ion
implantation at low fluences that cannot be measured by RBS/
Channeling, affect the dielectric function and its first derivative with
respect to energy (proportional to the photoelastic coefficient) [30].
Fig. 1a shows experimental data for 180 keV proton implanted GaAs at
3 x 10' cm ™~ 2 probed near band edge of GaAs. Clearly, the amplitude of
Brillouin oscillations is affected in the damage region while its fre-
quency stays unchanged. This change in the amplitude then is directly
related to the changes in the photoelastic coefficient arising from ion
implantation. The corresponding changes in the photoelastic coefficient
are plotted in Fig. 1b [31]. These changes in the photoelastic coefficient
are much broader than the structural damage as predicted by the TRIM
code [34]. Further analysis can be done to calibrate the technique for
profiling defect concentrations as shown by Steigerwald et al. [29].
Such an approach results in measuring defect densities with higher
sensitivity (two orders of magnitude) as compared to RBS/Channeling.
It is important to note that TDBS requires calibration to measure defect
densities directly, while RBS/Channeling does not. As for the photo-
elastic coefficient, TDBS is the only technique capable of measuring
depth dependence of the photoelastic coefficient in a non-destructive
manner. However, it only provides the relative changes in the
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photoelastic coefficient of the damaged sample with respect to the in-
trinsic material [31]. If the intrinsic value the photoelastic coefficient is
not known, it can be acquired utilizing stress induced birefringence,
ellipsometry under uniaxial stress, or Brillouin scattering.

2.3. Depth dependence of the complex refractive index of H implanted 4H-
SiC

Silicon carbide (SiC) is an indirect wide band gap semiconductor
which currently has applications in high power, high temperature, and
high frequency electronic devices. This material is also being in-
vestigated for quantum information applications. TDBS experimental
data for 180keV proton irradiated n-type 4H-SiC is shown in Fig. 2
[33]. The laser wavelength was set just below the band gap (3.26 eV) at
3.1eV. This data is very different from data shown above for GaAs.
There are changes both in the amplitude and the frequency of Brillouin
oscillations in the damage region. Moreover, these changes have a cu-
mulative character, i.e. the amplitude and the phase of Brillouin os-
cillations is different for implanted and unimplanted specimens past the
damage region. According to Eq. (2) and arguments given in the cor-
responding paper [33], such changes in the Brillouin oscillations can be
attributed to the changes in the real and imaginary part of the complex
refractive index. The depth profiles of the changes in the complex re-
fractive index are shown in Fig. 2b,c. Remarkably, the change in the
extinction coefficient is directly related (linearly) to the vacancy dis-
tribution as calculated by the TRIM code (see Fig. 2c). This suggests that
this technique may be used to measure defect profiles for damage levels
in SiC that are not accessible by other means. Concerning the real part
of the refractive index, its profile is much broader and shows a sa-
turation behavior with respect to vacancy concentration (see Fig. 2b).
The possible reasons for such dependence are discussed in the previous
paper [33]. While spectroscopic ellipsometry has been applied to
measure depth profiles of the refractive index, it seems to provide lower
depth resolution and it is highly sensitive to the fitting model.

2.4. Depth dependence of the complex refractive index and the photoelastic
coefficient of He implanted CVD diamond

Diamond is a superior material of great interest due to its unique
mechanical, electronic, thermal, and tribological properties [35].
Moreover, it hosts a wide variety of different types of color centers that
are promising as quantum qubits [36-38]. Experimental data for 1 MeV
He implanted single-crystal CVD diamond reported by Gregory et al.
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Fig. 1. (a) Damage profile as calculated by the TRIM code and Brillouin oscillations for unimplanted and implanted specimens of GaAs, (b) Depth profile of the

relative changes in the photoelastic coefficient [31].
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Fig. 2. (a) Damage profile as calculated by the TRIM code and Brillouin oscillations for unimplanted (red) and implanted (black) specimens of 4H-SiC. (b), (c) Depth
profiles of the relative changes in the real and imaginary parts of the refractive index, respectively. Insets, show their dependence on vacancy concentration [33]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[32] and shown in Fig. 3a indicates that all physical quantities (the
complex refractive index and the photoelastic coefficient) vary in depth
due to ion implantation induced damage. The Brillouin oscillations in
this case are more complex as compared to the examples just discussed
above for GaAs and 4H-SiC.

In order to fit this data, we use Eq. (2), where both the complex
refractive index and the photoelastic coefficient are functions of depth
coordinate. We employ a simple exponential model for the dependence
of the complex refractive index on the vacancy concentration [39,40]:

n(Cy) = ng + (N — no)(1 — e=CV/9), 3

K(Cy) = ng + (Ko = Kp)(1 — e=V/P), 4

where ny and x, refer to the undamaged specimen, and n,, and x, are
saturation values for fully amorphous specimen, a and b are fitting
parameters that define how optical modulation saturation is reached.

To simulate the dependence of the photoelastic coefficient on the
vacancy concentration, we use the same exponential model given in
Egs. (3) and (4)

Pi2(Cy) = Piag + (Praeo — Prao)(1 — e€V/0), )

where P, Piooo, ¢ are fitting parameters. C, is the vacancy con-
centration and a function of depth coordinate, z. Here, the vacancy
profile, , employed in the fit is the vacancy profile obtained from the
TRIM code. Results of fitting procedure are shown in Fig. 3b,c,d.
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Interestingly, the photoelastic coefficient flips its sign in the damaged
region (see Fig. 3b). Also, the profile of this coefficient is broader than
the TRIM vacancy concentration profile, while the real and imaginary
parts of the complex refractive index follow the TRIM vacancy con-
centration profile. Note, that the fitting procedure started initially with
the TRIM profile which resulted in the determination of the dependence
of the photoelastic coefficient and the complex refractive index on va-
cancy concentration. In general, the TRIM vacancy profile can be re-
placed by a Pearson IV function with free parameters as it was done for
SiC [33]. However, the fitting approach taken here is more efficient
because the fitting function has fewer free parameters. A discussion
about the implications of the sign reversal of the photoelastic coeffi-
cient, the decrease in the real part of the refractive index, and the in-
crease in the absorption coefficient (the imaginary part of the refractive
index) can be found elsewhere [32,40].

3. Conclusion

In conclusion, we have reviewed recent advances in the depth
profiling of optical and opto-elastic properties of ion implanted semi-
conductors done by time-domain Brillouin scattering. The TDBS is an
all optical non-destructive technique. The different optical properties
obtained by TDBS can be directly related to the structural damage, and
when compared to RBS/Channeling, TDBS is two orders of magnitude
more sensitive. The application of TDBS to the study of ion-matter
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Fig. 3. (a) Transmission electron microscope cross section for 3 X 10'6 cm ™2 specimen, damage profile as calculated by the TRIM code and Brillouin oscillations for
unimplanted (red) and implanted (black) specimens [32], Copyright 2012 AIP Publishing LLC. Depth profiles of the photoelastic coefficient (b), and the relative
changes in the refractive index (c) and the extinction coefficient (d) for a fluence of 3 x 10'3 em~2in Fig. 3a. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

interactions is clearly advantageous in ion beam experiments over a
wide range of ion fluences, in particular, where highly sensitive char-
acterization cannot be accomplished by other means.
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