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Pulsed laser annealing of silicon implanted with manganese ions
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This work describes a technique for pulsed laser annealing of silicon preliminarily hyperdoped with manganese
atoms using ion implantation. Optimal laser annealing regimes were selected which provided the best crystallinity
of the samples. In this work the influence of pulsed laser annealing on some optical and structural properties of
hyperdoped silicon wafers was also analyzed through studies of Raman spectra, studies of the atomic composition
of the material using energy-dispersive X-ray spectroscopy, as well as studies of infrared absorption spectra in the

wavenumber range from 700 cm ™! to 1300 cm ™.
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Introduction

As known, crystalline lightly-doped silicon (Si) is an
indirect-band-gap semiconductor with a band gap of
E, =1.12¢V at T =300K. It has a good capacity of
absorbing ultraviolet (UV), visible and near-infrared (IR)
radiation (0.4—1um), but is almost transparent in a more
long-wavelength portion of the near- and middle-IR region
(1—15um). Therefore, Si is widely used in optoelectronics
as a material for photodiodes with a photosensitivity edge
up to approx. 1 um. Si doping with shallow-level (ionization
energy lower than 0.05eV) p-type (B) or n-type (P, As,
Sb) impurities from periodic groups III and V helps
provide the required type and conductivity, and this is
extensively used in micro- and optoelectronics applications
for creation of a wide range of devices. Whilst there
is a great demand for enhancement of Si functionality
to the near- and middle-IR regions (1—10um), where
narrow-bandgap semiconductors A3;Bs (InAs, InSb) and
CdHgTe, whose treatment technique is low compatible
with traditional silicon treatment, are the base materials for
optoelectronics.

A promising approach to increasing Si absorption in
the 1-10um range involves Si hyperdoping [1] with
deep-level (ionization energy 0.1—0.5eV) impurities such
as chalcogens (S, Se, Te) [2,3] or transition and noble
metals (Ti, V, Fe, Co, Ni, Ag, Au) [4]. Si hyperdoping
means implantation of an impurity in a concentration
range above 10 cm™3. Such doping level is consider-
ably higher (by several orders of magnitude) than the
equilibrium solubility values of these impurities in Si
(=10 — 10" cm=3) and is followed by formation of
impurity bands. The presence of impurity bands facilitates
absorption of low-energy photons with E < E4(Si). To
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achieve such high doping levels, non-equilibrium meth-
ods are required such as ion implantation and pulsed
(femto-, pico- and nanosecond) laser irradiation through
fast melt and crystallization processes (=~ 1—5m/s). Rapid
development in this research area (Si hyperdoping) has
started since the 2000s and to this point promising results
have been achieved for high optical absorption level of
Si in the 1-10um range (up to 50%) and for pho-
tosensitivity on photodiode structures up to 500 mA/W
at the telecommunications wavelengths of 1.31um and
1.55 ym.

According to the existing reviews of Si hyperdoping, Ti,
V, Fe, Co, Ni are the primary doping impurities from the
range of transition 3d-metals. No studies on Si hyperdoping
with manganese (Mn) for optoelectronic applications have
been found. The existing literature [5] reports that Mn
impurity in Si forms two p-type levels (E, + 0.33 and
E, +0.55eV). At the same time, Mn impurity in Si
is deemed as promising for creation of a ferromagnetic
semiconductor [6-9] for spintronics applications. This is
covered in a series of studies on Si implantation with high
doses of Mn* with following fast thermal or laser annealing
that reported on the achievement of ferromagnetism at
T > 300K [10,11].

Thus, Mn impurity behavior in Si is of research and
applied interest both for optoelectronics in terms of develop-
ment of IR-range (1 — 10um) photo-sensitive devices and
for spintronics in terms of development of spin injectors.
The study employs pulsed laser annealing (PLA) of a n-Si
plate implanted with low-energy (40keV) Mn™. The effect
of PLA on some structural and optical properties of exposed
Si:Mn layers will be also addressed.
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Figure 1. SEM image (energy 5keV, magnification 378*) of
the Si:Mn sample surface with a 1 x 1 mm square area after PLA
(W = 1.3J/cm?, 10ppd). Top and bottom lines — are laser
engraving traces.

Methods and materials

Double-side polished single-crystal Si
(n-type phosphorus-doped silicon, resistivity 4—5Qxcm)
n-type, with crystal-lattice orientation (100) and 350 um in
thickness was used as initial samples. Before implantation,
the Si plate was put into hydrofluoric acid (HF) to remove
the surface oxide (SiO;), then washed in distilled water
and dried in compressed air. ILU-3 ion-beam accelerator
was used for implantation of n-Si plate with singly charged
Mn'. Manganese chloride served as a substance for ion
production. Ion energy Mn" was E = 40keV. Ion dose
(fluence) was D = 1 x 10'®ions/cm? at ion beam current
density j = 3uA/cm?. Implantation was conducted with
water cooling of a steel container with the exposed Si
substrate and at normal incidence of Mn™ beam. According
to the calculations of Mn* paths in Si in SRIM software,
the design ion path for 40keV is equal to R, = 38 nm at
a profile width of 33nm. According to the implantation
dose and ion path data, the maximum concentration of Mn
atoms in the distribution peak may achieve 2.8 x 10*! cm—3
(5.6 at.%).

Pulsed laser annealing of the implanted Si plate was
carried out on HTF MARK laser system (Zelenograd,
Russian Federation) using 120 ns laser pulses with a central
wavelength of 1064nm. The maximum pulse repetition
rate of the system is 80kHz and the maximum pulse
energy is 1mlJ. Focusing and surface scanning by laser
radiation were performed using a galvanometer double-
mirror scanner equipped with F-0-lens with a focal distance
of 160mm. The focused Gaussian laser beam diameter
was about 50um at 1/e? of its maximum intensity. The
laser annealing experiments were carried out at normal
beam incidence in sulfur hexafluoride gas atmosphere (SFs)

supplied to an insulated chamber at 2 x 10° Pa to displace
atmospheric gases and steam. For the experiments using
laser-beam raster scanning with scanline spacing about
30um, 1x 1mm square areas were treated (Figure 1).
To achieve the best crystallinity of silicon plates, laser
energy density acting on the surface was varied from
W = 1.0J/cm? to 2.0J/cm? in increments of 0.1 J/cm?. The
pulses per dot were also varied —10, 20 and 100 ppd. While
the energy density was varied by pulse energy variation, the
pulses per dot were varied by varying scanning rate 100,
20, 10 mm/s for 10, 20 and 100 ppd, respectively. The pulse
repetition rate was fixed at 20 kHz.

The crystal properties of the samples were studied by
the 3D scanning Raman scattering spectroscopy method
using Confotec 350 spectromicroscope (SOL instruments,
Belarus) at an excitation wavelength of 532 nm with spectral
resolution of 0.5cm™!.

For surface topography and chemical analysis, Tescan
Vega scanning electron microscopy (SEM) equipment
(Czech Republic) was used. Xplore EDX detector made by
Oxford Instruments (UK) was used for energy-dispersive
X-ray spectroscopy.

IR transmission and reflection spectra in the wavenumber
range from 700 to 1300cm~! (wavelengths — from 14.3
to 7.7um) were measured at room temperature using
FT-805 infrared Fourier spectrometer (Simex, Russia) with
a spectral resolution of 0.5cm~!. Sample absorption was
later calculated using the following equation

A=100%-R-T,

where A is the absorption, R is the reflection and T is the
transmission.

Findings and discussion

Structure of the implanted and laser-annealed samples
was examined using the Raman spectroscopy method.
Each laser-treated area was examined by measuring Raman
spectrum in 100 points in a small area of 100 x 100 um.
Then, arithmetic mean of 100 values of recorded Raman
spectra was calculated for integral assessment of crystallinity
of the total treated surface area.

Figure 2 shows the Raman spectra for the origin single-
crystal Si sample and for Mn' implanted Si samples
before and after PLA with optimized energy density
W = 1.3J/cm? at ppd = 10. This energy density was
chosen considering the best symmetry of the base peak
of crystalline Si (521 cm~!). The Raman spectrum of the
origin n-Si(100) substrate has phonon peaks at 305, 521
and 955cm~!. The Raman spectrum after ion implantation
has peaks at 170, 305 and 521cm~! and an ,arm®“ at
480cm~!. Peaks at 170 and 480cm™! are assigned to the
amorphous Si phase on the surface and peaks at 305 and
521 cm™! are induced by underlying single-crystal substrate
layers because the green laser light (532nm) used for
Raman signal excitation penetrates the silicon to a depth of
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Figure 2. Raman spectrum for the origin single-crystal Si sample
(black line) and for implanted Si:Mn samples before PLA (blue
line) and after PLA (red line).

~ lum. Laser processing of the implanted layer with melt
achievement results in the disappearance of amorphous Si
phase traces and the Raman spectrum of the sample in this
case closely resembled the origin crystal spectrum.

Figure 1 shows a SEM image of the Si:Mn sample surface
with the test area after PLA. Two lines on the top and
bottom were engraved by laser before for easy orientation
during examination. The treated 1 x 1 mm square area is
between the two lines. The image of the laser-affected
area exhibits slight roughness. The same contrast in the
areas on the image before and after annealing shows that
these areas have similar atomic composition. Also, the
image shows individual melt drops and contamination that
may be removed by more careful cleaning of silicon, for
example by the RCA technique [12]. The table shows
atom concentrations of the main chemical elements (silicon,
manganese and oxygen) for the samples before and after
PLA. The surface was examined by the EDX method with
irradiation by an electron beam at an accelerating voltage of
10 keV. Therefore, the approximate depth of electron-beam
probing was about 600nm [13]. No significant changes in
the concentration of main chemical elements were found
after PLA, only a slight redistribution at a level of percent
proportions occurred, which corresponds to the SEM data
(Figure 1). A relatively low content of oxygen at a level of
atom percent units indicates the presence of a thin silicon
oxide layer on the sample surface. In addition, it should
be noted that the oxygen concentration remained almost
unchanged after PLA in the inert gas atmosphere, which
differs from the expected increase during laser processing
in air [14].

Figure 3 shows the IR absorption spectra in a wavenum-
ber range from 700 to 1300cm™! for the initial single
crystal silicon sample and for implanted SiMn samples
before and after PLA. Dashed lines show the main IR
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Concentration of main chemical elements of the Si:Mn samples
before and after PLA

Element before PLA, at.% after PLA, at. %
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Figure 3. IR absorption spectrum for the origin single-crystal Si
sample (black line) and for implanted Si:Mn samples before PLA
(blue line) and after PLA (red line).

absorption band positions in silicon compounds [15,16].
Si-O-Si-absorption bands are clearly seen at 820cm™!,
970cm~! and 1108cm~!. Moreover, at 740cm~!, an
absorption peak for metasilicate (SiO3) is seen. Also, there
is a hydroxide peak (Si-OH) at 880cm~!. The Figure
shows that the absorption level of the origin sample in the
examined spectral region is 10—25%. After implantation,
the absorption level in the SiMn sample will grow a little,
probably, due to the radiation-induced defects. After PLA,
the absorption level will considerable grow up to 40%. This
growth is probably caused by formation of an impurity
band due to high concentration of Mn atoms (more than
2 x 10! cm™3) after implantation and PLA. Also, the effect
of high carrier (hole) concentration on the absorption level
cannot be ruled out [17], but requires further electrophysical
measurements by the Hall effect method. Thus, optimized
PLA of Mn™ implanted silicon in SF also helps remove
Si amorphization effectively, avoid penetration of foreign
sulphur and fluorine impurities, and considerably increase
the middle-IR absorption of the sample due to formation of
the impurity band.
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Conclusion

The study selected the appropriate PLA conditions for
silicon plates hyperdoped with manganese atoms using ion
implantation to ensure the best crystallinity of the samples.
The appropriate energy density of laser pulses was equal to
1.3J/cm?, and the number of pulses per dot was 10 ppd.

After PLA, the Raman spectrum suggested a sudden
decrease in the amorphous component of the material
and increase in crystallinity. Examination of SEM images
and review of EDX data showed a slight change in the
concentration of the main chemical elements. The main
absorption bands of silicon oxides and hydroxides were
identified on the IR absorption spectra, and assumptions
on the causes behind the increase in IR absorption after
PLA were made.
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