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Abstract. In this work, we present the formation of silicon layers hyperdoped with selenium through Se implantation
followed by pulsed laser annealing. The concentration depth distribution of Se atoms was investigated by Rutherford
backscattering. The crystallinity of the doped silicon layer and the fraction of Se atoms in Si lattice sites were
determined using backscattering yield analysis. Experimental and theoretical sub-band properties were compared and
discussed. Notably, a significant increase in light absorption across a wide spectral region (0.2-23.0 um) was
observed, demonstrating the potential of selenium hyperdoping for enhancing infrared absorption in silicon.
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AHHoTanmsi. B 3Toli pabote MbI mpezacTaBisieM (HOPMUPOBAHUE CIIOEB KPEMHHsI, THIICPIOMUPOBAHHBIX CEIICHOM,
MyTeM MMIUIAHTAMK Se ¢ MOCICAYOIIMM UMITYJILCHBIM JIa3€PHBIM OTXKHUIOM. Pacrpe/iesieHre KOHIIEHTPAIMH aTo-
MOB Se 1o riryOuHe ObLIO MCCIIEI0BaHO MeTooM obparHoro PesepdopmoBckoro paccesHust. KpucramuimuaHocTh
JIETUPOBAHHOIO CJIOSI KPEMHHUS M JI0JISl aTOMOB Se B y3Jlax perieTkd Si ObUIH OmpeesieHbl ¢ MOMOIIbI0 aHannu3a
BBIXOJIA PACCESIHHBIX HOHOB Teliis B PEKMME KAHATMPOBAHUS MX. BbUIM CpaBHEHBI M OOCYXICHBI KCIICPHUMEH-
TaJbHBIE U TEOPETHUYECKUE XAPAKTEPUCTHKH MOA30HBI B 3anpelieHHoi 308e Si. [IpuMedarenisHo, yTo HabIr01a10Ch
3HAYUTEIHHOE yBEIMUEHHUE TIOTIIOMIEHUS CBETa B MUpOKoi obmactu crekrpa (0,2—23,0 MKM), IEMOHCTpHUPYIOIIEe
TMOTCHIUAJI TUIICPAOIIMPOBAHUA CEJICHOM JIJIA YCUJICHUSA TOTJIOIECHUA I/IH(I)paKpaCHOFO N3JIYUYCHUSA KPEMHUEM.
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Introduction. In recent years, number of the world’s
leading micro- and optoelectronic laboratories have
been working to develop high performance photodetec-
tors and light emitting devices in the near (NIR) and
mid-IR(MIR) regions, silicon waveguides and modula-
tors whose fabrication will allow electronic and optoe-
lectronic devices to be integrated in a single integrated
circuit. But due to the large band gap of silicon
(1.12 eV), for the wavelength longer than 1.1 pum, optical
and electrical performance of silicon drops sharply.
Extending the sensitivity of silicon-based and silicon
technology-compatible photodetectors and solar cells to
the IR range is therefore an active area of research.

It has been established that the highest absorption
coefficient (~10* cm?) in the IR spectral range (up to
~3 um) is registered for single-crystalline silicon
hyperdoped with chalcogen atoms (S, Se, Te). The
equilibrium chalcogen solubility in silicon is ~10%—
107 cm3, If the impurity concentration exceeds the
equilibrium solubility limit by 3—4 orders of magni-
tude, the impurity levels form an impurity sub-band.
Then, photon absorption through electron transitions
"valence band — impurity sub-band" and “impurity
sub-band — conduction band" becomes possible. Im-
purity doping level higher than the equilibrium
threshold can be achieved by non-equilibrium
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techniques such as ion implantation followed by
femto-, pico-, and nanosecond laser pulses.

Experimental. Silicon (111) p-type double-side
polished wafers were implanted with 140 keV #Se*
ions to the fluences of 3.1 - 10% (Se (0.75 %)/Si) and
6.1 - 10% (Se (1.5 %)/Si) ions/cm?. Pulsed laser irra-
diation of the implanted samples was initiated by a
ruby laser pulse (A = 694 nm, FWHM = 70 ns) with a
uniform pulse energy distribution along the area with
a diameter of 4 mm. The energy density W in the laser
pulse was set as 2 J/cm?. Se concentration depth dis-
tribution profiles, fraction of impurities at lattice sites
and Si crystallinity of the implanted and annealed
samples were analyzed by Rutherford backscattering
spectroscopy in combination with the channeling
technique (RBS/C) using 1.4 MeV He" ions. The op-
tical properties in the NIR spectral range were inves-
tigated through measurements of the transmittance
and specular reflectance spectra using the Lambda
1050 UV/Vis/NIR spectrometer. The specular reflec-
tance spectra were measured at an 8° incident angle
using a Universal Reflectance Accessory with an ac-
curacy of 0.1 %. The optical properties in the MIR
range were studied by Fourier Transform Infrared
Spectroscopy (FTIR) in the transmittance and reflec-
tance mode using a Perkin Elmer Spectrum 3 Optica
FTIR spectrophotometer.

Results and discussion. Pulsed laser melting
leads to a considerable redistribution of the implanted
impurity toward the surface and into the bulk (200—
250 nm) with the formation of a decreasing plateau
with the average Se concentration nearly 7.5 - 10—
1.0 - 10°cm=and 1.1 - 10%-1.5 - 10?° cm2 for the
ion fluences of 3.1 - 10%° and 6.1 - 10'® ions/cm?, re-
spectively and accumulation of impurity in the near-
surface layer of around 10-20 nm thickness. As a
result, a thin layer of accumulated selenium (~1-3 %
of the total number of implanted atoms) formed in the
near-surface region of the Si sample (Figure 1).
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Figure 1 — Depth distribution of Se concentration measured
in random and channeling regimes on the samples implanted
with the fluence of 3.1 - 10 cm2(a) and 6.1 - 10> cm2 (b)

The degree of crystallinity f, of the laser annealed
layer was calculated by the formula from Ref. [1]:

1y Si
for = ﬁ 1)
1— Se
for = ﬁ )
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Table 1. The degree of crystallinity of silicon layer (fer) and
the fraction of impurity at lattice sites after implantation of
selenium ions and laser annealing W = 2 J/cm?

Se ion for= Seyield in Seyield in Se
fluence 15/ |  random aligned case | fraction
(em™) (1Xmin)s case (Se/cm?) in the
% (Se/cm?) lattice
sites, %
3.1-10%° | 93.6 3.05-10%° | 0.86-10% 72.0
6.1-10° | 919 5.46-10% 1.66-10%° 69.6

For the used ion fluences, the lattice incorporation
given in Table 1 is relatively low and stems from the
trailing edge of the profiles. This suggests some incor-
poration of Se at the interface area between the im-
planted layer and underlying crystalline substrate as
well as a higher incorporation of Se atoms at the Si
lattice sites in the near-surface region. The sensitivity
of the RBS method is about 0.01 at. %. The energy
density of W = 2 J/em? was found to be optimal in
terms of achieving structural perfection (greater than
91 %) and maximizing the concentration of Se at lat-
tice sites (greater than 69 %).
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Figure 2 — Absorptance spectra of samples with the Se
concentration of 0.75 % (1, 1a) and 1.5 % (2, 2a): before
(1, 2) and after PLA (1a, 2a).

Conclusion. The obtained NIR and MIR absorp-
tance spectra (Figure 2) indicate the formation of a
sub-band in silicon. The PLA results in an increase of
absorption by about 15-17 times in the NIR range.
These data also show the increase of absorption after
PLA in the MIR range. This indicates the existence of
transitions between the formed sub-band and the
conduction band of silicon. Before annealing, the
implanted layers exhibit a weak absorption after the
fundamental absorption edge (1.1 um). PLA leads to
the formation of a wide absorption band in the range
of 1-5 um with a maximum at 2 pm (0.6 eV), which
correlates with the activation energy of the Se deep
donor level in Si (Ec — 0.593 eV) [2].
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