112 Doklady of the National Academy of Sciences of Belarus, 2024, vol. 68, no. 2, pp. 112117

ISSN 1561-8323 (Print)
ISSN 2524-2431 (Online)

DOU3UHKA

PHYSICS
UDC 535.34:546.23:546.28 Received 18.03.2024
https://doi.org/10.29235/1561-8323-2024-68-2-112-117 [MocTynuio B penakuuto 18.03.2024

Ting Wang!, Academician Fadei F. Komarov?, Irina N. Parkhomenko!,
Guofeng Yang?, Junjun Xue*

'Belarusian State University, Minsk, Republic of Belarus
4. N. Sevchenko Institute of Applied Physical Problems of Belarusian State University,
Minsk, Republic of Belarus
3School of Science, Jiangnan University, Wuxi, China
“College of Electronic and Optical Engineering & College of Flexible Electronics (Future Technology),
Nanjing University of Posts and Telecommunications, Nanjing, China

SILICON HYPERDOPING USING SELENIUM
AND MANGANESE ION IMPLANTATION AND PULSED LASER ANNEALING

Abstract. The effect of pulsed laser annealing (PLA) on the structure and optical properties of Mn-, Se- and (Mn+Se)-
implanted silicon layers was studied. 95 keV Mn* and 200 keV Se* ions were implanted separately and together into p-type Si
wafers up to the fluence 1 - 10'® cm at room temperature. Then, the samples were irradiated in the ambient air with a single
2 J/em? ruby laser pulse. The detailed redistribution of Mn and Se atoms in the implanted layers during PLA was examined
using Rutherford backscattering spectroscopy in random and channeling configuration. It was found that a notable percentage
of implanted manganese atoms diffuses to the silicon surface, while the Se concentration depth profile broadens in both
directions after PLA. Mn co-implantation enhances the Se diffusion to the surface, which leads to a Se decrease in crystalline
silicon, but it does improve the crystal structure of the implanted silicon layer due to the increase of diffusion velocity. In
contrast to the Mn-implanted sample, Se-implanted and (Mn+Se)-co-implanted samples after PLA exhibit strong optical
absorption in the infrared range. The observed band at 0.6 €V is associated with electronic transitions from the intermediate
band to the lowest energy levels of the conduction band.
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T'MIOEPJOIINPOBAHUE KPEMHUS C HOMOLIBIO UMIIJIAHTAIIUY HOHOB CEJIEHA
N MAPTAHIOA U UMITYJIBbCHOTI'O JIABEPHOI'O OTXKHUTA

AunHoTanusi. M3ydyeHo BiusiHHE MMIYJbCHOro JsazepHoro omxkura (MJIO) Ha cTpykTypy M ONTHYECKHE CBOWCTBA
HUMILIAHTHPOBAHHBIX HOHaMK Mn-, Se- u (Mn+Se)-cioes kpemuus. Honsl Mn™ ¢ sueprueii 95 k3B u Se* ¢ sneprueii 200 k3B
OT/ENBHO U COBMECTHO OBLIM MMILTAHTHPOBAHBI B ITACTHHBI Si p-Tuna paBubiMu (uroencamu 1 - 10'° cM~? npu KoMHATHOI
Temmeparype. 3areM 00pasubl 06 1yYaauch UMIYJIbcaMi PyOMHOBOIO Jia3epa ¢ IIOTHOCTIO dHepruu 2 Jlx/cm?. Jletasn-
HOE Tnepepacrpesiesienne aroMoB Mn u Se B UMILUIaHTUPOBaHHBIX cloax rnpu MJIO uccnenoBansock ¢ moMoOUIbI0 cly4yalHbIX
1 KaHAJHPOBAHHBIX CIIEKTPOB pe3ep(POpIOBCKOro 0OpaTHOro paccesHus. bplo oOHapyKeHO, 9TO 3HAYUTEIbHBIH IPOLEHT
MMILTAaHTUPOBAHHOTO MapraHia TuGQyHIUPYET K MOBEPXHOCTH KPEMHHUS, @ KOHIIEHTPAIHOHHBIN TPOdUiIs Se 1o riryonHe
YIIHPSAETCS KaK K MOBEPXHOCTH, TaK U B IIy0b oOpasua B Teuenue MJIO. CoBmecTHast umMIutantanust Mn ycuinpaet aud-
¢Gy3uio Se K MOBEpXHOCTH, YMEHbBIIAET aKTUBALUIO S€ B KPUCTAUIMYECKOM KPEMHHH, HO YIy4YIIaeT KPUCTAJUITMYECKYIO
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CTPYKTYpPY UMILJTAHTHPOBAHHOI'O CJIOS KPEMHHs. B omnnume oT 006pasioB, HMIUIAHTHPOBAHHBIX TOJNIBKO Mn, Se-MMIUIaH-
tupoBaHHble U (Mn+Se)-KouMIUTaHTHPOBaHHbIE 00pa3ibl nocie NJIO NeMOHCTPUPYIOT CHIIBHOE ONTHYECKOE HOTJIOMICHUE
B HH(pakpacHOM nuamnazoHe. Habmronaemas monoca noriomenus npu 0,6 3B cBs3aHa ¢ 371€KTPOHHBIMHU IIEPEX0JaMHU MEXK Y
C(l)OpMPIpOBaHHOl\;I l'lO)I3OHOI>i U HUXKHUMHU DHEPTeTUYCCKUMHU YPOBHSAMU 30HBI ITIPOBOAUMOCTH.

KuroueBble cjioBa: KpeMHUH, THNEpIONMPOBAHNE, HMIUIAHTAIIMS CeJIeHa M MapraHIia, Ja3epHbI OTXKHT, HO/30HA, 10~
TJIONICHHE

Jast uuTupoBanus. [MIepIONUpoOBaHHE KPEMHHUS C MOMOIIbIO MMIUIAHTAIIMM MOHOB CEJICHA U MapraHiia U UMITyJib-
cHoro sazepuoro omxura / Tun Ban [ np.] / Jokn. Ham. akaz. nayk bemapycu. —2024. — T. 68, Ne 2. — C. 112-117. https://doi.
org/10.29235/1561-8323-2024-68-2-112-117

Introduction. Silicon is the most commonly used semiconductor in microelectronics and optoelec-
tronics. Due to the large band gap (1.12 eV), the optical advantages of silicon are eliminated in the IR
range (>1.1 um). Specifically, silicon photodetectors are insensitive at three main fiber-optic communi-
cation wavelength bands: S, C and L [1]. The equilibrium solubility of chalcogens (S, Se, Te) in silicon
is ~10' em™. Such concentrations of chalcogen atoms lead to the formation of deep levels in the silicon
band gap. However, impurity levels merge into a subband at supersaturation (concentrations exceeded
by 4-5 orders above the equilibrium solid solubility concentration). Hyperdoping is currently being used
to engineer new materials with unique and exotic properties. Silicon hyperdoped with chalcogens exhib-
its strong subband gap absorption down to photon energies as low as 0.5 eV [2]. To realize hyperdoping
above the solid solubility limits, nonequilibrium methods such as ion implantation followed by femto-,
pico-, and nanosecond laser pulses [3—5] or flash-lamp annealing were used.

The properties of 3d transition-metal impurities in silicon have attracted growing interest in recent
years. Being fast diffusers in silicon, they influence the performance of silicon devices if introduced
unintentionally. Mn is one of the 3d transition metals, and it diffuses interstitially into silicon at a high
temperature, and most of it can remain at the interstitial site after quenching from high temperature
[6]. On the other hand, higher Mn silicides are promising materials for applications in optoelectronics,
spintronics, and thermoelectrics due to their interesting physical and chemical properties, e.g., the direct
band gap in the infrared region, ferromagnetism with relatively large magnetic moment, large Seebeck
coefficient, and high resistance to oxidation at high temperatures [7].

This work reports on the fabrication of Se-hyperdoped silicon layers using ion implantation followed
by pulsed laser annealing (PLA) and with the assist with Mn*. We focus on the structural and optical
properties of the Mn-implanted and Se-implanted layers and coimplanted with (Mn+Se) ions silicon
layers after PLA. These results may contribute to the development of optoelectronic devices and related
technologies.

Materials and methods of research. P-Si <111> KDB 10 wafers (2 x 2 cm?) were separately im-
planted with 200 keV Se* and 95 keV Mn" ions to the fluence of 1 - 10'® ions/cm? at room temperature.
One of the Mn-implanted samples was then co-implanted with 200 keV Se* ions at the same fluence
(1 - 10'® cm™2). Some of the as-implanted samples were subjected to PLA using a ruby laser single pulse
with A = 694 nm and a full width at half maximum 70 ns. The laser beam had been homogenized to
a beam spot with a diameter of 4 mm. The energy density in the laser pulse was set as 2 J/cm?.

The Mn and Se concentration depth distribution profiles, fraction of impurities at lattice sites, and Si
crystallinity of the implanted and annealed samples were analyzed by Rutherford backscattering spec-
troscopy in random (RBS/R) and channeling directions (RBS/C) using 1.5 MeV He" ions. The impurity
concentration profiles were extracted from the RBS/R spectra using HEAD software. The RBS spectra
were simulated using this software stepwise until complete overlap with the experimental spectra was
achieved. For comparison the Mn and Se depth profiles were calculated with the SRIM-2013 code [8].

To investigate the crystalline quality of the modified silicon layers, Raman spectroscopy measure-
ments were performed in backscattering geometry with a Ramanor U1000 (Jobin Yvon) spectrometer
using a 532 nm laser beam as the excitation source.

The optical properties of the samples were investigated by measurements of the transmittance (7)
and specular reflectance (R) spectra using a Lambda 1050 UV/Vis/NIR spectrometer. The specular re-
flectance spectra were measured at an 8° incident angle using a Universal Reflectance Accessory with
an accuracy of 0.1 %. Absorptance spectra were calculated using the following formula:

A=100%—-R-T.



114 Doklady of the National Academy of Sciences of Belarus, 2024, vol. 68, no. 2, pp. 112-117

Results and discussion. Fig. 1 shows the RBS spectra of the annealed implanted samples in random
and channeling regimes.
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Fig. 1. Channeling and random RBS spectra of the samples implanted with Mn (a), Se (b) and Mn+Se (c) after PLA

To estimate the restoration of disordered implanted silicon surfaces after PLA and the degree of
substitution of Se, the values of y; and y, were used. These values represent integral channeled-to-ran-
dom ratios in channels associated with Si (channels 150-275) and embedded impurities (Se) (channels
300—-400), respectively. For perfect bulk silicon, ernlm is equal to 0.05. The degree of crystallinity of the
implanted layer (f, ) was determined using the formula

1—%si
Jor =5 M
1- Xmin
The fraction of impurity atoms in the silicon lattice sites f_, - was calculated using the formula from

the work [9]:

1-x
f Se subst — 1— SS: : (2)

The corresponding calculated values are given in Table.

The degree of Si crystallinity and Se substitutional fraction in silicon for the implanted layers

Implanted ions 1% -y Jop %0 Jse subst 70
Mn™* 0.893 0.038 94.0 —
Se* 0.888 0.781 93.5 86.0
Mn"+ Se* 0.924 0.634 97.2 67.0

In the case of Mn implantation, PLA causes fast Mn diffusion to the surface, and there is no differ-
ence between the aligned and random spectra. This suggests that no lattice Mn incorporation occurs.
In contrast to Mn, Se substitutional incorporation occurs after PLA up to 86 and 67 % for the Se- and
(Mn+Se)-implanted samples, respectively. Thus, the preliminary Mn implantation affects Se substitution
in silicon. However, the annealed (Mn+Se)-implanted sample stands out by the best extent of restoration
of the silicon crystal structure.

Fig. 2 shows the Mn and Se depth profiles extracted from the RBS spectra and simulated ones using
SRIM code. In the case of the samples as-implanted with one type of ions, the maxima of Mn and Se
concentration slightly shift to the surface and deep into, respectively, compared with the corresponding
SRIM simulated ones. However, the maximum of the Se concentration profile slightly shifts also to the
surface for the sample co-implanted with (Mn+Se).

PLA results in a significant diffusion of Mn to the subsurface layer (50 nm) for Mn-implanted sam-
ple. In the case of the sample implanted with (Mn+Se), after PLA, the out-diffusion of Mn increases,
but a certain amount of Mn impurities (>0.5 %) remains at a depth of up to 120 nm. In the case of the
Se-implanted sample, PLA leads to a considerable Se redistribution toward the surface and into the bulk.
The presence of Mn atoms in the implanted sample enhances diffusion of Se atoms to the surface. The
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Fig. 2. Depth distribution of Mn (a, ¢) and Se (b, d) concentrations of the sample implanted with Mn (a),
Se (b) and Mn+Se (c, d)

thickness of layer embedded with Se atoms after PLA extended to 250 and 300 nm depth with and with-
out Mn presence, respectively.

In silicon, Mn atoms have much bigger diffusion coefficient (107® ¢cm?/s [10]) than Se atoms
(8.6 - 107'° cm?/s [11]). As we can see from Fig. 1, the existence of Mn does improve the diffusion ve-
locity of Se in silicon. Although the increase of diffusion coefficient leads to more ions diffuse to the
surface, it does bring a more uniform diffusion rate, which makes the ion distribution in silicon more
uniform and improves the crystal structure. At the same time, the existence of Se atoms slows down the
diffusional mobility of Mn atoms. Therefore, Mn atoms itself diffused deeper in the silicon substrate.

Fig. 3 shows the Raman spectra of the as-implanted and annealed samples. It should be noted that the
signal from the amorphous Si at 480 cm™! did not manifest itself in the spectra of the as-implanted sam-
ples. However, in the case of the Se-implanted sample, the Raman spectrum exhibits a band at 509 cm!
which is attributed to silicon under tensile stress. The stress level is about 5 GPa [12]. The spectrum of
the sample implanted with Mn+Se exhibits a band with maximum at 519 cm™! (~0.7 GPa) with the Si
band shoulder at lower wavenumbers. Thus, Mn co-implantation suppresses the formation of Si layer
with tensile stress. Subsequent PLA substantially improves the crystallinity of the implanted layers. In
contrast to the Mn-implanted sample, the spectra of samples implanted with Se and Mn+Se exhibit Si
band shoulder at lower wavenumbers. It assigns with the incorporation of Se in the silicon matrix. Based
on the Raman spectra, the perfection of crystal structure of Se and Mn+Se samples after PLA is similar.

According to the RBS data, the average concentration of Se atoms in a 200 nm thick silicon layer
after PLA is ~4 - 10*° cm™ for the Se-implanted sample. The concentration of Se atoms substituting
silicon lattice atoms in the doped region is 3.4 - 102 cm=. The rest of the implanted impurities is in the
form of polyatomic clusters [13] or segregated to the sample surface. We use the Mott theory to estimate
the possibility of an acquired concentration of Se atoms to form an impurity sub-band in the silicon [14].
The critical concentration of donor electrons NV, for the insulator-to-metal transition (IMT) in group-IV
semiconductors can be estimated using the following formula [15]

N"3ay =0.25,

a;I is the first Bohr radius of the donor electrons. The first Bohr radius can be represented as [16]
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Mn, Se and Mn+Se before and after PLA Fig. 4 shows the absorptance spectra of the im-
planted silicon before and after PLA. In the case of
the Mn-implanted layer, PLA results in the 6—8 % increase of absorptance in NIR spectral range, where-
as the absorptance for Se- and (Mn+Se)-implanted silicon increased by up to 50 and 40 %, respectively.
As can be seen from this figure, the incorporation of Se after PLA results in the formation of wide band
in the NIR range with the maximum at 0.57 and 0.64 eV for Se- and (Mn+Se)-implanted silicon, respec-
tively. It correlates with the activation energy of the Se deep donor level in Si (£, — 0.593 eV) [17]. The
smaller energetic position of the maximum of the NIR band for the Se-implanted sample is explained by
the higher fraction of Se atoms in substitutional lattice sites.

Conclusions. Se-hyperdoped silicon layers with an average concentration of approximately 1 at.%
were formed by the implantation of Se ions and by co-implantation of (Mn+Se) ions followed by nano-
second laser annealing at an energy density in pulse of 2 J/cm?. Preliminary Mn implantation decreases
the Se substitutional fraction in silicon lattice, but enhances the restoration of the Si crystal structure
via PLA. Se-hyperdoped silicon layers demonstrate effective absorptance in the NIR range (up to 50 %),
which is caused by the formation of an impurity sub-band in the silicon band gap at approximately
0.6 eV below the conduction band. Future experiments will provide additional insights into the unusual
optical and electronic properties that can be achieved in silicon supersaturated with Se using ion-implan-
tation and pulsed laser annealing.
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