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Abstract. Femtosecond laser structuring is a promising method for obtaining amorphous-crys-
talline silicon (a-Si/c-Si) heterojunction in a-Si thin films, as well as surface structures with
optical anisotropy. Depth-resolved Raman spectroscopy of an a-Si film irradiated at laser flu-
ence of 0.1 J/cm?, which is below «-Si ablation threshold, revealed its surface crystallization
with the crystallized layer characteristic depth of 45 = 5 nm. As a result of such laser irradia-
tion, the electric current rectification coefficient in the film, determined from electrophysical
measurements, increased from 2.7 to 13.6 indicating possible formation of an a-Si/c-Si het-
erojunction. The presence of 10-nm-thick Al coating decreases the number of pulses per unit
area required for a-Si crystallization by 2.5 times. Optical anisotropy of the laser-crystallized
a-Si films is manifested in their optical retardance of 280 + 40 nm, caused by the formation of
one-dimensional surface relief with the period of 1100 = 50 nm.
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AnHotanusa. DPeMTOCEKYHIHOE JIa3epHOE CTPYKTYPUPOBAHME SIBIISICTCSI IMEePCIEKTUBHBIM
METO/IOM TIOJIyUYEHHUSI reTeporiepexona «aMopGhHBI-KPpUCTAUIMYECKU KpeMHuUil» (a-Si/c-Si)
B TOHKHMX IUIEHKax a-Si, a Takke IMOBEPXHOCTHBIX CTPYKTYpP C ONTHYECKO aHM30TPOIUECH.
MeTooM CIEKTPOCKOTMM KOMOMHAIIMOHHOTO pacCesiHUsI CBETa C pa3pellieHueM Mo TIIyOuHe
B TUIEHKE a-Si, 00JIy4eHHOI JIa3epHBIMU MMITYJIbCAMU C TIJIOTHOCTBIO SHEPTUMU HUKE Topora
aossmu (0.1 JIx/cm?), oGHapykeHO (HOopMUpOBaHKE TTOBEPXHOCTHOTO KPUCTAJIM30BAHHOTO
CJIOSI ¢ XapaKTepHOU TONIMHON 45 + 5 HM. DaekTpodusnyeckue M3MepeHus MoKa3ajau, U4To
B pe3yJibTaTe MOJAOOHOro OOJIydeHUs IUIEHKU KO3(MGOUIUEHT BBIIPSIMICHUS 3JIEKTPUISCKOIO
TOKa B Hell yBemmumicsa ¢ 2.7 mo 13.6, yTo yKaspIBaeT Ha BO3MOXKHOE OOpa3oBaHMeE
reTepornepexona a-Si/c-Si. Hanmnune aTioMMHMEBOTO TTOKPBITUS TOIIIMHON 10 HM yMeHbBIIIaeT
KOJIMYECTBO MMITYJIbCOB Ha €AVMHMILY TLIOIIAJAN, HEOOXOAMMOe I KpUCTAIM3auuu a-Si, B
2.5 paza. OnrTmueckast aHM30TPOMHUS JIa3ePHO-KPUCTAIUIM30BAHHBIX TUICHOK a-Si IPOSIBISIETCS
B BUJEe onTUYecKoro 3amasabiBaHus go 280 + 40 HM 3a cueT OpMUPOBAHUS OTHOMEPHOTO
MOBEPXHOCTHOTO pelibeda ¢ mepuogom 1100 = 50 Hm.
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Introduction

Advances in the ultrafast laser-assisted fabrication technologies open up prospects for
improvement of photovoltaic devices based on thin amorphous silicon (a-Si) layers with
heterojunctions “a-Si — crystalline silicon (c-Si)”, as well as polarization-sensitive optical
elements for the near and middle infrared (IR) ranges, based on thin @-Si layers with submicron
surface relief that possess optical and electrophysical anisotropy [1, 2]. Employing ultrafast laser
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pulses leads to well-known phenomenon of laser-induced periodic surface structures (LIPSS)
formation. The presence of optical anisotropy in the LIPSS allows fabricating optical elements
that are sensitive to polarization, by direct femtosecond laser irradiation of thin films without
photoresists and lithography. Such integrated optical elements may be of interest for polarization
optical measurements, forming structured light beams, and for telecommunications, as selectors
of polarized light signals in fiber-optic communication lines [3, 4].

Another femtosecond laser pulses application is laser-induced crystallization, being of interest
for thin a-Si layers due to possibility of a-Si/c-Si heterojunction formation, which can increase
Si-based solar cells efficiency. Primarily, this approach seems beneficial for HIT structures
(Heterojunction with Intrinsic Thin-layer solar cells), where layers of amorphous silicon are
deposited on a ¢-Si wafer by the PECVD method. The maximum efficiency for HIT solar cells
is 26.7% [5], and the maximum thermodynamic efficiency limit for fully silicon solar cells is
estimated at about 33% [6]. Thus, it is relevant to search for techniques of Si-based solar cells
efficiency increasing. Employing laser pulses of femtosecond duration, compared to longer ones,
for a-Si crystallization [7, 8], especially in context of heterojunction formation in thin a-Si layers
seems beneficial due to more effective localization of laser action at sub-thermal timescale. Also,
the additional a-Si/c-Si heterojunctions resulted from film laser-induced crystallization as well as
higher charge mobility in ¢-Si compared to a-Si could contribute to efficiency increase of solar
cells based on HIT structures.

Materials and Methods

To fabricate a a-Si/c-Si heterojunction by laser-induced a-Si crystallization, at the first stage,
1 um-thick undoped a-Si film was magnetron-sputtered (Robvac VSM 300, 500W) at direct
current on a glass substrate, covered by pre-deposited 500 nm-thick ITO layer, acting as a bottom
contact for electrical measurements. On the second stage, laser radiation parameters required
for a-Si thin surface layer crystallization to form a heterojunction, were determined. For that
purpose, single scan lines were formed via irradiating the film by Satsuma femtosecond laser
(A= 515 nm, T = 300 fs, v = 1 kHz) with constant scanning speed V= 300 um/s and laser spot
diameter D = 50 um, while the fluence E varied from 0.01 to 0.1 J/cm? from line to line.

To investigate the distribution of c-Si phase over the irradiated a-Si film depth, a uniformly
deepening profile was etched (Perkin-Elmer PHI 4300, argon ions, 4 keV, 100 nA) with depth
increasing by 10 = 1 nm for each 100 = 10 pum along the scan line, and the Raman spectra
(Renishaw Raman spectrometer, excitation 532 nm) were measured in the mapping mode with
10 um step along the etched profile. Then, ¢-Si phase volume fraction f, for each point of Raman
map was calculated using the integral intensities of Raman lines corresponding to TO phonon
modes in a-Si (/,, 480 cm™) and ¢-Si (., 521 cm™) as f, = I /(61 + 1), where 6 = 0.1 is an
empirical ratio for the integral Raman scattering cross sections in c-Si and a-Si phases.

To investigate the effect of additional thin aluminum (Al) coating on a-Si laser crystallization,
1 um-thick a-Si films with or without Al coating were deposited on glass substrates and irradiated
in scanning mode. The irradiation was performed by ytterbium solid-state femtosecond laser
Avesta TEMA-DUO (1050 nm, 150 fs, 130 nJ, 78 MHz, laser spot diameter 25 um) which
was purchased within the framework of the Lomonosov Moscow State University Program of
Development and the National Project “Science and Universities” No. DS/45-pr on 28.12.2023
under contract No. 0784-44-2024 on 12.07.2024. The scanning was realized by moving the sample
using an Aerotech motorized translator system in a horizontal plane orthogonally to laser beam
with constant speed, varying from 2 to 2000 mm/s from line to line, resulting in the variation of
the acting laser pulses number N per unit area from 106 to 10°.

On the third stage, a large area (5x10 mm?) was irradiated on the surface of @-Si film in
raster mode with a 40 um step (< D) between the scan lines, using selected laser radiation
parameters (see Results section). To conduct electrophysical measurements in the direction
orthogonal to the sample surface plane, aluminum square-shaped 300x300 pum contacts were
deposited by thermal evaporation in vacuum (VUP-5) on top of both initial and irradiated areas.
The current-voltage characteristics of both initial and irradiated a-Si samples were measured in
the range from —2 to 2 V in air at room temperature using a Keithley 6487 picoammeter with
integrated power supply. The measurements were carried out in the dark and under illumination
(white light, /= 100 mW/cm?) from the downside through a transparent conductive ITO layer.
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To analyze polarizing properties of LIPSS, the prototypes of 0.5x0.5 cm? a-Si films-based
waveplates were fabricated. For this purpose, a 1 pum-thick a-Si film without pre-deposited
contacts or Al coating was irradiated by femtosecond laser (Avesta, 1250 nm, 150 fs, 10 Hz)
at fluence £ = 0.15 J/cm?, higher than ablation threshold. The irradiated surface was analyzed
by scanning electron microscopy (SEM, Vega 3, Tescan). Optical delay measurements were
performed in the near and middle IR ranges using a Bruker IFS 66v/S IR Fourier spectrometer
in transmission geometry with varied polarization of the transmitted radiation.

Results and Discussion

Depth-resolved Raman spectroscopy of etched meanders demonstrated that the intensity of
the narrow peak corresponding to ¢-Si TO mode (521 cm™') decreases rapidly along the etched
meander, which indicates the presence of crystalline Si phase only in the thin surface layer
(Fig 1, a). The dependence of f, on the irradiated a-Si film depth determined from the Raman
spectra has a sharp character (Fig. 1, b): at the film surface f, is 86 = 4%, remaining the same up
to the depth of 20 = 5 nm, and then decreases rapidly, reaching zero at a depth of 45 =5 nm.
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Fig. 1. Depth dependent Raman spectra of meander area (zero coordinate along meander corresponds

to the center of ion etched crater) (a); crystalline silicon volume fraction dependence on a-Si film

depth (b); Raman spectra for the a-Si with 10 nm Al layer irradiated with 80 000 laser pulses;
a-Si without Al, irradiated with 200 000 laser pulses; and initial ¢-Si film (c)

Comparison of the Raman spectra for the irradiated a-Si films with and without Al coating
(Fig.1, ¢) revealed that for the film without Al layer no crystallization is observed below laser
pulses number N = 200 000, while above this value almost complete crystallization of the film
is achieved, with f up to 96 + 1%. On the other hand, for the a-Si film with a 10 nm-thick Al
coating, Raman spectroscopy data has shown that laser induced crystallization begins to occur at
N = 80000, which is 2.5 times less than that required for crystallization of a-Si without Al coating.
Stich results can be attributed to the higher absorption of Al compared to Si, and, consequently,
more efficient laser-induced heating of the a-Si film with an Al coating. At N = 80000 and above
the film is also almost completely crystallized with £, = 99 + 1%, while at lower N, however, only
Al layer melting is observed without Si film crystalhzatlon

The obtained f, distribution data allowed to set up the following optimal laser irradiation
parameters for a-Si/c-Si heterojunction fabrication in the a-Si film: fluence 0.1 J/cm?, repetition
rate 1 kHz, scanning speed 300 um/s.

The current-voltage characteristics both for the initial a-Si film and for a-Si/c-Si heterojunction,
fabricated using the mentioned above laser irradiation parameters, demonstrate a pronounced diode
character (Fig. 2, a, b), indicating the presence of a potential barrier in both structures. However,
the resistance of the laser-irradiated a-Si film decreased about 500 times compared to the initial
one, being the result of upper layer partial crystallization with crystalline Si (nanocrystalline,
nc-Si) phase formation, which is known to have a lower resistivity compared to a-Si. Both
samples’ current-voltage characteristics demonstrate “rectifying” character with the rectification
coefficient k calculated as the ratio of the current strength in the forward and reverse voltage bias
increasing from 2.7 to 13.6 at a voltage of U = 2 V after laser irradiation. Increased rectification
coefficient can be attributed to the laser-induced formation of an additional potential barrier for
free charge carriers in the form of a a-Si/nc-Si heterojunction.
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Fig. 2. The current-voltage characteristics of («) initial and (b) laser-processed a-Si film with ITO

contact, insets show its connection to the picoammeter; (c) SEM image of the irradiated region with

LIPSS on a-Si surface, (d) IR transmission spectra for the initial ¢-Si film and the film irradiated in
LIPSS formation mode

For the 1 pum-thick @-Si film on a glass substrate fabricated as waveplate prototype, low
spatial frequency LIPSS (LSFL) presence with a period of 1100 £ 50 nm was confirmed by
SEM (Fig. 2, ¢). Formed as a result of femtosecond laser irradiation with fluence above the
ablation threshold, these structures possess high regularity. The IR transmission spectra (Fig. 2, d)
demonstrate alternating maxima and minima in the spectra of both the initial and irradiated films,
emerging as interference in the layered structure of the samples. The decreased transmittance and
lower interference amplitude for the laser-irradiated sample is associated with the formation of a
crystalline phase in it, as well as diffuse scattering on the formed surface relief. More importantly,
the interference maxima at 0° polarization of the transmitted light in the laser-irradiated film are
shifted significantly, compared to the initial film. Based on this shift in the interference maxima
positions, a difference in refractive indices of ordinary and extraordinary waves was determined
as 0.47 = 0.07. The anisotropy axis orientation was also determined to be parallel to the ridges of
the formed LSFL. Thus, the fabricated waveplate prototype based on a-Si demonstrates an optical
retardance value of 280 + 40 nm, which can be attributed to the anisotropic surface relief of LSFL
in the form of alternating nc-Si/air micron-scale ridges.

Conclusion

In this study, for a thin surface layer (45 £ 5 nm) of a-Si film exposed to femtosecond laser
pulses the crystallization with a high crystalline Si volume fraction of 86 4% was achieved
Moreover, employing Al coating on a-Si film not only decreases the number of pulses required for
its effective crystallization due to more effective light absorption, but also leads to almost complete
crystallization of the film thin surface layer, with volume fraction reaching up to 99 = 1%. The
formed structures are showing increased rectification coefficient due to formation of a-Si/c-Si
heterojunction, which is promising for photovoltaic cells improvement. Irradiation of a-Si films
by femtosecond laser pulses with the fluence higher than a-Si ablation threshold leads to LIPSS
formation. This surface relief, in a form of LSFL, possesses the optical retardance of up to
300 nm. Such optically anisotropic structures could be used as a basis for creating polarization-
sensitive optic elements, for example, quarter-wave plates for the near-infrared range.
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