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1. Introduction

Abstract. The results of direct femtosecond laser structuring of GaAs wafer coated with
continuous semitransparent gold (Au) film are presented. The obtained structures
demonstrate a combination of different features, namely laser-induced periodic surface
structures (LIPSS) on semiconductor and metal film, nanoparticles, Au islands, and
fragments of exfoliated Au film. The properties of Au-GaAs samples are studied with
scanning electron microscopy (SEM), Raman scattering, and photoluminescence (PL)
spectroscopy. The behaviour of phonon modes and enhancement of band-edge PL of Au-
GaAs composite sample are discussed. The Raman spectra of Au-GaAs sample processed
at different levels of irradiation pulse energy reveal forbidden TO and allowed LO phonon
modes for selected geometry of experiment, as well as the manifestation of GaAs surface
oxidation and amorphization. A 12-fold increase of PL intensity for Au-GaAs sample with
LIPSS compared to initial GaAs surface is observed. The detected PL enhancement is
caused by an increase of absorption in GaAs due to the light field enhancement near the Au
nanoislands and a decrease of nonradiative surface recombination. The blue shift of PL
band is caused by the quantum size effect in GaAs nano-sized features at laser processed
surface. The combination of GaAs substrate with surface micro- and nanostructures with
Au nanoparticles can be useful for photovoltaic and sensorics applications.
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different material that absorbs light in a particular
spectral region. Authors of [7] represented GaAs single-

Gallium arsenide (GaAs) belongs to the actively studied
semiconductors, which are effective alternative materials
for solar cells and for other applications in photonics and
photoelectric devices [1-7]. It has a direct band gap of
1.42 eV and a large refractive index. GaAs demonstrates
higher thermal stability and higher electron compared to
silicon, which makes it perspective for the absorption and
emitting of light. In [1] it is emphasized that GaAs-based
solar cells are actively used in space, concentrator solar
cells, and military applications due to their flexibility and
low weight since they were manufactured as thin-layer
solar cells [6]. However, the temperature gradients
induce more crystalline defects in GaAs-based devices
[1]. Therefore, GaAs began to be used in multi-junction
or cascade solar cells in which every layer contains

junction and multi-junction solar cells (I11-V 2-junction,
I11-V 3-junction solar cells) with potential efficiencies of
30%, 37% and 47%, respectively. The part of defects and
impurities, formed during fabrication, are induced by the
interface recombination losses, optical losses due to a
poor anti-reflection coating, and surface recombination
losses caused by the surface states [7].

Surface texturing is one of the standard approaches
to increase the effectiveness of solar cells by lowering the
surface reflectivity [2, 8, 9]. Moreover, light propagation
in the solar element becomes not perpendicular to the
plane of the p-n junction, consequently increasing charge
collection efficiency. A combination of textured
semiconductor surface with the plasmonically active
metal elements (for example, Au or Ag nanoparticles)
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generates an excitation of surface plasmons (SP) in metal
nanoparticles or surface plasmon polaritons (SPP) in
metal-semiconductor metasurfaces for the efficient light
trapping or sensing applications [2, 3, 10, 11].

The application of laser-based processing of GaAs
in regimes that induce the highly excited carrier densities
and subsequent production of the structures such as laser-
induced periodic surface structures (LIPSS) with im-
pressive properties attracts the interest of scientists from
both fundamental and application point of view [11-21].

Thus, Margiolakis and co-authors [13] presented a
detailed theoretical and experimental study of ultrafast
processes and dynamics of the excited carriers under the
irradiation of GaAs with femtosecond pulsed lasers. The
authors of [15] proposed the fabrication of GaAs micro-
optical components of suitable surface quality by wet
etching-assisted femtosecond laser ablation. The authors
of [16] reported the first terahertz (THz) emitter based on
GaAs processed with the femtosecond laser, which
demonstrates the enhancement of 65% in THz emission
at high optical power as compared to the nonablated
material. Both earlier and recent studies [e.g., 17 and 20]
have pointed out the critical role of surface plasma
electron density in formation of narrow subwavelength
nano-ripples. Some scientific groups studied formation of
high spatial frequency laser-induced periodic surface
structures (HSFL) with a period <0.3 A in GaAs after
irradiation with femtosecond laser pulses in air and
vacuum [21-23]. They emphasized the generation and
diffusion of point defects induced by the ultrafast laser
and showed that the irradiation environment plays an
important role in the mechanism of HSFL formation.

In this study, in contrast to the publications in which
metal nanoparticles were deposited on the surface of
LIPSS after the laser structuring, we perform direct laser
processing of a sample consisting of GaAs semi-
conductor and a thin gold film previously deposited on
GaAs wafer.

2. Experimental details

The Au-GaAs metal-semiconductor composite structures
have been fabricated on the n-GaAs (100) wafers doped
with Te (10" cm™). The deposition of semitransparent
Au films on the surface of GaAs wafers was carried out
by the thermal evaporation of a fixed mass of metal in
vacuum by using the vacuum thermal evaporation system
VUP-5. Before coating the GaAs substrates were
degreased, an oxide was removed, and sulfide passivation
was performed. The thickness of Au film of about 41 nm
was determined using multi-angle incident SE-2000
spectroscopic ellipsometer (Semilab Ltd.).

The ultrafast laser processing of created Au-GaAs
composite structures has been performed using a
femtosecond laser — a Ti-sapphire laser system based on
a Mira-900F femtosecond oscillator with a Legend-HE
chirped pulse amplifier (Coherent, USA). The femto-
second laser irradiation had the following characteristics:
the central wavelength 830 nm, a pulse duration was

within 130...150 fs, a pulse repetition rate was equal to
1 kHz, a pulse energy was close to 0.67 mJ in front of the
diaphragm and lens, and 0.27 mJ behind them. A laser
power meter “Field Master GS” with a detector head
“LM-10" (Coherent, USA) was used to measure the
average laser power. The surface texturing has been
performed using the scanning beam regime at different
distances between the sample and the lens, which leads to
different fluences and effective pulse number per spot;
and at different velocities in the range 1.3...2.6 mm/s
which also leads to a change in effective pulse number
per spot. The processing parameters have been close to
and slightly beyond the damage threshold associated with
the fluences that induce the melting of GaAs [13]. During
the laser processing, a vertically standing sample stage
moves at a defined velocity. The horizontally polarized
laser radiation is incident normally onto the sample
surface. The laser processing has been performed in the
air in the multi-pulse regime. The irradiation geometry
including the focusing by a cylindrical lens and the
scanning by the obtained wide beam provides a smooth
spatial variation of the irradiation parameters orthogonal
to the scan line. In combination with a diaphragm, this
allows to create the large areas of homogeneous
structures in a single scan, or one can study the effects of
different fluences and effective pulse number per spot in
different parts of the scan. In this work, the experiment
geometry provided the highest fluence and effective
pulse number per spot close to one side of the scanned
areas (in the upper parts of the scan lines on the Fig. 1)
and a decrease in the fluence and effective pulse numbers
per spot to the opposite side.

The morphology of obtained Au-GaAs meta-
surfaces after ultrafast laser processing has been analyzed
using a scanning electron microscope (SEM) AURA 100
(SERON Technology Inc., Republic of Korea). 2D
Fourier transform (2D-FFT) of SEM images has been
used to characterize the obtained periodic structures in
the Gwyddion 2.66 software [24].

The Raman spectra of the GaAs wafers and Au-
GaAs composite structures have been recorded by
RM1000 p-Raman spectrometer (Renishaw, UK) in the
backscattering geometry using the 532 nm Raman laser
at room temperature. The main Si phonon peak position
(520.5cm™) was used as a reference for the Raman
measurements.

The photoluminescence (PL) spectra of the Au-GaAs
composite sample have been measured using the Acton
Research SP-2500i spectrometer with a 600 grooves/mm
diffraction grating and a cooled CCD detector under cw
532 nm 50 mW excitation at room temperature. The
excitation beam was focused on the sample by using the
100 mm cylindrical lens in an area equal to 0.2x3 mm?.
To eliminate the scattered laser light, a KS-10 long pass
filter, which is transparent for wavelengths larger than
600 nm, was placed close to the second lens of the
condenser. The samples were attached to a massive metal
holder, thus its heating under the excitation beam was
negligible.
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Fig. 1. SEM images of several parts of the Au-GaAs sample with different morphology. The insets of (a) show the photos of the
sample under different lighting angles. The structured lines are numerated. Locations of general-view SEM images of the obtained
structures (a)—(d) are marked on the sample photo and color-coded. The LIPSS with the Au islands and Au nanoparticles formed in
more intensely irradiated part of the line (€) and less intensely (f); their locations are marked in (d).

3. Results and discussion

Fig. 1 presents different characteristic types of the
obtained structures. A general view of the obtained
structure is presented in Fig. 1la. For all structured areas,
the polarization of the laser beam was horizontal and

the direction of the laser scanning was from right to left.
In the upper part of the scanning lines related to the
highest laser fluence, the Au layer is removed, and LIPSS
are formed on GaAs with islands of Au and redeposited
nanoparticles. This can be observed in Figs. 1a, 1c-1e.
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Fig. 2. 2D Fourier transform: of Fig. 1c (a), of Fig. 1e (b). The images are not in the same scale. The corresponding 3D views are
presented in (c) and (d). The profiles along the designated directions of the Fourier transforms (a) black and (b) red — (e). Fourier
transform profiles in nanometers — (f). For interpretation of the colors in the figures, the reader is referred to the web version of this
article.

With decreasing the laser fluence, the LIPSS become black graphs in Figs 2e, 2f and Fig. 1e — Figs 2b, 2d
fragmented and then disappear, the gold islands become and red graphs in Figs 2e, 2f. The LIPSS period
bigger, and the fragments of partially removed and within the range 680...760 nm has been determined. It is
perforated Au film appear (see Figs. la-1d, 1f). worth noting that the reasonable explanation of the
The strips of perforated and exfoliated Au film are LIPSS formation on GaAs is the one that takes
presented in Fig. 1b. The LIPSS and the so-called into account the conditions of femtosecond laser
grooves [13] can be seen in Fig. 1c. The difference in the irradiation that lead to the highly excited carrier densities
LIPSS and islands obtained using the slightly different and further interference of the incident and the surface
laser fluence can be seen in Figs. 1d-1f. The waves (surface-plasmon (SP) wave) and a fluid-based
redistribution of Au nanoparticles and/or Au islands is surface modification mechanism [13]. These phenomena
rather homogeneous for the laser irradiation conditions lead to the formation of subwavelength periodic
depicted in Figs. 1c, le, and 1f. Fig. 2 shows the results structures oriented perpendicularly to the laser beam
of the 2D Fourier transform of Fig. 1¢c — Fig. 2a, 2c and polarization.
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Fig. 3. Room-temperature Raman spectra of initial GaAs (pure
GaAs) and laser-structured Au-GaAs composite samples
processed with femtosecond laser irradiation at different levels of
the pulse irradiation energy density: L1 — 0.115 J/cm?, L2 —
0.115 J/em?, L3 — 0.096 J/cm?, L4 — 0.072J/cm?, L5 —
0.104 J/cm?, L6 — 0.104 J/cm?. The excitation wavelength was
532.0 nm. For interpretation of the colors in the figure, the
reader is referred to the web version of this article.

Raman spectroscopy has been used as an effective
and non-destructive method to study the influence of
powerful laser irradiation on the formed Au-GaAs
composite structures. The Raman spectra of n-GaAs
(100) wafers, GaAs LIPSS, and Au-GaAs LIPSS
composite sample contain the main bands associated with
the transversal optical (TO) phonon mode (~ 266 cm ™)
and the longitudinal optical (LO) phonon mode
(~ 289 cm?) of the T critical point of the Brillouin zone
[25]. The selection rules for Raman scattering in n-GaAs
semiconductor with (100) orientation and the quasi-
backscattering geometry of the experiment predict that
only the LO mode should be observable. The Raman
spectrum of initial GaAs consists of a strong LO mode
and a vanishingly weak TO mode. The TO mode has
been revealed in the Raman spectra of all samples of
GaAs wafer with Au film processed with femtosecond
laser (see Fig. 3).

As we can see, in the Raman spectra of the
laser-processed parts of the sample the intensity of TO
mode is often larger than LO-mode. The appearance of
the forbidden TO-mode indicates the violation of the
selection rules for phonon modes for some reasons.
In general, the distortion of the back-scattering geometry
of the experiment due to the ripples on the GaAs
surface and the appearance of defects in the crystal
lattice after the laser processing can violate the selection
rules.

In the Raman spectra of some parts of the
Au-GaAs LIPSS, the wide band within the range
200...245cm™ has been observed. The nature of this

band is determined by the complex influence of surface
oxidation, in particular by the formation of oxides
(Ga,03 [26-28], As,03 [29,30], and the amorphous
layer of GaAs [31]. The formation of GaAs nanocrystals
also induces the low-frequency shift of the phonon peak
positions due to the quantum-size effect on phonons in
GaAs nanocrystals [32, 33]. At the same time, the main
feature of the obtained data is that the crystallinity of
GaAs does not undergo essential changes. It should be
noted that in the conditions of changes of the electron
subsystem of GaAs under powerful ultrafast laser
processing, it would be interesting to study the dynamics
of electron-phonon coupling, but a detailed presentation
of specific peculiarities of Raman scattering is beyond
the scope of this paper.

The observed PL spectra contain a single
asymmetric band at 870 nm (Fig. 4). Due to the small
binding energy of exciton in GaAs, this band observed at
room temperature is attributed to the band-edge electron-
hole recombination [32]. Its asymmetric shape is caused
by energy dependence of the density of states and the
charge carrier distribution. The Au-GaAs sample with
LIPSS demonstrates a 12 times higher PL intensity as
compared to the initial GaAs surface. This large
enhancement cannot be explained by the decrease in
specular reflection of rough surface of the laser-
processed sample. It can be attributed to an increase in
the absorption caused by light field enhancement close to
gold nanoislands and a decrease in the nonradiative
surface recombination. The blue shift of the PL band
from 873 nm for GaAs to 870 nm for Au-GaAs sample
with the LIPSS and its broadening likely is caused by the
quantum size effect in nano-sized features on the laser-
processed surface.
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Fig. 4. Room-temperature PL spectra of initial GaAs and Au-
GaAs composite sample with the LIPSS. The excitation
wavelength was 532 nm. Inset presents the shape of band-edge
luminescence peak with intensity multiplied by 12 for GaAs.
For interpretation of the colors in the figure, the reader is
referred to the web version of this article.
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4. Conclusions

The direct ultrafast laser structuring of GaAs wafer
coated with continuous semitransparent gold film has
been achieved using the linearly polarized femtosecond
laser pulses with the wavelength 830 nm. The
morphology of resulting structures demonstrates a
combination of different features, namely laser-induced
periodic surface structures with a period within the range
680...760 nm, depending on the fluence of the laser
beam, Au nanoparticles and Au islands, fragments of the
exfoliated and punctured Au film.

The Raman spectra of the Au-GaAs composite
structures revealed forbidden TO phonon mode besides
LO phonon mode allowable for pure n-GaAs in the used
experimental geometry and a wide complex band within
the range 200...245 cm *. These features can be caused
by formation of oxides, an amorphization of GaAs surface,
formation of nanoparticles on the surface of the laser-
processed sample. The homogeneous distribution of Au
nanoparticles and Au islands on GaAs ripples makes the
obtained metasurfaces perspective for SERS applications.

The substantial enhancement of more than an order of
magnitude of band-edge PL of the Au-GaAs composite
sample with LIPSS indicates more efficient charge carrier
generation and reduction of their surface recombination
that can be useful for photovoltaic applications.
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BB HaamBHAKOI JiazepHOI 00podKu Ha MOP(]0.I0TiI0 Ta ONTHYHI BJACTHBOCTI KOMIIO3UTHOI cTPYKTYpH Au-GaAs
LM. Imutpyk, H.I. Bepe3oBcbka, €.C. I'padoBcbkmii, LIL. Ilynauk, C.B. Mamukin, B.P. Pomaniok, A.M. JIMutpyk

AHortanisi. [IpencraBieHo pe3yibTaTd MpSIMOro (PeMTOCEKYHIHOTO JIa3epHOTO CTPYKTYpyBaHHs minxiaaku GaAs,
MTOKPUTO MIBIPO30POIO IUTIBKOIO 30J10Ta (Au). OTprMaHi CTPYKTYpH IEMOHCTPYIOTh TTOEJHAHHS PI3HUX ITOBEPXHEBHUX
ocoONMBOCTEH, a caMe: Jia3epHO-iHayKoBaHI nepioanuHi nosepxueBi crpykrypu (JIIIIIC) Ha HamiBHIpOBIAHUKY 1
MeTaleBill MBI, HAHOYACTUHKH, OCTpiBIi Au, (parMeHTH BiamapoBaHoi miiBku Au. BiactuBocti 0OpoGneHnx
3pa3kiB Au-GaAs BHUBYAIM METOJAMH CKaHYIO4YOi eJIeKTPOHHOi Mikpockomii, PamaHIBCRKOTO pO3CISIHHA Ta
cnekTpockorii poromominectieHirii (PJI). OOroBoprorOTECS 0COOIUBOCTI MOBEIIHKK (POHOHHUX MOJ 1 TOCHJICHHS
kpaitoBoi @JI kommo3zuTHOTO 3pazka Au-GaAs. Y PamaHiBChKUX clieKTpax 3pa3zka Au-GaAs, 06po0IeHOTo IpH pi3HUX
PIBHSX €Heprii IMITyJIbCHOTO ONMPOMIHEHHS, MPOSBILIIOTHCS 3a0opoHeHi TO i mo3BosieHi LO konwBaibHI MOJIU st
BUOpaHOI TreoMeTpii eKCIEpUMEHTY, a TaKOoXX € IMPOsSBM OKMCHEHHs Ta amopdizanii moBepxHi GaAs. 3adikcoBaHo
12-xparne 36utbieHHs iHTeHcuBHOCTI DJI mitst 3paska Au-GaAs 3 JIITIIIC nopiBHIHO 3 HEOOPOOICHOIO MOBEPXHEO
GaAs, 1110 Moke OyTH MOsICHEHe 30UTbIICHHSIM NorarHaHHS B GaAs BHACTIZIOK MJICHIICHHS CBITJIIOBOTO OJIS TOOJIN3Y
HAHOOCTPIBIIB Au 1 3MEHIICHHSIM OE3BHIPOMIHIOBAIBHOI MOBEpXHEBOI pexkoMOiHanii. biakutnuit 3cyB cmyru ®JI
3yMOBJIEHO KBAHTOBO-PO3MIpHHM €(DEKTOM y HAHOPO3MIPpHUX eJeMeHTax Ha OOpoOJIeHil a3epoM TOBEPXHI.
IMoennanns migxnagkun GaAs 3 TOBEPXHEBHUMH MIKpO- 1 HAHOCTPYKTypaMHM 3 HAaHOYAaCTHHKaMH Ta/abo
HAHOOCTPIBIIMH AU MOKe OYTH KOPUCHUM JUIsl (JOTOBOJIBTATYHHUX 1 CCHCOPHUX 3aCTOCYBAHb.

KoarouoBi cioBa: na3zepHO-IHAYKOBaHI IepioJMYHI MOBEPXHEBI CTPYKTYPH, (EMTOCEKYHIHI JIa3epHi IMITYJbCH,
apceHi raliro, MeTaroBEepXHsI MeTall-HaIlBIIPOBITHUK, PamMaHIBChke po3citoBaHHS, (POTOTFOMIHECIICHITIS.
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