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Nanocrystalline silicon films, which exhibit efficient photoluminescence, were formed from amorphous
films of hydrogenated silicon subjected to rapid thermal annealing and stain etching in hydrofluoric acid based
solutions. The samples were investigated by means of scanning and transmission electron microscopy, optical
spectroscopy of reflection, Raman scattering and photoluminescence methods, which revealed the
nanocrystalline structure and excellent optical quality of the formed nc-Si films.

Introduction

Research interests in all silicon (Si)-based light-emitting diodes for next-generation Si photonic
devices are stimulated by observation of efficient light emission in Si nanocrystal (nc-Si) (see for
examples Refs. [1-3]). Recently it has been demonstrated that thin films of nc-Si with efficient
photoluminescence (PL) in visible spectral range were formed by wet chemical etching (stain etching)
of microcrystalline Si deposited by plasma-enhanced chemical vapor deposition (PECVD) with a flow
of silane gas that is highly diluted in hydrogen [4]. When the silane concentration in the mixture is
relatively high the films of hydrogenated amorphous silicon (a-Si:H) are usually formed [5]. On the one
hand, it is known that the stain etching of a-Si:H did not result in formation of luminescent films [1].
On the other hand, a-Si:H can be crystallized by using annealing procedure as rapid thermal annealing
(RTA) [6], and then the crystallized films can be used to prepare nc-Si with efficient PL. The
luminescent films of nc-Si by RTA of silicon-rich silicon suboxides prepared by PECVD [7] and
magnetron-assisted sputtering [8] were demonstrated. Usually, the RTA treatment of a-SiH is
accompanied by losses of the hydrogen content in the films, which result in a deterioration of their
electronic and optical properties [9].

The electronic properties of nc-Si samples are obviously dependent on RTA parameters, which
influence the sizes of Si crystallites and defect density on crystallite boundaries. Therefore the residual
defects in nc-Si after RTA have to be passivated. We report the preparation of nc-Si films, which
exhibit efficient PL, by using RTA of a-Si:H combined with stain etching (SE) in HF-based solution.

Experimental

Plasma-enhanced chemical vapor deposition or magnetron reactive sputtering were used to
depose thin (thickness of about 0.5-1 [Im) films of a-Si:H on quartz substrates. Then deposited films
were subjected to a conventional RTA using a tungsten halogen lamp. A single-pulse cycle was set to
increase the temperature from room temperature to 900-950 C and back. The total annealing time was
varied from 10 to 50 s. The RTA-treated films were then subjected to the SE-procedure in aqueous
solutions of HF:HNO3=100:1 or HF:FeCls:H,0=1:2:2 for time varied from 1 s to 15 min.

The initial a-Si:H films, RTA- and RTA-+SE-treated films were investigated at room
temperature by using scanning electron microscopy (SEM), transmission electron microscopy (TEM),
ultraviolet—visible—near-infrared (UV-VIS-NIR) absorption/reflection measurements, Raman
spectroscopy and photoluminescence methods. SEM studies were carried out by using a LEO 1455
Carl Zeiss electron microscope. TEM analysis was done with a LEO 912 AB Omega electron
microscope. The Raman scattering measurements were made using a LabRAM HR 800 microRaman
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spectrometer with an Ar-laser at wavelength of 488 nm for the excitation. A Perkin-Elmer UV-VIS—
NIR spectrophotometer was used for the transmittance and reflectance measurements in the spectral
range from 200 to 1100 nm. PL was excited by a N,-laser (wavelength 337 nm, pulse duration 10 ns,
repetition rate 100 Hz). The PL signal was dispersed by a 50 cm monochromator and was detected by a
charge-coupled-device in the spectral range from 350 to 1100 nm.

Results and discussion

Fig. 1 show typical SEM image of nc-Si film prepared by RTA followed by stain etching. Both
micro- and nano- structures observed in SEM pictures of the prepared samples are indicative for
heterogeneous structure transformations in the films. These transformations are initiated by heating
under RTA and local electrochemical reactions related to the stain etching process. The latter include
obviously formation of nanopores because of stain etching of Si in HF-based solution [10].

Fig. 1. Typical SEM image of nc-Si film obtained from a-Si:H by using RTA and stain etching

According to TEM investigations the RTA treated films were partially crystalline with typical
sizes of nc-Si of about 5-10 nm. The porous structure of the samples subjected to the stain etching was
also detectable in their TEM images. For example, a TEM micrograph for the sample after RTA (900
°C for 50 s) followed by stain etching in HF:FeCl3:H,0=1:2:2 for 10 min is presented in Fig. 2. It is
worth to mention that the RTA processing with longer times lead to better crystalline quality and larger
nanocrystal size in the formed nc-Si films.
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Fig. 2. TEM micrograph of nc-Si film subjected to RTA and SE. The inset shows the electron
diffraction pattern

The UV-VIS-NIR analysis of the RTA-treated a-Si:H films reveals the strong reflection bands
at 274 and 368 nm, which confirms the crystallization of silicon in the films (see Fig.3). The
interference patterns in the VIS-NIR ranges of the reflection spectra indicate high optical quality of the
RTA-treated films and those subjected to the post-etching. Because of the porous structure of the
formed nc-Si films their average reflectance was lower than that for c-Si.
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Fig. 3. Reflection spectra of a nc-Si film obtained from a-Si:H by using RTA and stain etching (1) as
well as the spectra of initial a-Si:H film (2) and c-Si wafer (3) for comparison
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As it is shown in Fig.4 the Raman spectrum of initial a-Si:H film is represented by a broad line
at 480 cm™', which is typical for amorphous Si. The Raman spectra of the formed nc-Si films consist of
a line at 513-519 cm™, which is shifted to low frequency range in respect to the spectrum of c-Si-
substrate (520.5 cm™). The shift is explained by the phonon confinement in Si nanocrystals with sizes
of 2-8 nm [11,12]. The volume fraction of nc-Si in RTA-treated films estimated from the analysis of
the Raman spectra [8] was typically about 50-90% and it increases further after SE-procedure. Note,
the stain etching in HF:HNO3 even for short times about 5 sec resulted in nearly complete losses of
amorphous Si phase, while the SE-treatment in HF:FeCls;:H,0 for at least 10 min did not removed
residual a-Si:H (compare curves 1 and 2 in Fig.4). It can be explained by slower dissolution rate in the
latter solution [4].
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Fig. 4. Raman scattering spectra of the nc-Si film obtained from a-Si:H by using RTA at 950 °C
for 40 sec and SE in HF:HNO; for 5 sec (1) or in HF:FeCl;:H,0 for 10 min (2), as well as, for
comparison, the spectrum of the initial a-Si:H film (3)

The PL measurements did not revealed any remarkable PL from as-prepared a-Si:H films as
well as from the RTA-treated samples without SE-procedure. The intensive PL in the spectral range of
550-950 nm was observed for the RTA-crystallized films subjected to the SE-treatment (see Fig.5). The
PL intensity, spectral position and lifetime of the post-etched nc-Si films were similar to those
measured for stain-etched porous Si formed from a c-Si wafer in the same solution [10]. Similarly to
anodized porous Si the observed PL of the SE nc-Si films can be attributed to radiative recombination
of excitons confined in hydrogen passivated nc-Si [13]. Note, that no PL was observed from the films
of a-Si:H post-etched in the same solution. It means that the formation of nc-Si is crucial for the
efficient PL of the SE-treated films.

The PL spectra of nc-Si films prepared from a-Si:H by using RTA at 950 °C for 40 sec and SE
in different solutions are presented by curves 1 and 2 in Fig.5. The PL Intensity of the nc-Si film after
SE in HF:HNO; was lower than that for the sample treated in HF:FeCls:H,0 solution. Similarly to the
PL data obtained for porous Si electrochemically prepared n HF:HCI mixtures [14] this fact can be
explained by better passivation of Si nanocrystals in the solution with oxidized chlorine ions. The
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stronger PL of the nc-Si films after SE in HF:FeCl;:H,0 correlates with the observation of residual
amorphous Si phase by the Raman spectroscopy (see Fig. 4). The both observations can be explained
by slower rate of the dissolution of Si in HF:FeCls-based solution in comparison with the HF:HNO;
mixture. The observed stronger PL intensity of the samples treated in HF:FeCls-based solution agrees
with the PL data reported for the microcrystalline Si films prepared by PECVD [4].
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Fig.5 PL spectra of a nc-Si film obtained from a-Si:H by using RTA at 950 °C for 40 sec and SE in
HF:HNO; (1) or HF:FeCls:H,0 (2), as well as, for comparison, the spectrum of the initial a-Si:H
film (3)

In conclusions, the films of nc-Si with efficient PL were formed from a-Si:H films by
combining RTA and stain etching procedures. The prepared samples were investigated by means of
the electron microscopy and optical spectroscopy. The obtained results demonstrate that the fast
procedure of RTA followed by wet chemical etching can be used to obtain nc-Si-films with desired
optical properties.
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JKYKA AMOP® KPEMHHWIII KbI3IBIPBII )KOHE KBIIIKBLIJIAPJIA CBJII EPITIII,
JIOMUHUCHEHIUAJNBIK HAHOKPUCTAJIABI 7)KYKA KABBIPIITAJIAP JKACAY.

E.T. Taysip6aes, B.}O. Tumomenko, H.E. MacioBa, K.A. I'onuap,
K.K. Inxan6aeB, B.E. Hukyaun, E.A. CBanbaesn, T.U. Taybipoaes

Kyka amopd KpeMHHIAII KBI3ABIPHIT jKOHE KBIIIKbUIIAPAA COMIl epiTir, (OTOTIOMUHUCIICHIIUICHI
KOTapbl HAHOKPUCTAIABI KyKa KaOBIPIIBIKTAp >KacaiblHAbl. OChl KaOBIPIIBIKTAp O€TKiI XKoHE OTY
MUKPOCKONUS,  ILIaFbUTy  ONTHKAJIBIK  CIIEKTpOCKomusi,  PamaH  cHeKTpockomus — KoHe
(OTOMIOMUHUCIICHIIUSL  OMIICTEpIMEH  3epTTENiHIl. 3epTTeyiep HOTDKECIHAE HaHOKYPbUIBIMIBI
KaOBIPIIBIKTApABIH KOFaphl ONTHKAIBIK KACUETTEPl AJICTICHI.

OOPMUPOBAHMUE JIIOMMHECHEHTHBIX HAHOKPUCTAJIVIMMECKHUX IIVIEHOK
KPEMHMUA U3 a-Si:H METOAOM BbICTPOI'O TEPMHUYECKOI'O OTXKUT'A U
XUMHNYECKOTI'O TPABJIEHUSA

E.T. Tayp6aes, B.IO. Tumomenko, H.E. MacioBa, K.A. I'onuap,
K.K. Inxan6aeB, B.E. Huxyiun, E.A. CBanbaes, T.U. Tayp6aeB

Hanokpucrannuyeckue MmieHKH KPEMHHUS C BBICOKOW 3(()EKTUBHOCTHIO (POTOIFOMUHECIICHITUN
W3TOTOBJICHBI OBICTPHIM TEPMHYECKUM OTKHUTOM M OKpAIIMBAIOIIUM TpPaBICHHEM B PAacTBOpax Ha
OCHOBE IUJITABUKOBOW KHUCJIOTHI. OTH TUIGHKA KCCIEJOBAaHBl METOJAMU CKaHHPYIOIIEH H
MPOCBEYMBAIOIIECH MHKPOCKONHH, CIEKTPOCKONHUU OTPaKEeHUs, PaMaHOBCKOH CIEKTPOCKOIUH,
(OTOIFOMUHECIICHIIMM W TIOKAa3aJId HAHOKPUCTAIUTMYECKYIO CTPYKTYPY W BBICOUYAMIIEEe ONMTHUYECKOE
Ka4yecTBoO.

72



