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MICRO-PHOTOLUMINESCENCE IN SILICON NANO-WIRES

Abstract. Silicon nano-wires are a new material with a very attractive for many different application optical
properties. The main aim of the presented study is to investigate photoluminescence (PL) properties of silicon
nanowires in as a function of temperature and excitation power. In this work silicon nano-wires (SiNWs) were
prepared by wet chemical metal-assisted method. Monocrystalline silicon plates with p and n-type conductivity
served as a substrate. Micro-photoluminescence spectra of obtained SiNWs samples measured by confocal
microscopy setup. It is shown that strong PL signal centered at about 700 nm is observed only from SiNWs.
Temperature-dependent PL measurements acquired for a range of temperatures 4K - 300K. It was shown that above
40K, PL signal decrease in intensity due to the increasing effect of non-radiative processes taking place causing
carrier thermalization. It is also observed pronounced spectral redshift of PL spectra with increasing temperature,
which is probably related with thermal de-trapping and possible migration of excitons from trapped states to lower
available ones. From analysis of the PL dependence on excitation power we found that above 4 uW of input power,
quenching of PL from carrier recombination in the region >750 nm is observed (slope changes from 1.23 to 0.22).
The almost linear power dependence of the emission becomes sub-linear above 4 uW which could be an indication
of saturation of Si-NC states (inherently low density of states). At the intermediate to high pump power regime,
Auger recombination for example is possible in Si-NC structures as the Auger lifetime is shorter than the single
exciton radiative lifetime.

Keywords: silicon nanowires, photoluminescence, temperature dependent photoluminescence, optical
properties.

Introduction. Silicon nano-wiser with low light reflectance and high light absorbance values attract a
huge interest of researchers during last 10 years because of their great application potential for
microelectronics, optoelectronics, photonics, photovoltaics, bio- and chemical sensing [1-6]. One of the
wide spread ways to form SiNWs that allows to control growth and structure of nanostructures is a metal-
assisted chemical etching (MACE) [7-9]. There are many papers devoted to investigations of SiNWs
optical properties [10-14] but only a small part reports photoluminescence studies [15-18]. We have
therefore investigated temperature dependence of photoluminescence of SINWs. Here we report on our
recent results on the characterization of SiNWs micro-photoluminescence spectra.

Experimental. SINWs samples obtained by MACE, which performed in a few steps. First silicon
surfaces dipped into 2% hydrofluoric acid (HF) aqua solution to remove the thin native silicon oxide layer
and dried by argon blow, then silicon they were immersed into the first solution (thermostateted by 20°C)
containing SM HF and 0.01 M AgNO;. After a uniform layer of Ag nanoparticles was coated, the wafers
were then immersed in the etchant solution composed of HF, H,O,, and H,O (the volume ratios HF/H,0,:
1:10) at room temperature in a sealed Teflon vessel. In the last step Si wafers were immersed in a solution
of concentrated nitric acid solution in order to remove the excess Ag nanoparticles and rinsed with
deionized water, and then dried in vacuum at 60°C. As substrates, we have used heavy doped n-type,
monocrystalline silicon plates

Micro-photoluminescence (micro-PL) measurements were conducted using a confocal microscopy
setup. The sample mounted on a continuous-flow liquid-helium microscope cryostat, which enabled
25
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cooling from 300K down to 4K. A microscope objective lens, which was mounted on a piezoelectric XYZ
stage, was used to focus and collect the excitation laser light (405 nm) and the emitted PL, respectively.
The laser spot size on the sample was about 2 micron in diameter. Power- dependent PL data were
recorded whereby the laser power was measured before the microscope objective (actual light power on
the sample is about 2.6 times less than measured). A broadband polarizing beam splitter was used to
transmit the laser light into the objective lens axis and to reflect the emitted PL light into a 0.3m
spectrometer where it was dispersed by a 300 line/mm grating. The entrance slit of the spectrometer was
kept at 50 microns. The PL was detected by a Peltier-cooled Si charge couple device (CCD) [19].

Results and discussion.

Micro-PL spectra at room temperature. Figure 1 depicts room temperature spectra from three
different samples: heavily n-doped SiNWs on Si substrate (A), weakly p-doped SINWSs on Si substrate (B)
and weakly p-doped Si-NWs (C) on glass substrate transferred in solution. The spectra recorded at room
temperature under similar experimental conditions within an excitation power range of 215-245 W/cm’.
The spectrum from the SiNWs on glass is presented for qualitative comparison as a different CCD was
used for its detection. Overall, strong orange-coloured PL signal centred at about 715 nm was observed,
which was visible by naked eye particularly for Sample A. Furthermore, the PL peak from all samples
was broad with a FWHM of the order of 200 nm. The spectra exhibited periodic fringes, which were not
due to a filter or detector etalon effect confirmed by using a front-illuminated detector. We suggested that
the fringes originated from light interference effects possibly due to the difference in refractive index
between air, etched region and substrate. It should be mentioned that the PL recorded from different
positions on the same sample presented small variations, which confirmed a degree of structural
inhomogeneity in the samples.
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Figure 1 - PL measurements recorded at 300K from 3 different type samples: Sample A (black), Sample B (red) and Sample C
(green). The input power density was 215-245W/cm?. Inset: luminescence spectrum from initial bulk c-Si wafer

The spectrum from the SINW solution on glass exhibited similar spectral features to the spectra from
the other two etched Si wafers, albeit a less intense shoulder at about 700 nm. This suggests that the
observed signal from Samples A and B (black and red) in the resulting etched structures. The origin of
these luminescent quantum confined states is most likely multi-fold. According to the diameters of the
SiNWs (>10nm), from quantum confinement theory no shift in PL peak energy compared to the bandgap
of c-Si is expected. Tests have been conducted on similar structures which showed no influence of
residual (if any) Ag atoms on the PL observed. The effect of native oxide on the PL (SiOx-related states,
Si/Si0, interface states) was confirmed by HF post processing which resulted in a part of the higher

— 0 ——
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energy tail of the spectra (>1.5 eV) to be quenched. Based on previous structural studies [20] and
consistent etching test series, the charge carrier confinement is attributed to arise in Si nano-crystals (Si-
NCs), in particular core-shell Si-NCs/SiO, resulting from nanowire sidewall roughness (of the order of 1-
Snm) and within the porous structure of the samples, (particularly the heavily n-doped sample).

Temperature-dependent PL emission. Temperature-dependent PL. measurements were acquired from
Sample A for a range of temperatures 4K - 300K. Figure 2 shows two typical PL spectra at 4K and room
temperatures. For analysis purposes and easier comparison, the data was smoothed using Fast Fourier
Transform filter (30 points) and normalized.

The data was de-convoluted into 3 peaks (at 640 nm, 716 nm, 822 nm) using multi-Gaussian peak
fitting as shown in the inset. The 4K spectrum exhibits a broader FWHM compared to the room
temperature spectrum which shows a pronounced narrowing in intensity from 750-900nm. As previously
mentioned, the low energy tail of the spectra is linked to quantum confined Si-NC states whereas emission
from the higher energies is attributed to a range of oxide-related states. The broadness of the 4K spectra
reflects the size distribution of the Si-NCs. At such temperatures, carriers are expected to be localized in
traps, defects and NCs in the form of excitons (electron-hole pairs) as their binding energy exceeds the
thermal energy of the system.
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Figure 2 - Normalized PL measurements from etched Si-NWs in Sample A recorded at 300K and 4K. The input power was 4-5
puW and laser spot size was about 2 pum in diameter. Inset: The 4K spectrum is de-convoluted into 3 Gaussian peaks
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Figure 3 - Integrated PL from the de-convoluted peaks centred at 716 nm and 822 nm as a function of temperature (Sample A).
Inset: Temperature-dependence of the emission wavelength of the two peaks.
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Figure 3 shows the integrated PL intensity of the de-convoluted peaks 716 nm and 822 nm as a
function of temperature from 4-120K. With increasing temperature a gradual quenching of the radiative
contribution from the Si-NC complexes (peak 822 nm) is observed. An anti-correlated behaviour between
the two peaks observed between temperatures 20-40K, whereby peak 716 nm shows an increase in
intensity. Above 40K, both peaks decrease in intensity due to the increasing effect of non-radiative
processes taking place causing carrier thermalization.

According to the inset of Figure 4, both peaks exhibit pronounced spectral redshift with increasing
temperature. This differs from the expected temperature dependence of the bandgap of bulk Si which
exhibits minimal redshift below 100K. The quenching of intensity, the spectral redshift and the reduction
of FWHM for peak 822 nm suggest that thermal de-trapping and possible migration of excitons from
trapped states to lower available energy states occurs. Also, the anti-correlated increase in PL intensity for
peak 716 nm may suggest carrier transfer between Si-NCs and oxide/interface states.

PL emission as a function of excitation power. Figure 4 depicts normalized power dependent spectra
from Sample B at room temperature. Sample A exhibited similar power-dependent PL behaviour. The
main feature of the room temperature spectra is the spectral blue-shift accompanied by the relative
intensity drop observed mainly for wavelengths > 750 nm. At 4.4K, a similar behaviour is observed in
both samples with a more prominent drop in relative intensity in the long wavelength tail with increasing
excitation power.
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Figure 4 - Normalized power-dependent PL emission measurements from etched Si-NWs
(weakly-doped p-type Si wafer) recorded at 300K. Spot diameter: 2 um.
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Figure 5 - The intensity of the de-convoluted peak at 840 nm (data shown in Fig. 4)
is plotted as a function of excitation laser power.
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Figure 5 shows the log-log plot of PL intensity of the low energy de-convoluted PL peak from the
data presented in Figure 4 as a function of power. Above 4 uW of input power, quenching of PL from
carrier recombination in the region >750 nm is observed (slope changes from 1.23 to 0.22). The almost
linear power dependence of the emission becomes sub-linear above 4 uW which could be an indication of
saturation of Si-NC states (inherently low density of states). At the intermediate to high pump power
regime, Auger recombination for example is possible in Si-NC structures as the Auger lifetime is shorter
than the single exciton radiative lifetime.

The samples produced by varied etching times using the two step WCE process are composed of
differently shaped SiNWs that all show strong visible PL in the red-orange wavelength regime (1.5 ... 1.6
eV). The measured and normalized spectra of photon flux distribution vs. photon energy are shown in Fig.
6. Measured spectra corrected by taking into account the transfer function of the calibrated setup. It is
visible that PL peak energies increase monotonically with increasing of etching time in the second step.
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Figure 6 - Measured (left) and normalized(right) PL spectra of Si-NW samples produced
by varying etching time during second etch step 2

Conclusions. We have performed detailed studies of photoluminescence properties of SINWs grown
by MACE on n- and p-type silicon wafers at room and low temperature. We have shown that strong PL
signal centered at about 700 nm observed only from SiNWs. Temperature-dependent PL measurements
acquired for a range of temperatures 4K - 300K. It was shown that above 40K, PL signal decrease in
intensity due to the increasing effect of non-radiative processes taking place causing carrier
thermalization. It is also observed pronounced spectral redshift of PL spectra with increasing temperature,
which is probably related with thermal de-trapping and possible migration of excitons from trapped states
to lower available ones. From analysis of the PL dependence on excitation power we found that above 4
uW of input power, quenching of PL from carrier recombination in the region >750 nm is observed (slope
changes from 1.23 to 0.22). The almost linear power dependence of the emission becomes sub-linear
above 4 uW which could be an indication of saturation of Si-NC states (inherently low density of states).
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MHUKPO-®OTOJIOMUHECHEHIINS KPEMHUEBBIX HAHOHUTEMR

AnHoranusi. KpeMHIEBbIE HAHOHUTH TIPEICTABISIOT COOOH HOBBIM MaTephall ¢ OYCHb INPHUBIIEKATEIEHBIMU
ONTUYECKUMH CBOWCTBAMH TSI MHOXKECTBA Pa3IMYHBIX MPHIOKeHHH. OCHOBHOW LENBIO MPEACTABICHHONH PabOTHI
SIBIICTCS MCCCIOBaHuEe (POTOMFOMHHECIICHTHBIX CBOUCTB (DJI) KpeMHHEBBIX HAHOHHUTEH B 3aBUCHMOCTH OT TEM-
HepaTypsl OKPY KaroLleld cpeabl ¥ ¥ MOIIHOCTH BO30Y’KAAIOIIEro M3lIydeHus. B naHHO# paboTe KpeMHHEBbIE HAHO-
uutu (KHH) 6bu11 mosry4eHsl METOI0M MOKPOTO XMMUYECKOTO METa/LI-CTUMYJIHNPOBAHHOTO TpaBiIeHHs. MOHOKpHC-
TAJINIMYECKUC KPEMHUEBLIC IIJIAaCTUHBI C P- U N-THUIIA IIPOBOAUMOCTH CIIYKHUJIN B KAQY€CTBE MMOAJIOKEK JJI BbIpalllBa-
HUSI HAHOCTPYKTYP. MHKpO-CIIeKTphI (POTOIFOMUHECHEHIIMH TOay4eHHbIX 00pa3noB KHH, namepsuiuch ¢ nomonipo
YCTAHOBKH C KOH(OKAILHBIM MUKpOCKONOM. [Toka3aHo, uto nHTeHCHBHBIN curHan PJI ¢ MakcuMyMoM Ipu JUIHHE
30
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BoHel 700 HM HaOmomaercs Tomsko or KHH. M3mepenms cmektpoB @JI B 3aBHCHMOCTH OT TeMIIEPaTypHI
MPOU3BOAMINCE B Auamna3one temneparyp 4K-300K. beuto mokazaHo, uro mpu temmeparypax Boime 40K, mabmoga-
eTcs YMEHBIICHHE WHTEHCHBHOCTH curHana PJI B CBSA3M ¢ yCHIEHHEM BIHSHUS HEpaJHallMOHHBIX NPOIECCOB, B
pe3ynbTaTe NPUBOSIINX K TepMaIM3aluu HocuTened. Kpome Toro, ¢ pocToM TeMIepaTrypsl OTMEYAeTCsl BBIPAXKEH-
HbI caur criekTpoB DJI B kpacHyr0 00J1aCTh CIIEKTpa, YTO, BEPOSITHO, CBA3aHO C TEPMUYECKHM 3aXBAaTOM M BO3-
MO>XHOH MHUTpalell SKCUTOHOB M3 JIOKAIIM30BAHHBIX COCTOSIHHM K Oojiee HU3KUM. M3 ananmu3a 3aBucumoctu ®JI ot
MOIITHOCTH BO30YXKIACHUS MbI OOHAPYXHJIHM, YTO NMPH MOIIHOCTH BO30Y)KIAroliero usiaydeHus Oosiee 4 MkBT, B
obnactu ¢ auHaMu BosiH > 750 HM HaOmonaercs yracanue ®JI, cBsizanHOe ¢ pexoMOMHanmei Hocurenei. [loutn
JIMHEIHAsT 3aBUCUMOCTb MOIIHOCTH M3JIy4€HHs CTaHOBHTCS CyO-JMHEHHOW NpW MOIMHOCTAX Bbimie 4 MKBT, 4ro
MOXeET OBITh MPU3HAKOM HACHIEHNsI COCTOSHUM Si-NC (HU3KOH INIOTHOCTH COCTOSIHUM).

Ki1roueBble ci10Ba: KpeMHUEBbIE HAHOHUTH, ()OTOIIOMHUHECIICHIINS, TEMIIEpaTypHast 3aBUCHMOCTh (hOTOITIOMHU-
HECLICHIIUH, ONITHYECKHE CBOWCTBA.
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KPEMHHI HAHOTAJIIIBIKTAPBIHBIH MUKPO-®OTOJIIOMAHECIIEHIINSACHI

AnjaTna. KpeMHMII HaHOTANIIBIKTAaphl alyaH TYpJi KOJIAaHYJIap YIIH ©Te KaXEeTTI ONTHKAJbIK KacHeTTepre ue jkaHa
MaTepuan 0oJbIn TabbuIaabl. bepinreH sKyMBICTBIH HETI3T1 MaKcaThl OOJBIN KOPIIaFaH OpTa TEMIEepaTypachkl MEH KO3AbIPhUIATHIH
CoyJeseHy KyaTblHa Toyelai OONaThiH KPEMHUH HaHOTANIBIKTaPBIHBIH (HOTOMOMUHECIEHIMSIIBIK KacueTTepin (DJI) seprrey Ta-
OblTagsl. ATanFaH xKyMmblcTa kKpeMHHH HaHoTanmbIKTapsl (KHT) cyibIK XMMUSIIBIK MeTall-eHTi3UITeH sKeMipy 9iCiIMEeH aJIbIH/BL.
P- XKOHE N-THITI OTKI3MIIITITi 6ap MOHOKPHUCTALTIBIK KPEMHHH TUIaCTHHAIAPB! HAHOKYPBUIBIMIAP/BI ©Cipyre apHaIFaH TOCEHI-
Tep perinae nainanansuiasl. Ansiarad KHT yurinepidid GOTOMOMHHECIICHIMACHIHBIH MUKPO-CIICKTPIIePi KOH(POKAIBI MUKPOC-
KOITbI Oap KOHIBIPFBIHBIH KeMeriMeH emreHi. MakcumyMbl 700 HM TONKBIH y3bIHABIFBIHAA OonaTeiH DJI-1bIH MHTEHCHUBTI CHT-
Hanel KHT-naH rana Gaiikanateibl kepcerinni. Temneparypara Toyenni @JI cnexrpnepin emuey 4K-300K temneparypanap
JIrana3oHbiHaa xKyprizimiai. 40K-HeH xorapsl Temiiepatypanapaa paaialisuiblK eMec MPOLECCTEePIiH KYIeroiMeH OaiIaHbICThI
HOTIDKECIH/IC TaChIMAJIAFbIIITAPABIH TepPMaNU3aluschiHa oKeneTiH PJI curHaiel MHTEHCHUBTUIITIHIH a3al0bl OalKalaThIHIBIFBI
kepceTinai. COHBIMEH KaTap TeMIlepaTypa jKorapbuiaraH cailbid ®JI criekTpiiepiHiH CHEKTPAIH KbI3bUT OOJBICHIHA aliKbIHIAIFaH
JKBUDKYBI aTaNIBII OTeAl, OYIT TEPMISIIBIK KapMayMeH XoHe SKCHTOHap IbIH JOKaIH3alisIIaHFaH KYHIepieH TOMeHIpeK Kyinepre
MYMKIH OOJIaTBIH MHTpanysichIMeH OaitmanbicTel. Ko3apIpaThiH coyieHiH KyarsiHa OattanbicTsl DJI-Hbl Tanmayxan 6i3 > 750 HM
TOJIKBIH Y3BIHIBIKTAPB! OOJBICHIHAA KO3JBIPAThIH CayieneHy KyaTsl 4 MKBT-TaH >korapbl OOJIFaH Ke3e TaChIMalIarbIIITapabIH
pekoMmOMHanusicbiMeH GaiinanbicTel DJI-HBIH emryi OaiiKanaTHIHIBIFBIH TanThIK. 4 MKBT-TaH jXOFapel Kyarrapia CoyJeleHy
KyaThIHBIH CBI3BIKTBIK TOYENIUIiri cy0-chI3bIKThIK Oonansl, Oy Si-NC (KyiiaiH TeMeH THIFBI3/BIFbI) KYHJICPiHIH KAHBIFYBIHBIH
6eurici 00Tybl MYMKIH.

Tipek ce31ep: KpeMHHH HAHOTAILIBIKTAPBI, (OTONIOMUHECHCHIHS, (OTOTIOMUHECLCHIMSIHBIH TEMIIEPaTyPalIbIK Toyes-
IITIT], OITUKAJIBIK KaCHETTeP.
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