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Pa6oTa nocesLLeHa uccnefoBaHUIo
JIIOMUHECLLeHTHbIX CBOWCTB NOPUCTOr0

KpPeMHMs, NernpoBaHHoro sp6uem. PaspaboTka
NosynpoBOAHUKOBbLIX MaTepUanos,
aKTUBMPOBAHHbIX TAHTAHOMAAMM, BASIETCS
aKTyasibHOM 3aa4ei COBpeMeHHON GU3NKN

M TEXHOJIOrMN ONTO3/IeKTPOHHbIX NPUGOPOB.
O6beKT uccnepoBaHUM — OKUC/IEHHbIA MOPUCTbINA
KPEMHMM A, 1erMpoBaHHbIA MOHAMU 3p6uS.
MpoBeaeH CTPYKTYpHO-Mopdosornieckmi
aHanu3 1 uccnepoBaHbl IIOMUHECLLEHTHbIe CBOW-
CTBa 06pasLLOB IIOMUHECLLEHTHbIX CTPYKTYP Ha
OCHOBE NMOPMUCTOro KpeMHUS, IeFTMPOBAHHOIO
3p6uem. B uccnenoBaHUsAX NPUMEHSINCH

MeTOAbl PacTPOBOI 3/1eKTPOHHON MUKPOCKOMUY,
CNeKTpoCcKONMM KOM6MHALMOHHOI0O paccesaHUs
cBeTa U MUKpO-(pOTONIOMUHECLLEHTHOM
cnekTpockonuu. NMpoBeaeHHbIN aHaIN3 BbIGOPKU
06pasL,oB NoKasas KoppessLumIo Mexay
TEXHOJIOrM4YeCckMMU NnapaMeTpamMu U3roToBJIeHHbIX
JIIOMUHECLLEeHTHbIX CTPYKTYP U 3P PeKTUBHOCTbIO UX
dboTontoMmUHecLeHUUN. Pe3ynbTaTbl NPOBEAEHHbIX
MCCcnepsoBaHUM MOTYT 6bITb NOJIOXEHbI B OCHOBY
MEeTOAWUKM U3rOTOB/IEHUSI KPEMHMUEBbIX

JIIOMUHECLLEHTHbIX CTPYKTYP AJ/151 ONTO3JIEKTPOHUKM.
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This paper is devoted to the study of luminescent
properties of porous silicon doped with erbium.
The development of semiconductor materials
activated by the lanthanides is a vital task

of contemporary physics and technology of
optoelectronic devices. The object of research is
oxidized porous silicon doped with the erbium
ions. The structural and morphological analysis
and study of the luminescent properties of
luminescent structure samples based on the
porous silicon doped with erbium have been
performed. The studies have been carried

out by the methods of scanning electron
microscopy, Raman spectroscopy and micro-
photoluminescence spectroscopy. The analysis
of samples has demonstrated a correlation
between the process parameters of the produced
luminescent structures and efficiency of their
photoluminescence. The results of studies can

be used as a basis for the production method of
silicon luminescent structures for optoelectronics.
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BBEAEHUE

ITopucteii kpeMHHI (IIK), J1erdpoBaHHBIN 3pbueM,
IIpUBJIeKaeT BHHMaHHe KaK MaTepuaj, Ha OCHOBe
KOTOpOro MosKeT ObITb ImonaydeH 3 eKTUBHBIN
HMK-cBeTOOMON Ha KPeMHHEBOH IIO[JIOKKe, paboraro-
IIMH TP KOMHATHOM TeMIlepaType. Co3gaHHe TaKOro
rpubopa I03BOJMIUT IEPeHTH K IOTHOCTBIO KpeMHMUe-
BOM OIITO3JIEKTPOHHKE, YTO 3HAYHUTEJBHO YBEIHYMT
IIPOU3BOAUTEIBHOCTD BCeX cHcTeM 0b6paboTku HMHGOP-
MallMK, UX OBICTPOIeErCTBHe, IOMEeX03aIlHUIeHHOCTh
U apyrue mapaMmerpsl. I1K, Kak cucTeMa HaHOKPHCTAI-
noB, obecrieunBaeT 3QPeKTUBHBIN MeXaHH3M Iiepe-
JauM SHepruu HaKayKy JIIOMHHECLIeHTHBIM LIeHTPaM,
CBSI3aHHBIM C HOHOMHU 3p6us (1, 2]. CHcTeMbl HAHOKPH-
CTa//TUYEeCKOr0 KPeMHHUSI C 3pOreM BbI3BIBAIOT OCOOBIM
MHTepec, Tak KaK HoH Er’* faer y3kuil TeMIepaTypHO-
He3aBHCHMBIH CIIeKTPa/IbHBIN OTKIMK Ha JJIHE BOJTHBL
1,55 MKM, YTO COOTBETCTBYeT OKHY IIPO3PauHOCTH
KBapILIeBBIX CBETOBOAOB [3, 4]. KpoMe Toro, B cUcTeMax
C MOHaMH 9p6ust HaboaeTcs SIBJIeHHe all-KOHBEPCUH,
103BO/IsIIOIee ITpeobpa3oBaTh H3/lyueHHe OIHKHEro
UK guarasoHa B BUAMMOE, UTO MOKeT OBITb HCIIONb-
30BaHO JJISI CO3[QHHS aIl-KOHBEPCHOHHBIX ITOKPBITHH
3QPeKTUBHBIX KPeMHHEBBIX COJTHEYHBIX 3/IeMEHTOB
[5-7]. B pabore [8] moxasaHO, YTO IPHU WHTEHCHBHOM
ONTHYeCKOM HaKauyKe KpPeMHHEeBbIX HAHOKPHCTAJI-
JIOB MOXKET peajiM30BaThCs WHBEPCHas HaCeJIeHHOCTh
COCTOSIHUM HOHOB Er’*, u, takum obpasom, cosma-
eTcsi HeobxooHMoe YC/IOBHe JJISl ONTHYEeCKOro yCHje-
HUS B JAHHBIX CTPYKTypaX. B CBSI3K ¢ 3TUM 60JIBIION
HMHTepeC IIPeCTaB/IsgI0T UCCIeJOBAHMS TIOMUHECLIeHT-
HbIX cucrteM IIK c spbuem. IlokazaHo, 4To 3ddex-
THUBHOCTb JIOMHHecLleHIIUU B [IK MoskeT OBITH M3Me-
HeHa BBefIeHHeM oIlpefle/leHHbIX TpuMecer [9-11] unu
IIpoBefIeHHeM CIIeLIMaIbHOM 06paboTKH MaTepHasa
JJIs1 TIpefoTBpallleHHsl KIaCTepU3alluu 3p61/151 [12, 13].
HccnegoBaHHS MeTOLAMH PacTpOBOM 3/IeKTPOHHOM
MMKPOCKOIIUH M CIEeKTPOCKOITHMK KOMOHHALILOHHOIO
paccessHMS IIO3BOIM/IM TaKKe YCTAHOBUTH SIBHYIO 3aBU-
CHMOCTb JIOMHHECLIeHTHBIX CBOMCTB IIOPHCTOIO KpeM-
HUSI OT pasMepa HaHoKpucTaios IIK [14]. 3To cBu-
JleTe/IbCTBYyeT O pellarollell ponlr B GOpMHPOBAHUH
CUTHA/IA JIIOMHUHECLIEHLIMK CTPYKTYpPbl U COCTaBa O11H-
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INTRODUCTION

Porous silicon (PS) doped with erbium attracts atten-
tion as a material on the basis of which an efficient
IR LED on a silicon substrate operating at the room
temperature can be obtained. The development of such
a device will allow a transition to the completely sili-
con optoelectronics that will significantly increase the
capacity of all data processing systems, their speed,
interference immunity and other parameters. PS, as
a system of nanocrystals, provides an efficient mecha-
nism to transfer the pumping energy to the lumines-
cent centers connected with the erbium ions [1, 2]. The
nanocrystalline silicon systems with erbium are of
particular interest since the Er** ionprovides a narrow
temperature-independent spectral response at a wave-
length of 1.55 pm that corresponds to the spectral
window of quartz light guides [3, 4]. In addition, in the
systems with erbium ions, the up-conversion phenom-
enon is observed that allows converting the near-IR
radiation into the visible light. It can be used to develop
the up-conversion coatings for efficient silicon solar
cells [5-7]. In [8], it has been shown that the intense
optical pumping of silicon nanocrystals can lead to the
inverse population of Er* ion states, resulting in the
necessary condition for optical amplification in these
structures. In this regard, the studies of PS lumines-
cent systems with erbium are of great interest. It has
been shown that the luminescence efficiency in PS can
be changed by introduction of certain impurities [9-11]
or by special material treatment to prevent erbium clus-
tering [12, 13]. The studies with the scanning electron
microscopy and Raman spectroscopy methods have
also made it possible to determine a clear dependence
of the luminescent properties of porous silicon on the
dimensions of PS nanocrystals [14]. This indicates the
crucial role of the structure and composition of the
erbium ion immediate environment in the lumines-
cence signal generation. Thus, the review of conducted
studies demonstrates the importance of structural and
morphological analysis of luminescent systems with
porous silicon and identification of the most important
parameters efficient for the luminescence excitation
mechanisms. In this paper, the erbium distribution in
the porous silicon samples with a textured surface that
is conventionally used in the silicon solar cells to reduce
the reflection coefficient, has been studied.

MATERIALS AND METHODS

The PS samples have been prepared using the original
technology described in the paper [15]. The porous
layer was generated locally on the monocrystalline
silicon substrates with a polished and textured surface
by electrochemical etching in an aqueous-alcoholic
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SKaMIIero OKpy>KeHHs HoHa 3pbusi. TakuM obpasoM,
0030p IMpoBeleHHBIX HCC/IeJOBAHUM CBUETE/ILCTBYET
0 BaXXHOCTH CTPYKTyPHO-MOP)OTOrHMYecKOro aHa-
JH3a JTIOMHHECLeHTHBIX CHCTeM C IIOPUCTBIM KpeM-
HHUeM U BBISIBIeHHS Haubonee BaKHBIX I1apaMeTPOB,
30PeKTUBHBIX [JI1 MEXaHHU3MOB BO30OYKIEHHUS JTIOMU-
HeCLleHIIMK. B maHHONM paboTe HCCIeI0BANOCh pac-
mpesiefieHHe 3pbusi B 06pasliax IOPHUCTOrO KPeMHHUS
C TeKCTypUPOBAaHHOM IOBEPXHOCTbIO, KOTOPasl TPaix-
LIMOHHO HCIIO/b3yeTCsl B KPeMHHUEBBIX COMHEUHBIX JJIe-
MeHTax [/I51 CHIDKeHHU ST Ko9hPUIIHeHTa OTpaskeHUsI.

MATEPUAJIbI U METOA bl

Obpasusl IIK co3maBaNCh 110 OPUTHHAIBHOM Tex-
HOJIOTMM, ONMCaHHOM B [15]. IIOpHUCTBIM ClI0H
GOpMHUPOBAJICA JIOKAABHO Ha IIOAJIOKKaX MOHO-
KPHUCTA/I/IMYECKOr0 KPeMHHUS C IIOJIMPOBAHHOM U TeK-
CTYPUPOBAHHOM II0BEPXHOCTBIO IyTeM 3/1eKTPOXU-
MMYEeCKOI0 TPaBJIeHHS B BOOHO CIIMPTOBOM PacTBOpe
[IJIABUKOBOIK KHCJIOTHL B PeKKMe IIOCTOSIHHOM ILJIOT-
HOCTH TOKa.

Jlerupymomas NnpuMech 3pbHs BBOAHIACH IyTeM
IIPOIIMTKU IIOPUCTOIO CjI0S BOOHBIM  PacCTBO-
poM Er(NO;)3-5H,0 c mocjiegyoIM OT>KUIOM B BO3-
OymHOK cpefie mipu 950 °C. ITapamMeTphl HCXOLHOM
IIOPHCTOM MAaTpHUILbl OIpele/s/INCh TPaBHMeTpHU-
YeCcKHd C HCIIO/Nb30BAaHHEM Ppe3y/bTaToB yOBUIM Beca
I10C/le TPaBAeHUS U BbIYHCIeHHeM 06beMa IIOPUCTOro
ciost. TonImKMHA IOPUCTOTO €105 06pa3LoB 6pLIa ompe-
JefieHa 110 MUKpopoTorpadpusM IIOMEePEeUyHOro CKoJjia
obpasua, T.K. OITHYECKHE KOHTPACT 06/1aCcTH MOHO-
KPHCTaJI/IMYeCKOH II0JJIOKKH M IIOPHCTOrO C/104 CyIlle-
CTBEHHO pa3nuyaercs (puc. 1a).

ITopucTOCTh pacCYMTHIBAIACK 110 popMYyIIe:

\4 Am

_ mop
P_V pxSxd ’ M

op. C/10s

rie P - mopycTocTh, Am - M3MeHeHHe Macchl obpasua,
S - mIomanpk IMOPHUCTOro C1osi, d — TONNIMHA IOpPH-
CTOrO €110st, Vo, = 00BeM 10P, Vigy croq ~ 06BEM IIOPH-
CTOro C1osi, p - IUIOTHOCTh KpeMHUS (p=2,33 T/cMd).
i ucciemyeMbIx 0b6pasloB IIOPHUCTOCTh COCTABHIIA
ot 0,61% mo 3,65%. Takue HEBBICOKHE 3HAYEHHUS
IIOPUCTOCTH OOBSICHSIOTCS JIOKJIBHBIM ITPOLIECCOM
1opoobpa3oBaHuA.

HccnemoBaHre MHMKPOCTPYKTYPHl U Mopdoiio-
THU IIOBEPXHOCTH 06Pa3l[0B IMPOBOSUIOCH C IIOMO-
B0 3JIEKTPOHHOTOo MHUKpockoma TESCAN VEGA
€ 100 000-KpaTHBIM yBeIHYEHHEM C Le/IbI0 KOHTPOJISI
CoCTaBa OCa’KOEHHOTO JIETHPYIOILEro CJIod H IIPO-
BeJleHUsl SHepropgucnepcuoHHoro aHanusa (Oxford
INCAX-act) IoBepXHOCTH 00pa3oB ITOPHUCTOTO KpeM-
HUSI C JIETHPyeMOF 5pbreBOH IIPUMECHIO.
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solution of hydrofluoric acid in the constant current
density mode.

The erbium dopant was introduced by impreg-
nating the porous layer with an aqueous solution
of Er(NO;)3-5H,0, followed by annealing in air at
the temperature of 950 °C. The initial porous matrix
parameters were determined gravimetrically by using
the weight loss results after etching and calculating
the porous layer volume. The thickness of the sample
porous layer was established on the basis of photomi-
crographs of a sample cross-section, since the optical
contrast of the single-crystal substrate region and the
porous layer differs significantly (Fig. 1a).

The porosity was calculated by the following
formula:

V Am

por

P= €]

V - pxSxd ’

por. layer

where P is the porosity, Am is a change in the sample
mass, S is the porous layer area, d is the thickness of
the porous layer, V,,, is the pore volume, V,; jayer 18
the volume of the porous layer, p is the silicone density
(p=2.33 g/cm?). For the samples under study, the
porosity ranged from 0.61% to 3.65%. Such low porosity
values are explained by the local pore generation
process.

The study of the sample microstructure and surface
morphology was performed using a TESCAN VEGCA
electron microscope with a 100,000-fold magnification
in order to control composition of the deposited dop-
ant and to conduct energy-dispersive analysis (Oxford
INCAx-act) of the surface of porous silicon samples
with the doped erbium impurity.

The Raman spectroscopy of the samples was per-
formed both on the PS surface and on a cross-section of
the porous layer at the room temperature. When mea-
suring the Raman spectra, a FOTON-BIO microscope
with the laser excitation wavelengths of 532 nm and 785
nm and a 20- and 50-fold magnification was applied.
The laser exposure time varied depending on the signal
intensity from 100 ms to 3000 ms for the samples with
various luminescent backgrounds. The spectra were
recorded based on the average signal intensity for 3-5
measurements per sample.

The micro-photoluminescence spectra were measured
at the room temperature using a BOMEM DA3.36 Fourier
spectrometer with a resolution of 1 and 4 cm™ (0.24 nm
and 0.94 nm, respectively). The photoluminescence
signal was detected by a cooled germanium detec-
tor. An Nd:YAG laser was applied for excitation with
the excitation wavelength of 532 nm. In all cases, the
laser excitation intensity was 10 mW, the laser beam
diameter was equal to 10 pm. The measurements were
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CreKTPOCKONMSI KOMOMHAIIH-
OHHOTO paccestHHs CBeTa 06pa3LioB
IIPOBOAM/IACH KaK II0 ITOBEPXHOCTH
IIK, Tak ¥ Ha IIOII€PeYHOM CKOJIe
IIOPUCTOrO C/0SI NMPU KOMHATHOH
TeMIieparype. Ilpu H3MepeHHU
CIIeKTPOB KOMOMHAIIMOHHOIO pac-
CesIHH S UCII0/1b30BaJICsI MHUKPOCKOII
«®OTOH-BHO» ¢ mavHAMH BOJIH
Ja3epHOro BO30OyKmeHHs 532 HM
1 785 HM € 20-X ¥ 50-X KpaTHBIM
yBeJIM4eHHueM. BpeMs SKCITO3U LMK
Jazepa BapbHPOBajIOCh B 3aBUCH-
MOCTH OT MHTeHCHBHOCTH CUIHajia
oT 100 mc mo 3000 mc mast o6paa-
LIOB C Pa3sHBIM JTIOMUHECLEeHTHBIM
¢doHoM. CHexkTpel 3aIIUCHIBAIHCh
[0 yCpPeAHEeHHOH HHTEeHCHUBHOCTH
CHUTHa/la [JI 3-5 HW3MepeHHH Ha
obpaszer.

H3MepeHHs CIIEKTPOB MHMKPO-
GOTOMIOMHUHECHEHIIUKY  IIPOBO-

Puc. 1. MonepeyHbiii ckon 06pazua 8: a) mukpopomozpadus ckona

(pasmep eHympeHHell pamku 100 x 120 mkm, d
b) PSM-u306pakeHue nogepxHocmu

Fig. 1. Transverse cleavage of sample 8: a) micrography of the cleavage (the size of
the inner frame is 100 x120 pym, d

e MKM);

=45um); b) SEM image of the surface

por.layer

JUIKNCh NPHU KOMHATHOM TeMIIe-

patype Ha ®ypbe-ClieKTpoMeTpe

BOMEM DA3.36 c paspemeHueM 1 u 4 cm™! (0,24 HM
u 0,94 HM, CcoOTBeTCTBeHHO). CHUrHaa (HOTOTIOMU-
HeCUeHIIMH [eTeKTHPOBAJICS OXJIa’KZaeMBIM Trepma-
HUEBBIM MeTeKTOPOM, ISl BO3OY>KOeHHUsS HCIIO0NIb30-
Baicsi Nd:YAG nasep, mInHaA BOJHBI BO3OY>KAEHHS
532 uM. Bo Bcex Cy1y4asgx WHTEHCHBHOCTH JIA3€PHOTO
B036yskIeHMUs cocTaBmsiia 10 MBT, uameTp a3epHOro
mydka ~10 MKM. M3MepeHHs IIPOBOLKIINCE B 00JIaCTH
IIOPUCTOrO C/10s1. [IOCKOMBKY IIOPUCTBIE CJIOU He OFHO-
POIHBI, JIa3epHBIN Y4 POKYCHPOBAICS TaKUM obpa-
30M, YTOOBI 3aXBATUTh KaK IPOTPaBIeHHbIE OTBEPCTHS,
TaK ¥ YYaCTKA MEXKIY HUMH.

PE3YJIbTATbl N OBCYXXAEHUA

M3yyeHHe MOPOOIOTUH [TOBEPXHOCTH 006pas3IioB IIOKa-
3aJI0 HeOHOPOJHOe pacIipesie/ieHHe KIacTepoB 3pOu-
€BOr0 0Cajika Ha II0BePXHOCTH TEeKCTYPHUPOBAHHOIO
KpeMHHUs. Ha pucyHke 1lb mpezncTraBieHO H306paske-
HHe B PAacTPOBOM 3/eKTPOHHOM MMKpocKome (POM-
n3obpaskeHKe) IIOBepXHOCTH obpasma, y KOTOpOro
IIOPUCTBIA CJIOM OBUI CO3AAH Ha TeKCTYPHUPOBAHHOM
[IOBEPXHOCTH.

B Tabn. 1 mpencTaB/ieH 3JIeMEHTHBIM COCTAaB 3TOTO
obpasua, CoelaHHBIM MPH IIOMOIIU CIIEKTPaJIbHOIO
aHanu3aTopa POM. Pe3yabTaThl I10Ka3bIBAIOT, YTO
3pbuil pacriosaraeTcsi B IOPHCTOM C/I0e KIacTepaMH,
0 YeM MOKHO CYIHUTH IIO CIIeKTpaM 1, 2 U 3, M3MepeH-
HBIM B Pa3sHBIX TOYKax CTPYKTYpHl. Takke B OnrDKai-
IeM OKpPY>KeHHH 3POHsI IIPUCYTCTBYeT KUCTIOPOX, YTO

performed in the porous layer region. Since the porous
layers were not uniform, the laser beam was focused in
such a way as to capture both the etched holes and the
areas between them.

RESULTS AND DISCUSSIONS

The study of sample surface morphology has showed
a non-uniform distribution of erbium deposit clusters
on the textured silicon surface. Figure 1b demonstrates
a scanning electron microscope (SEM) image of the
sample surface in the case of which a porous layer was
developed on the textured surface.

Table 1 shows the elemental composition of this
sample obtained using a SEM spectral analyzer. The
results demonstrate that erbium is located in the
porous layer in the clusters that can be determined
by the spectra 1, 2 and 3, measured at different points
of the structure. Moreover, oxygen is available in the
immediate environment of erbium that is a favorable
condition for erbium luminescence.

The energy-dispersive analysis of the surface of
erbium-doped PS samples has shown various erbium
percentages in the samples under study, ranging from
0.88% to 31.6%. For the textured surfaces, there are
the areas of heterogeneity, where the deposited layer
generates the inclusions of erbium deposits between
the tetrahedral pyramids of the silicon surface. It is
in these areas that the porous layer is predominantly
formed on the textured surface. Therefore, it can be
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SIBJIsieTCsT ONarompusATHBIM yo1o-  Tabauual. DnemMeHTHbIN cocTas o6pasua Ne 8
BHeM [Is TIOMHUHeCLIeHIIUM 3pbusi.  Table 1. Elemental composition of the sample No. 8
DHeproJMuCIIepCHOHHBIM  aHa-

CnekTp C % O, % In,% Sn,% UTor, %
JTH3 TI0 ITIOBEPXHOCTH 06pa3wos 11K, Spectrum Total %
JIETUPOBAaHHOrO 3pbreM, IIOKa3asl
PasHYI0 MPOLEHTHYIO 00 3pous Cnektpl 20,48 1346 538 60,65 - - - 002 100,00
HcclenyeMbIX 0bpasioB, Koile-
6mromytocs ot 0,88% 1o 31,6%. st Crnektp2 2536 770 | 10,82 5240 211 032 040 0,88 100,00
TeKCTYPHUPOBAHHBIX [TOBEPXHOCTEH
BCTPEYAlOTCsL 00/acTH rerteporeH- | Cnektp3 6,55 1548 - 69,49 - - - 848 100,00
HOCTU, TIIe OCaKOeHHBIN CJI0H

obpasyeT BKparieHHsI 3pbHeBoro
ocaZika MeXKay 4YeThIpeXIPaHHBIMH
NUpPaMHAKaMH IIOBEPXHOCTH KpeMmHHs. KMMeHHo || Tabnuua 2. PamaH-aKkTUBHble KosebaHus, Habnogaemble
B 3THUX 0O/IACTSIX Ha TeKCTypHPOBAHHOM [OBEPXHOCTH B 06pasuax NnopucToro KpeMHUS, IerMpPOBaHHbIX 3pbrem
IIPeNMYIIeCTBEHHO 06pa3yeTcsl IMOPUCTBIN CJIOHM, Tak || Table 2. Raman-active oscillations observed in erbium-
YTO MOXXHO CHOEJIaTh BBIBOM, YTO IPEHMYILECTBEHHO doped por-Si samples

HOHBI 3pOHs COLEePsKATCs B IIOPUCTOM CJIOE.

. BonHoBoe 4Yncno Tun KonebaHnmn XnumMmpnyeckas
DHEeProguCIIepCHOHHBIA aHA/IU3 I10 CKOIY 06pa3ua

nuka, cm' Type of CBS3b
IIOATBEPAMNII DPE3YNbTAT paHEe IIPOBENEHHBIX MHCCIIE" Peak wave number, cm™ oscillations Chemical bond

IOBaHUM [3] 0 TOM, 4YTO 3pOHI CONEP)KUTCS B 3aMeT-

HOM KonudyecTBe (mo 0,1 aT.%) TOMBKO B IIOPHUCTOM 2 - S0
c1oe, B IIOAJIOXKKE ero IIPUCYTCTBUe He PUKCHPYeTCs. 275 Fq E—0
ITO CBUAETENBCTBYET 06 OTCYTCTBUU AUbPYy3UH 3pbHst

B MOHOKPHCTAJ/IMYECKUHN KPeMHMI IIpU TeMIlepa- 317 Ag Er-O
Type oTkura (950 °C

yP ( ) 366 Ag Er-0
CNEKTPOCKOINUA 403 - Er-O
KOMBUHALIMOHHOI'O PACCESAAHUA

Bce aHanu3upyeMmsble 00pasiibl IOKA3aIK HalHd4He 485 Ag Er-O
CHJIBHOTO JIIOMHHECLIEHTHOTO0 GOHa KaK Ha MAJIHHe i _ si=si

BOJIHBI 532 HM, TaK M Ha JJIMHe BOJIHHI /85 HM Ja3ep-
HOro BO3OYKOEHHUSI CTOKCOBOM KOMIIOHEHTBHI KOM- 585 Ag Er-O
OMHAIIMOHHOTO paccesiHUsI CBeTa. Ha AJIMHe BOJIHBEI

J1a3epHOro BO36YKIeHHUs 532 HM ObUIM OOHAPYSKEHBI 635 Ag Er-0
CIIeKTpa/IbHBbIE JINHUK OKCHAA 9pbHs U HHU3KOpa3Mmep- 712 _ Er-N-O
Horo KpemHHs (514 cm™) (Tabm. 2) B mccrienyeMbIX

obpasax MOpHCTOro KpeMHHUsI. PasMep KPHUCTa/IMTOB 732 - N-O
IIOPHCTOr0 KPeMHHS, COITIAcHO paborte [16], KonmebneTcs 749 ~ N-O

oT 2 10 4 HM. [ToMHMO KPeMHHEBOM CBSI3U B CIIEKTpe
obHapysKeHBl CTabOMHTEHCUBHbIe THUHUU KojebaHHUI 827 - N-H
Si-OH [17]. Hanmu4ue IMUKOB OKCUJA 3pOHs, a TAKKe CMe-

IeHHs IMHUKM KpPeMHHS B CTOPOHY MEHBIIMX YacTOT 843 - N-H
B obImeM crieKTpe 06pasIoB, H3MePeHHOM Ha I0Ileped- 878 Ag N—O
HOM CKOJIe, IIOATBePsKAAeT IIPHUCYTCTBHE 3pOUs B ITOpax

IIOPHCTOro KpeMHHUs (pHcC. 2a). [lst 6osiee TOHKOTO aHa- 923 - NH
JIM3a CIIeKTPOB ObII IPOBe/leH aHa/IHU3 ITHKOB CIIEeKTpa

KOMOHHAIIMOHHOTO PacCesTHUSI CBETA, IIOTy4YeHHOro Ha 960 - NH
IUIMHe BOJIHBI JIa3epHOro Bo30y>kmeHus 532 HM (prc. 26). 1022 A,u Si—OH
KoppekTHpoBKa 6a30BOM JTHHHUU U HEKOHBOTIOL[UOH-

HbIF aHAIH3 [I03BOJIHJI TOYHEe OIIPENeNUTh CTPYKTYPY 1045 - Si-OH
06pasIoB U BBISIBUTH IIPUCYTCTBHE JIMHUHU 6e3BOTHOM 1062 B NO,

COMH PO C OTHOCHUTENIBHO MAJIOM KOHIIEHTPALIKEH 110
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OTHOIIEHHIO K OKCHUAHBIM MUKaM. OIIMOKa arIIpoKCH-
MalMU U 06I1ero MeKOHBOIOLMOHHOIO Pa3/losKeHHs
coctaBuia 1,2%, B KauecTBe QYHKIUHY, allIIPOKCHUMHPY-
IOIIIeH ITUKH, Bm61z1panac13 dynkums JlopeHca:

8w
m o 4(x-x)2+w?’

y=Yo+ 2)
rie w - 3HauyeHue I0JyLIIMPHUHBI Ha II0JYBBICOTE MHKA,
Yo — CMellleHHe, paBHOe KOPPeKIUH 110 6a30BOM THHHUH,
Y, — LeHTp IHKa, A-IUIOIIALb IIHKA,

Bce muku KonmebaHuM cBsisu Er-O MoryT OBITH IOJ-
TBepsKIeHbI JaHHBIMU paboTsl [18], rie aHAIU3UPYIOTCS
CIIeKTPhl KOMOMHAIIMOHHOIO PpacCesHHs MOHOKIKH-
HOro okcupia 3pbusi. CriekTpel B-¢assl Er,0; MOXKHO
paszmenuTh Ha deTbIpe obmactu: 25 (I) mexkay 70 cm!
u 125 cml, (II) mexkay 150 cm! m 220 cm™l, (III) mexmy
240 cm™! u 300 cm™L, roe HabIIOmAIOTCS TUHUU 2A,~1B,,
XapakTepHble mis B-daser; u (IV) mexay 370 cm!
1 600 cm™!. CurHasn Ha yacToTe 1062 cM™!, XapaKTepHbII
IJIs. TPyIIbl KosebaHuil aHuoHa NO;, MOATBEPXKAAET
HaJlu4Me B obpasiie MaJIol KOHIIeHTpalluu 6e3BOgHOM
comu 3pbusi. U X0Ts MUK HUTPaTa 9pbHs B AHAIIa30He
Koebanum 1039-1062 cm™! (rpymma Konebanus NO; [18])
C1abbli 10 MHTEHCHBHOCTH, OH COpPa3MepeH CO CJa-
ObIMHU KOTebaHUSIMU ITHKOB OKCH/A 5pOHs Ha YacToTax
403 11 366 cm™L. KonebaHus Mosieky1 a30Ta B cBsi3sx N-O
1 CBOOOIHBIX PafiKaIoB N-H ITPOSIB/ISIOTCS B CIIEKTpax
KP paske Ipu HanuU4uU 60/bIION GOHOBOM JIIOMHUHEC-
HeHLMH [19].

CMNEKTPOCKOINUA
MWUKPO-®OTOIFOMUHECUEHL U

Ha puc. 3 npuBeneHbl CIIeKTPhl GOTOMIOMUHECI@HIINH
H3TOTOBJIEHHBIX 06pa3lioB C IIOPUCTBIM C/I0EM, U3 HHUX
Ha obpasuax ¢ Homepamu oT Nel 1o Ne6 rmopoobpasoBa-
HIle [IPOBOJMJIOCHh Ha MTOJIMPOBAHHOU II0OBEPXHOCTH, Ha
obpasrie N28 - Ha TeKCTYpUPOBAaHHOM . Bce rony4eHHbIe
CTPYKTYPBI IIOKAa3bIBAIOT XOPOLIMe JIOMHHeCLIeHTHEIe
CBOMICTBA NPH KOMHATHOM TeMIIepaType, He IIPOsiB-
75151 0OBIYHOTO B TAKUX CTy4dasx KOHIIEHTPAI[MOHHOIO
rameHus JIOMHHecHeHIUH. To ecTb, Ipejaraemas
TeXHOJIOTUSI GOPMHUPYeT O/I1aronpUsiTHbIE YCIOBUS IS
JIIOMHHeCLUeHIIUH. JJeKOHBOIIOLIMS CIIeKTPa BBISIBHIIA
SIBHBIE 1 CKPBIThIE ITMKH B KOJIMYeCTBe 12 IITYK ¢ ob1ert
oniubrom mexee 3,3%.

CreKTpsl MHUKPO-(OTOTIOMHHECLIEHIIMH abCOTIOTHO
Bcex 00pasLOB IIOKa3aTH IIHKH B JAHAIla30He [JIMH
BOMH OT 1,46 f0 1,58 MKM, XapaKTepHbIe IJISI MYJIbTHU-
I71eTOB 3pbus *l 13, U *lj5)y, @ TAKCKe C1aOOMHTEHCHBHBIE
[IMKH KPeMHHS Ha IJIMHe BOJIHHI 1,14 MKM.

O6pa3upl MMEIOT CHIBHOE OTIHMYKe He TOIBKO II0
MHTEHCUBHOCTH OCHOBHBIX ITMKOB (GOTOJIIOMUHEC-
LeHUWK 3pOHs, HO TaKkKe NeMOHCTPHUPYIOT SIBHYIO

6000 -

1121’203
5000 -
L Si
<
5 4000 -
‘?: I EINO
Z 3000 Er,0, 3
[J]
g
5 f\ Radical-NH
2000 ‘1 “ J | sio,
|
7 % ¥ ErNO,
1000
e ~ . ! J\..-_M
0 1 I 1 1 [ 1 LS
200 600 800 1000 1200

Raman shift, Cm

Puc. 2. Cnekmpbl KOMOUHAUUOHHO20 paccesiHus céema
06pa3uyo8 MK, re2upo8aHHbIX 3pbuem, ¢ aHaAU30M paMAaH-
AKMUBHbIX MO0 Cnekmpa: CUHUL Ugem — UCX0OHbILU cnekmp,
0MKOppeKmupo8aHHbili No 6a30800 AUHUU, KPACHbIU — M0OY-
AUPOBAHHBIU ANNpoKcumMayuel, 3eAeHble AUHUU- QOHOHHbIE
MOObI 8 pa3N0XKEeHUU UCXOOH020 cnekmpa QYHKUUSMU
JlopeHca

Fig. 2. Raman scattering spectra of erbium-doped por-Si
samples with analysis of Raman-active spectral modes: blue
is the original spectrum corrected along the baseline, red is
modulated by approximation, green lines are phonon modes
in the decomposition of the original spectrum by Lawrence
functions

concluded that the erbium ions are predominantly
contained in the porous layer.

The energy-dispersive analysis of the sample
cleavage has confirmed the results of previously
conducted studies [3] that erbium is contained in
a noticeable amount (up to 0.1 atm.%) only in the
porous layer, its availability is not recorded in the
substrate. This indicates the absence of erbium dif-
fusion into the single-crystal silicon at the annealing
temperature (950 °C).

RAMAN SPECTROSCOPY

All the analyzed samples have shown the availability
of a strong luminescent background both at the
wavelength of 532 nm and at the wavelength of 785 nm
in the case of laser excitation of the Stokes component
of Raman scattering. At the laser excitation wavelength
of 532 nm, the spectral lines of erbium oxide and low-
dimensional silicon (514 cm™) (Table 2) were found in
the porous silicon samples under study. The crystallite
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ONTUYECKMUE UBMEPEHUA

ACHUMMETPHIO u MYJIPTHUIIIET-

HOe »SHepreTH4eckoe PpaclieIie-
HUe, HabnofaeMble MPH KOMHAT-
HOM TeMmIlepaType. IlopucTOCTh
obpasuia sB/ISeTCs IJIaBHBIM Oak-

0,050
0,045

0,040

TOPOM, BIIMAIOONIMM Ha HHTeH-

0,035

CUBHOCTb JIOMHHECLIEHIIUU, HO 5
BaKHYIO POJIb HUIPAeT He TOJIBKO < 0,030

>~

_ =
[IOPUCTOCTh CJIOSI, HO U BHYTPEH 0,025

HSI CTPYKTypa mop. Obpasisl Ne5 %
U Ne6 umerT 61u3KUe 3HAaYeHUS 2 L2020

IIOPUCTOCTH, HO CYIIECTBEHHO Pa3-
JUYHYI0 KapTHHY (OTOIIOMMHEC-
LIeHIUHU. O6pa3eu Ne5 rmokaszan
c1abyl0 MHTEHCHUBHOCTb CHIHaja
poTONIOMUHECLIEHIIUU, CBSI3bIBae-

MOT0 C KpeMHHEeM, U JOCTATOYHO
CHUJIBHBIM, II0 OTHOIIEHHIO K JIpy-
ruM obpasram, 3pbHeBbIi OTKIHK.
Obpaser; Ne6, HaobopoT, HMeeT
BBICOKMI OTKJIHUK KpeMHHUsSI, HO
cmabeiil MUK 3pbusi. Takoe pasiu-
e MOKeT OBITh CBSI3aHO C Pa3HOU

Puc. 3. Cnexmp mukpo-pomontomuHecuyeHuuu 06pasL,os nopucmozo KpemHusl,
Ae2UPOBAHH020 3pbuem
Fig. 3. Micro-photoluminescence spectra of erbium-doped por-Si samples

Wavelength, pm

CTPYKTYpoH I1op. CaMBIM CHIbHBIN

JTIOMUHECLIeHTHBIH OTKJIHK IIpO-

oeMOHCTpHpoBan obpaser; Ne8

C IOPHUCTHIM C/I0eM Ha TeKCTypHPOBaHHOI ITOBEPX-
HOCTH. TaKOM CH/IBHBIK CHTHaJl QOTOTIOMHUHECLeH-
LIMM MO3KeT OBITh CBSI3aH C MUHHUMATBHBIMU II0T€PSIMHU
H3JIydyeHUs] IIPHU BbIxofe U3 bojee yIOpsiIOUeHHOM
TeKCTYPUPOBAHHOK CTPYKTYpbl M Ha/IHYHEM [OIION-
HUTeJIbHBIX KaHa/I0B BO3OY>KAEHHUS IPHMeCHBIX HOHOB
5pbusi, OIOCpeNOBAaHHOIO HAaHOKPHUCTA/ZIAMH KpeM-
Hus. Obpaser; Ne2 mokasan cabyio SpoHeByro TIOMHU-
HEeCILIeHIIUI0, YTO MOXKHO OOBSICHUTH YBeIHYeHHEeM
IIPOCIOMKH OKCHJA KPeMHHS MeXKOy HaHOKPHCTAJI-
JTaMU KpeMHHUS M HOHaMHU P3M [20].

HccepmoBaHue HM3MeHEHUS! MHTEHCHBHOCTH $OTO-
JTIOMHHeCIeHIIMH I10 I1OBePXHOCTH 00paslioB II0Ka-
3aJ10, YTO OHA MOYKeT Pa3/IMYaThCsl IIOYTH B 3 pasa Ajs
PpasHbIX obnacTeit moBepxHocTH (puc. 4). [lnsa obpasua
N2 muK 3pbust MakcuMaJeH B obnactu 1 c HaubonpLIen
IIOPUCTOCTBIO, B 06/IaCTH 2, Ille IIOPUCTOCTb MeHbIIe,
MUK KPeMHHSI [TpeBbIlIaeT S5pOHeBbIH.

3AK/THOYEHUE

ITo pe3ynbTaTaM UCCIeJOBAHUSI MOXKHO CAeNaTh BBIBOJ,
YTO CTPYKTYpa HMCXOIHOM IIOPUCTOM MATpHLBI OKa3bl-
BaeT 3HA4HTe/lbHOe BJIMSHHE Ha JIOMUHeCLIeHTHbIe
CBOMCTBA IIOCTIEYIOIIUX GOPMHPYeMBIX CTPYKTYp CO
COSIMH  OKHC/IeHHOoro IIK, jlerMpoBaHHOro 3pbuem.
[7maBHBIM (GAKTOPOM, BIHSIONIUM Ha HHTEHCHBHOCTb
JTIIOMHHECLIeHITUHU SIBJISIeTCsl IIOPUCTOCTh obpasua. Oca-
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size of porous silicon, according to [16], fluctuates
from 2 to 4 nm. In addition to the silicon bond, the
low-intensity lines of Si-OH vibrations were found
within the spectrum [17]. The available erbium oxide
peaks, as well as the shift of the silicon line towards
the lower frequencies within the overall spectrum of
the samples, measured on a cross section cleavage,
confirms the presence of erbium in the porous silicon
pores (Fig. 2a). For a more detailed spectral analysis,
the peaks of the Raman spectrum obtained at a laser
excitation wavelength of 532 nm were analyzed (Fig. 2b).
The baseline adjustment and deconvolution analysis
allowed us to more accurately determine the sample
structure and reveal the availability of anhydrous
erbium salt line with a relatively low concentration
in comparison to the oxide peaks. The approximation
error and the overall deconvolution decomposition
error were 1.2%, and the Lorentz function was selected
as the function approximating the peaks:

U w
n o 4kx-x)2+w?’

y=Yo+ )
where wis the half-width value at the peak half-height,
Yo is the offset equal to the baseline adjustment, y, is
the peak center, and A is the peak area.

All peaks of the Er-O bond oscillations can be con-
firmed by the data provided in the paper [18], where the
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Puc. 4. Cnexmp ¢omontomuHecueHuuu obpasua Ne 2,
U3MepeHHbil 8 d8yX 06Aacmsx N08EPXHOCMU C pa3HoU
nopucmocmo!o

Fig. 4. Photoluminescence spectrum of sample No. 2,
measured in two surface areas with different porosities

JOK a30THOKHC/IOTO 3pbHsi KOHIIEHTPUPYeTcs B 6osb-
IIel CTeIleH! Ha IIOPUCTOH 067acTH, IIPH 3TOM I0C/Ie
OTKUTa 00pasyloTcsi B OCHOBHOM OKCHIHBIE COeIHHe-
HUS 9pbuUsl, a IIPUCYTCTBHE KHUC/IOpona B OrsKariiiemM
OKpY’>KeHHH 3pOus co3maeT 61arompusiTHbIE YCIOBHUS
JUISL IIOMUHECLIeHIIU U .

BaskHYIO PO/Ib 3[€Ch MIPAeT FeOMEeTPUS U BHYTpPeH-
HS CTPyKTypa Imop. Hauboree MHTeHCHUBHBIH OTO-
JIIOMUHECIIeHTHBIN OTKJIHMK Habmiomancs B obpasie
C IIOPUCTBIM C/10eM, COOPMHPOBAHHBIM Ha TeKCTYPH-
POBAaHHON IIOBEPXHOCTH, [ KOTOPOH PeaHn3yIoTCs
YCIIOBHSI MMHMMAJIBHBIX IIOT€Pbh H3JIyUYeHHUS IIPHU
BBIXOZle U3 YIIOPSILOYeHHON CTPYKTYpPhl. YMeHbIIeHHe
MHTEHCHBHOCTH JIIOMUHECIIEHIIUH B HEKOTOPBIX 0b6pas-
LIaX C JOCTAaTOYHO BBICOKOM ITOPHCTOCTBIO MOSKeT OBITH
CBSI3aHO C yBeJIHYeHHeM IIPOCIOMKU OKCHAA KPeMHHUS
MesKIy HAaHOKPUCTA/IAMH KPeMHHSI 1 MOHAMU 3pous,
4TO, KaK CJIeACTBHE, OO/DKHO IIPHUBOAHTH K YMeHbIIe-
HUIO 3)EeKTUBHOCTH BO30OYKIEHHS pefKo3eMelbHBIX
HUOHOB.

YCTaHOBJIeHHBIe 3aBUCHMMOCTH MeXAY JIIOMH-
HeCIIeHTHBIMI CBOMCTBAMH M CTPYKTYpOH 06pa3IioB
C OKHCIeHHBIM I[IOPHUCTBHIM KpeMHHeM, OOIIHPOBaH-
HBIM 35pbrieM, MOTYT OBITH KCIIOTB30BAHBI ST pas-
pabOTKU TEXHONOTUU H3rOTOBIEHUS 3PGEKTUBHBIX

=

Raman spectra of monoclinic erbium oxide have been
analyzed. The spectra of the Er,0; B-phase can be divided
into four regions: 25 (I) between 70 cm and 125 cm ™!, (II)
between 150 cm™ and 220 cm™, (III) between 240 cm™!
and 300 cm™, where the lines 2A;~1B, typical for the
B-phase, are observed; and (IV) between 370 cm™ and
600 cm™!. The signal at a frequency of 1062 cm® typical
for the oscillation group of the NO; anion, confirms
the availability of low concentration of an anhydrous
erbium salt in the sample. Although the erbium nitrate
peak within the oscillation range of 1039-1062 cm (the
NO; oscillation group [18]) has weak intensity, it is com-
parable with the weak oscillations of the erbium oxide
peaks at the frequencies of 403 and 366 cm™!. The oscilla-
tions of nitrogen molecules in N-O bonds and N-H free
radicals occur within the Raman spectra even in the
presence of high background luminescence [19].

MICRO-PHOTOLUMINESCENCE
SPECTROSCOPY

Fig. 3 shows the photoluminescence spectra of the
prepared samples with a porous layer. In the case
of samples No.1 - No.6, the pore formation process
was performed on a polished surface, in the case of
sample No.8 - on a textured one. All the obtained
structures demonstrate rather good luminescent
properties at the room temperature without any
common concentration quenching of luminescence in
such cases. That is, the proposed technology provides
for the favorable conditions for luminescence. The
spectrum deconvolution has revealed 12 obvious and
hidden peaks with a total error of less than 3.3%.

The micro-photoluminescence spectra of absolutely
all samples have showed peaks within the wavelength
range from 1.46 to 1.58 pm being typical for the erbium
multiplets “I;;, and “I5;, as well as the low-intensity
silicon peaks at a wavelength of 1.14 pm.

The samples have a strong difference not only in the
intensity of the main erbium photoluminescence peaks,
but also demonstrate a clear asymmetry and multiplet
energy splitting observed at the room temperature. The
sample porosity is the main factor influencing the
luminescence intensity. However, not only the layer
porosity, but also the internal structure of pores plays
an important role. The samples No.5 and No.6 have
the close porosity values, but the significantly differ-
ent photoluminescence patterns. The sample No. 5 has
demonstrated a weak photoluminescence signal inten-
sity associated with silicon and a fairly strong erbium
response compared to other samples. On the contrary,
the sample No. 6 has a high silicon response but a weak
erbium peak. Such a difference may be due to various
pore structures. The strongest luminescence response
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HK-cBeTOnHMO0B Ha KpeMHHEBOM IOJTIOKKE, pa60Ta10—
IIMX IIPU KOMHATHO TeMIlepaType.
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was demonstrated by the sample No.8 with a porous
layer on a textured surface. Such a strong photolu-
minescence signal may be due to the minimal radia-
tion leakages when leaving a more ordered textured
structure and the availability of additional excitation
channels for the erbium impurity ions mediated by the
silicon nanocrystals. The sample No. 2 has shown weak
erbium luminescence that can be explained by the
increase in the silicon oxide layer between the silicon
nanocrystals and REM ions [20].

The study of changes in the photoluminescence
intensity on the sample surface has shown that it can
differ by almost 3 times for various surface regions
(Fig.4). For the sample No. 2, the erbium peak is maxi-
mum in the area No.1 with the highest porosity. How-
ever, in the area No.2, where the porosity is lower, the
silicon peak exceeds the erbium one.

CONCLUSION

The study results demonstrate that the structure of
initial porous matrix has a significant impact on the
luminescent properties of the subsequent structures
generated with the oxidized PS layers doped with
erbium. The main factor affecting the luminescence
intensity is the sample porosity. The erbium nitrate
precipitate is concentrated to the greater extent in the
porous region, while after annealing mainly the erbium
oxide compounds are generated. Moreover, the available
oxygen in the immediate environment of erbium
develops favorable conditions for luminescence.

The geometrical arrangement and internal struc-
ture of the pores play an important role in this case.
The most intense photoluminescent response has been
observed in the sample with a porous layer generated on
a textured surface, for which the conditions of minimal
radiation leakages are implemented when abandoning
the ordered structure. A decrease in the luminescence
intensity in some samples with the sufficiently high
porosity may be due to an increase in the silicon oxide
layer between the silicon nanocrystals and erbium ions
that, as a consequence, should lead to a decrease in the
excitation efficiency of the rare-earth metal ions.

The established relations between the luminescent
properties and structure of samples with the oxidized
porous silicon doped with erbium can be useful for
developing the production technology for the highly
efficient IR LEDs on a silicon substrate operating at the
room temperature.
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