16360160

¥ 1 6 FE~1 S FEEREHARGHE
(B (B) IR ER

Yl 9% 4R

BREREE kB
 EREAEE TR




x L B &

FBEEETRORETHREZITLER 1 6 FE~FH1 8 FEHEMAREY
E[EBHAREG) ] ICHDIMRBRELLOIEHDTH S,

HIERE
B )a>rLs | RAVONAERBRBIRFORMOME & ERBIBOREA
BFEES 16360160

TR L :
MRARE | AKRE (FRAXFEITEWERR
MESEE . ARE (FWMAXFEIEEWERER)
MRSEE . REEZ (RMAXPETLRRERR)

RfTRESE (RS8)

(REHA : [A)
EiZER EEER &t
SRR 1 6 SEEE 7, 300, 000 o| 7, 300, 000
TR THEE 4, 700, 000 0| 4, 700, 000
FrE1 8EE 2, 900, 000 0] 2, 900, 000
% & 14, 900, 000 14, 900, 000
MRRE
M ERFHE

1. T. Ito, H. Kato, T. Nango and Y. Ohki “Energy Band Profile of Hafnium Silicates
Estimated by X-Ray Photoelectron Spectroscopy”, J apénese Journal of Applied Physics, Vol.
43, 8199-8202, 2004.12

2.~ Kwang Soo Seol, Kazuo Takeuchi, and Yoshimichi Ohki “Ferroelectricity of
single-crystalline, monodispersed lead zirconate titanate nanoparticles of 9 nm in diameter”,
Appl. Phys. Lett., Vol. 85, 2325-2327, 2004

3. Kristina E. Lipinska-Kalita, Yoshimichi Ohki, et al. (5 PSR =D “Temperature effects
on luminescence properties of Cr’* ions in alkali gallium silicate nanostructured media”, J. Appl.
Phys, Vo0l.98,.054302-1 -.05302-6, 2005

4. Kristina E. Lipinska-Kalita, Yoshimichi Ohki, et al. (6 %' 6 #& H), “Synthesis and
characterization of metal-dielectric composites with copper nanoparticles embedded in a glass
matrix:A multitechnique approach”, J. Appl. Phys, Vo0l.98, 054301-1 -.05301-6, 2005

5. XKristina E. Lipinska-Kalita, Yoshimichi Ohki, et al. (4 %™ 2 #H), “Effects of High
Pressure on Stability of the Nanocrystalline LiAlSi,O¢ Phase of a Glass-Ceramic Composite: a
Synchrotron X-Ray Diffraction Study”, Physica B Condensed Matter, No0.365, 155 — 162, 2005




& L B =

FREEETRORETHRERZITIEFER 1 6 FE~FH 1 8 FEHFARRE
S [ERHAEG) Q)] ICAHADIMRABMRELLOHEHDTH S,

HREE ‘
B U LS | ICAWONAEFREREEPORMEOMEE &S EEDRA
BEES 16360160

TRk it ‘
MRARE | AKRRE (FRAXPETZHRRLR)
MESBE . RRE (FRMAXPEIPWRER)
MESEE  RAFz (RFMAXPEITPAHRRER)

RfTRES (B98)

(REEHA : )
EiEER BEER &t
TRk 6 EE 7, 300, 000 © 0| 7,300,000
T TEE 4, 700, 000 0/ 4, 700, 000
L1 8 EEE 2, 900, 000 0| 2,900, 000
% & 14, 900, 000 14, 900, 000
MRREE
M E=FEH

1. T. Ito, H. Kato, T. Nango and Y. Ohki “Energy Band Profile of Hafnium Silicates
Estimated by X-Ray Photoelectron Spectroscopy”, J apainese Journal of Applied Physics, Vol.
43, 8199-8202, 2004.12

2. Kwang Soo Seol, Kazuo Takeuchi, and Yoshimichi Ohki “Ferroelectricity of
single-crystalline, monodispersed lead zirconate titanate nanoparticles of 9 nm in diameter”,
Appl. Phys. Lett., Vol. 85, 2325-2327, 2004

3. Kristina E. Lipinska-Kalita, Yoshimichi Ohki, et al. (5 % 5 #&H) , “Temperature effects
on luminescence properties of Cr’* ions in alkali gallium silicate nanostructured media”, J. Appl.
Phys, Vo0l.98,.054302-1 -.05302-6, 2005

4. Kiristina E. Lipinska-Kalita, Yoshimichi Ohki, et al. (6 %' 6 #& H), “Synthesis and
characterization of metal-dielectric composites with copper nanoparticles embedded in a glass
matrix: A multitechnique approach”, J. Appl. Phys, Vol.98, 054301-1 -.05301-6, 2005

5. Kristina E. Lipinska-Kalita, Yoshimichi Ohki, et al. (4 4" 2 & H), “Effects of High
Pressure on Stability of the Nanocrystalline LiAlSi,O4 Phase of a Glass-Ceramic Composite: a
Synchrotron X-Ray Diffraction Study”, Physica B Condensed Matter, No0.365, 155 — 162, 2005




6. Koichi Awazu, Yoshimichi Ohki, et al. (7 % 6 #H) , “Fabrication of two- and
three-dimensional photonic crystals of titania with sub-micrometer resolution by deep X-ray
lithography”, J. Vacuum Science and Technology B, Vol.23, 934-.939, 2005 ‘
7. T. Ito, M. Maeda, K. Nakamura, H. Kato, and Y. Ohki, “Similarities in photoluminescence
in hafnia and zirconia induced by ultraviolet photons”, J. Appl. Phys., Vo0l.97,054104-1 -
054104-7, 2005

8. S.Kashiwagi, Y. Hama, etal. (11 %4H 7 #H) , “Compact soft x-ray source using
Thompson scattering”, J. Appl. Phys., Vol.98, 123302-1 - 123302-6, 2005

9. SF. Chichibu, T. Sota, etal. (11 %4+ 10 &H) , “Exciton-polariton spectra and limiting
factors for the room-tenperature photoluminescence efficiency in ZnO”, Semicond. Sci. Tech.,
Vol. 20, S67-S77 , 2005

10. T.Ito, H. Kato, T. Nango, and Y. Ohki “Improvement in electrical properties of hafnium
and zirconium silicates by postnitriding”, Journal of Physics: Condensed Matter, Vol. 18,
6009-6016 , 2006

11. T. Ito, H. Kato, and Y. Ohki “Mechanisms of several photoluminescence bands in hafnium
and zirconium silicates induced by ultraviolet photons”, J. Appl. Phys, Vol. 99,
0941061-0941069 , 2006

12. RJER, PEES. S, KAREEK, ML, <7 7 X LFERMHERIC &
DRI L 7 high-k D X BEET406, B, Vol. 49, 39-42, 2006

QERFROBERRK

1. T. Ito, M. Maeda, K. Nakamura, M. Takase, H. Kato, and Y. Ohki, “Two inherent
photoluminescence bands in hafnia and zirconia”, Proceedings of 4th International Symposium
on Dry Process, 71-76, , 2004

2. Masato Murai, Yoshimichi Ohki, et al.,”Irradiation Effects on Silica Glass by Ion

Microbeam for Fabrication of Optical Elements”, Proceedings of 2005 International Symposium
on Electrical Insulating Materials, B3-7, 210-213, 2005

(3) tHiR™
AQW,

FRBRIC & 3 TLFEED HE - RBRR
VAR

HRER
. HMEE®

BT TN ARG TIE, 751 A OWHIMEIZPE D AR & IR BN AE T T %,
B ZIE, KR CMOS O — Mt Si0, B2, 1nm L FOBERNERE N, U—2
BROBIMPTNA ZAOEFEEE T E WO BENELC TWS, 2T L., KOFER
DEV (highk) BEELTNT = AL U o — MHESig0,) /N7 =7 HIO,), P
AT LT U — MZiSin0y)s PIVAZT(ZOYREDEFHEN TS, IN50H
B O EEHIH NI RO HI 75 E12 & 5 R N EAE T IUL, U — 7 8B, sk



B, MEEESREDRRER S,

IO LEBAD S, AR T LR high-k #EEIE LT, 74 MV 222X (PL)
BN, RAFERCBIFEMIC DOV TR U, £, X EHETHNE (XPS) 1I2&D
N RTTOT 7 IVERN, & 5 ICRBSEILITIC &L 0 ) — 7 B OERE Rz,

2. MRBKER

Rk 16 SEEEIL. B HBRMEITH AN T 2 LU — b (HESigh0,) PV
LYY — b (ZnSigy0y). N7 7 (HfO). PINVIAZT (Zr0) &7 5 A1k
FLEMHRIBRCT L ORBL, 7+ MV R AR W TERP RIS K RFITE
FRY D LRIV F N Z NIz Rz, RIS BB N E SRR S 2 2B Z Rz,
1. 74 MV 3 REIC KD BENRIES K OAM QT : > 270 bo i
(SR) Jt& H W= B2 R D HEBIGRIE & U HESig0, (Zr,Sin..0y) DIEFRIZER]
IR Eop [SHLAREL x DI &I HFO, (Zt0,) D 5.9eV (5.5eV) 5 Si0, D 8.8¢V &
THEMT 2 Z LE2BSMT L. SREHEICEK D HESiqx0y Z1,SiaO0y HIOy ZrO,
IZBWNT 2.8V ICE— 7 ZREDFOLENBIRI S N, ZOFNTEBMBHT K S THA
INBOT, WPMEDOFNTHD I LARINE, £lo. ZOFCIIEFRHT A, B
FEICH S TSNS T 05, FRICTF G 2 EEHIH N O B O R AAFY)
Tida<, ABEHICERTS2HNENZDDTH S I EARBENT.
2. FRIEZBWURIC X B BEAFESGEE © HE,Sinx0, Zr,Sing0y 12 NO. 0,0 N, FHST
ICBWTHRBISALEZ A . AT O Y — 7 B2 i L, EICBWTY
— 7 BHIE. NO FRUURIC X DR BEEIND—4. N, FTIEHM L7z, ESR Bl
LB NHRIHETOET A E S ROEANY) =V BREOELERBTND I ENG,
ESR B AT e & P A IVERIESY — 7 BROER & 725 LHEE L 2.

SRR 17 FERENE. ERR 16 FEITEIERE. A HEMMEBETHAINT UL U F—
b, DALY = NTZTF ., DNAZT BT AL RLMHEREEICLD
FRIEL ., 7% BV 3> AEEPL)Z W TR R B L AR B AL S 2 Bl
DITFIF—MENZRNR, I SICETFAL HBIEESRICL D T 2DV Z2RN
Tz EHIT, HEGREIE LT, BEERL DIV IZHBITH By N TRELDIIV O
FIZDWTHFERRIC PLIE & ESRIEIC K D AR O T3 F—HEA & 5 2 1)Lk R
IZDWTHNTZ,
1.PL JRIC X BN RS X AR DT : > > 7 0 ho 2 BEREE W2 PL AR
NVEENT. PL FEEIER & T EZEENRONRIAEL D NT 2T, DIIVAZT,
NTZILYUr—b, DALY r— MBI 5 PLR SN B Z &, PL3E
FEDFERIZ, FEHIE N O BIEEM Ay Tida <. A E HICER T 2NRNE S
DTHBHIEERLE. ‘




2. 4w MU PRSIV DS T OEIHBRAM : LRSI EBE TS &, 2
O WREE RIEDVER S 4. 336V FHEOWINANT 3 2 2 RH LA, S512,
IS OELIIN T IR R R EHE, 400V XD KEF VTR E—TOBRED
LMD, EEEOEICEINEBTICLD, CREOBMELTND Z &2 H
5T L7z,

SRR 18 FEER, BEMEITHAINT LAY — b, DAoL U s —hk,
NT T, DNAZT 2T T AEFESHERE, LidO—fz A > a— MEX DAL
BRU 72, RGN, D HTHEERIC K 2 REMSEIZE 24T 5 ONEE L Wz, HlGLe &
LT, BRESNIVIZERBITH STy NUTRERDSVOZY, 52527V x—MK
BT NI 77 IVIFBHWE, 74 MV 22 AEPL). BT A E S HRIEESR).
BFARY MWRICXDEFREBZRN,
1L.PLIRIC K B IR RIEE SO DT : 2> 70 b0 REEE A NWE PL ARY

- MVEHT. PL B#RRIER 5 N BZEEAMRONRIIEL D NT =T DI aT,
NTZOLTUr—h, DA AU T —MIH@ET S PLAECOFERIL, N2 R
BEEAL B G- LU /=i BT OBEIERICBWTALS Z EZHLMIT L.
2. G TNV IF— bRV T s IV FHEROLEFAXRT BILIZE T 51E
BT RDOELR HBTFARYT MIVEIENS T IVT 7 7IVIE F OB 1s BT OHRM L
FNE—ETOF O TINIF— P& 14V KEWZ ENSH o, DS T+ O
FRRO—DEEZZSNSEMIT I F—0FEE, HAHALDEFEDD, ELFEZT b
+14eV DI B, +12eV TH BT EEWHLME LI, |

[3 ERMDRRDE L8]

AWELETOME S EDE, 2 UNh, YA AFFA MIA R YA FA b
FARNTZOLTUS—b, DNIAZULIUTS—F NTZY, PNVAZT. T
TV F— M RO IV R F & 07 DB 0O MR G R O BRI B RAE AL
BB TFIREZZHEICTHSMCHREZZ &ITR5, ZUT ITEOHEZ EHL =
JEOHEFRBIZ DN BENHATH B EEZ TS,

[Abstract in English]
1. RESEARCH INSTITUTION NUMBER : 3 2 6 8 9
2. RESEARCH INSTITUTION : Waseda University

3. CATEGORY : Grant - in - Aid for Scientific Research (B)



4. TERM OF PROJECT ( 2004 -2006 )
5.PROJECT NUMBER : 16360160

6. TITLE OF PROJECT : Structures and Generation Mechanisms of Defects in High-k
Dielectric Films for Silicon ULSIs

7. HEAD INVESTIGATOR

REGISTERED NAME INSTITUTION, DEPARTMENT,TITLE OF
NUMBER POSITION
70103611 OHKI, Faculty of Science and Engineering,Professor

Yoshimichi

8. INVESTIGATORS

REGISTERED NAME INSTITUTION, DEPARTMENT,TITLE OF
NUMBER POSITION
(1)40063680 3:: ll\éﬁ,asa Faculty of Science and Engineering,Professor
(2)90171371 '?‘gl;lajl ?l’lkl Faculty of Science and Engineering,Professor

9. SUMMARY OF RESEARCH RESULTS

For the coming sub-65 nm complementary metal-oxide-semiconductor (CMOS)
technology, high-k materials such as hafnia (HfO,), hafnium silicate (Hf,Si;..O,), zirconia
(ZrOy), and zirconium silicate (Zr,S(1.5Oy) are expected to take the place of SiO, as the basic
material for gate dielectrics. However, there is a high possibility that a lot of localized states
due to defects are present in the band gap of these high-k candidates. These localized states
are assumed to cause various dielectric malfunctions such as high leakage current, low
breakdown voltage, and threshold variation. Therefore, detailed and systematic research on
the localized states is indispensable to understand the effects of the defects on electrical
properties. :

From this viewpoint, we have carried out basic studies on HfO,, Hf,Si;.x0,, ZrOy, and
Z1,Si;.Oy, using photoluminescence (PL) as a common tool that can provide fundamental
information about the band gap energy and localized states.  X-ray photoelectron
spectroscopy (XPS) analyses were also carried out to investigate the band profiles.
Furthermore, the effects of postannealing on the electrical properties of the high-k materials
were also studied.

Energy band profiles were investigated by XPS for amorphous hafnia and hafnium
silicate films sandwiched between an evaporated Au electrode and a Si substrate. = Valence
band offset and conduction band offset decrease until they become almost constant with an
increase in hafnium content at both Si and Au sides. In literature, similar decrease in the
valence band offset was reported in zirconium silicate.

Photoluminescence spectra induced by UV photons were measured for amorphous hafnia
and zirconia deposited by plasma-enhanced chemical-vapor deposition, amorphous hafnia
deposited by pulse laser deposition, and crystalline yttria-stabilized zirconia (YSZ). A PL
peak appears around 2.7 to 2.9 eV similarly in all hafnia and zirconia samples, irrespective of
the difference in crystallinity, oxygen deficiency, source alkoxide, deposition method, or the
substrate material. The decay profile of the PL is also similar in all the samples. These
results indicate that the PL is inherent in hafnia and zirconia, and is not due to impurities,
oxygen vacancy, or interface defects between the sample and the substrate. From PL
excitation (PLE) and vacuum-ultraviolet (VUV) absorption measurements, the PL was found




to be excited by UV photons to tail states at the band edges. When the samples were
annealed at 900°C, a new PL peak appears around 4.2 eV in all the samples except YSZ. The
PLE and VUV absorption measurements indicate that the 4.2-eV PL is excited due to the
interband absorption.

Mechanisms of PLs induced in hafnium and zirconium silicates were also discussed. A
broad PL spectrum was observed from 2.0 to 5.0 eV similarly in both silicates. This PL has
two components with peaks around 2.8 to 3.0 ¢V and 3.8 eV for hafnium silicates and those
around 2.7 to 3.0 eV and 3.8 eV for zirconium silicates. Time-resolved PL and PL decay
measurements indicate that the origin of the PL component around 2.7(2.8) to 3.0 eV is the
same as that of the PL component around 2.7 to 2.9 eV in hafnia and zirconia. Furthermore,
PLE and VUV absorption measurements show that both the PL components around 2.7(2.8) to
3.0 eV and 3.8 eV are excited to tail states at the band edges. Through these studies, it is
assumed that hafnium silicate, zirconium silicate, hafnia, and zirconia have luminescent
centers in their band gaps with their respective upper and lower states that have a certain fixed
energy difference irrespective of the hafnium or zirconium content.

Furthermore, effects of postannealing on the electrical properties of hafnium and
zirconium silicates were investigated. When the samples were postannealed in nitrogen
monoxide (NO), leakage current and capacitance-voltage (C-V) hysteresis width are decreased
drastically. From ESR measurement, it is assumed that paramagnetic defects at the interface
between the sample and the Si substrate are responsible for the leakage current and the C-V
hysteresis. Furthermore, depth profile by XPS shows that the postnitridation effectively
terminates these interface defects and contributes to the improvement in electrical properties.
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2 & D NO HEVILER S BB DRI Z S LIRS L TWa 25 NI LI
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In “Energy band profiles of hafnia and hafnium silicates estimated by x-ray photoelectron
spectroscopy”, energy band profiles were investigated by XPS for amorphous hafnia and
hafnium silicate films sandwiched between an evaporated Au electrode and a Si substrate.
Valence band offset and conduction band offset decrease until they become almost constant with
an increase in hafnium content at both Si and Au sides. In literature, similar decrease in the
valence band offset was reported in zirconium silicate. This is reasonable since the two
silicates have similar electronic structures. = In both silicates, the highest portion of the valence
band is composed of nonbonding O 2p states as in the cases of silica, hafnia, and zirconia, and
the O-atom coordination increases with an increase in hafnium or zirconium content.
According to literature, this O-atom coordination increase is responsible for the decrease in the
valence band offset in zirconium silicate. - Therefore, the same explanation seems possible for
the decrease in the valence band offset in hafnium silicate. . On the other hand, the bottom of
the conduction band of silica is associated with Si 3s antibonding states, while that of hafnia is
associated with Hf 54 antibonding states. The Hf 5d antibonding states lie below the Si 3s
statés. Therefore, the decrease in conduction band offset with an increase in the hafnium
content is considered to be due to the increase in the number of Hf d-state electrons.  Both the
valence band offset and conduction band offset hold values higher than 1.0 eV in all the
deposited samples, which indicates that they should possess a good insulating performance for a
high-k dielectric material.

In “Similarities in photoluminescence in hafnia and zirconia induced by ultraviolet
photons”, photoluminescence spectra induced by UV photons were measured for amorphous
hafnia and zirconia deposited by plasma-enhanced chemical-vapor deposition, amorphous
hafnia deposited by pulse laser deposition, and crystalline yttria-stabilized zirconia (YSZ). A
PL peak appears around 2.7 to 2.9 eV similarly in-all hafnia and zirconia samples, irrespective
of the difference in crystallinity, oxygen deficiency, source alkoxide, deposition method, or the
substrate material. The decay profile of the PL is also similar in all the samples. These
results indicate that the PL is inherent in hafnia and zirconia, and is not due to impurities,
oxygen vacancy, or interface defects between the sample and the substrate. From PL
excitation (PLE) and vacuum-ultraviolet (VUV) absorption measurements, the PL was found to
be excited by UV photons to tail states at the band edges. When the samples were annealed at
900°C, a new PL peak appears around 4.2 eV in all the samples except YSZ. The PLE and
VUV absorption measurements indicate that the 4.2-eV PL is excited due to the interband
absorption.

In “Mechanisms of several photoluminescence bands in hafnium and zirconium silicates

13



induced by ultraviolet photons”, mechanisms of PLs induced in hafnium and zirconium silicates
were discussed. A broad PL spectrum was observed from 2.0 to 5.0 eV similarly in both
silicates. This PL has two components with peaks around 2.8 to 3.0 ¢V and 3.8 eV for hafnium
silicates and those around 2.7 to 3.0 eV and 3.8 eV for zirconium silicates. Time-resolved PL
and PL decay measurements indicate that the origin of the PL component around 2.7(2.8) to 3.0
eV is the same as that of the PL component around 2.7 to 2.9 eV in hafnia and zirconia.
Furthermore, PLE and VUV absorption measurements show that both the PL components
around 2.7(2.8) to 3.0 eV and 3.8 ¢V are excited to tail states at the band edges. Through the
above-mentioned research, it is assumed that hafnium silicate, zirconium silicate, hafnia, and
zirconia have luminescent centers in their band gaps with their respective upper and lower states
that have a certain fixed energy difference irrespective of the hafnium or zirconium content.

In “Improvement in electrical properties of hafnium and zirconium silicates by
postnitriding”, effects of postannealing on the electrical properties of hafnium and zirconium
silicates wére investigated. When the samples were postannealed in nitrogen monoxide (NO),
leakage current and capacitance-voltage (C-V) hysteresis width are decreased drastically.
From ESR measurement, it is assumed that paramagnetic defects at the interface between the
sample and the Si substrate are responsible for the leakage current and the C-V hysteresis.
Furthermore, depth profile by XPS shows that the postnitridation effectively terminates these

interface defects and contributes to the improvement in electrical properties.
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Amorphous hafnium silicate films with several composition ratios were deposited on Si substrates by plasma-enhanced
chemical vapor deposition, and their energy band profiles were studied by X-ray photoelectron spectroscopy. The band gap
energy estimated from the energy loss spectrum of O Ls electrons decreases monotonically and then approaches a constant
value with an increase in hafnium content. The valence band offset and the conduction band offset were estimated using the
sample sandwiched between an evaporated Au electrode and the Si substrate. Although the two offsets decrease until they
become almost constant with an increase in hafnium content at both silicate/Si and silicate/Au interfaces, they hold values
higher than that necessary for'a high-k dielectric material to maintain a good insulating performance for all the deposited

silicates. [DOI: 10.1143/JJAP.43.8199]

KEYWORDS: hafnium silicate, energy band profile, band gap energy, band offset, X-ray photoelectron spectroscopy, high-k
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1. Introduction

With the recent: higher integration of complementary
metal oxide semiconductors, even a smaller thickness is
required for silicon dioxide used as a gate dielectric. Its
thickness is expected to be scaled down to a value less than
1nm in the near futare.” In this region, silicon dioxide
would not maintain the insulating property, since direct
tunneling dominates- the leakage current.”™® In order to
overcome this difficulty, several attempts of increasing the
physical thickness have been carried out using materials
with. permittivity values higher-than silicon dioxide, while
keeping the equivalent thickness unchanged.”™ In this
regard, many oxides such as HfO,, ZrO,, Ta;Os and Al O3,
silicates such as hafnium silicate and zirconium silicate, and
aluminates such as hafnium aluminate have been attracting
considerable attention as promising candidates for alterna-
tive gate dielectrics.'*)

For such alternative dielectrics, a large band gap energy is
desirable. However, it is generally the case that the material
with a higher permittivity has a smaller band gap energy.'?
This lowers the energy barrier for conduction electrons or
holes at the dielectric/metal or dielectric/semiconductor
interface, which in turn increases the leakage current. From
this viewpoint, the energy barrier in addition to the band gap
energy must be precisely estimated for these alternative
dielectrics. Considerable work has been carried out to
estimate the energy barrier for HfO,,'? Zr0,,'*15 Ta,0s,'0
ALO3,'D zirconium silicate'® and hafnium aluminate.'”
However, no work has been reported for hafnium silicate.
Therefore, we have deposited hafnium silicates with. several
composition ratios by plasma-enhanced chemical vapor
deposition (PECVD), and have examined their energy band
profiles by X-ray photoelectron spectroscopy (XPS).

2. Experimental Procedures

The samples are hafnium silicate films, Hf,Si;.,0,,
deposited by PECVD. The source materials are tetraethoxy-
silane [TEOS: Si(OC,Hs)4] and a hafnium alkoxide [Hf(O-
i~CaHy)4]. Oxygen, used as a carrier and oxidation gas, was
excited with an RF power of 13.56 MHz by capacitive
coupling. The TEOS was vaporized and transported at 70°C

into the “tail flame” of the oxygen plasma. The TEOS flow
rate was controlled with a mass-flow controller (Hitachi
Metal: SFC-670). The hafnium alkoxide was vaporized and
transported at 220°C into the oxygen plasma. Argon was
used as a carrier and diluent gas for the alkoxide vapor and
its flow rate was controlled with.a mass-flow controller
(Brooks 5850TR). A silicon (100) monocrystal wafer was
used as a substrate. The substrate temperature was kept

“constant at 400°C during the deposition. No postdeposition

annealing was given to the samples. ,

The elemental composition of the sample was examined
by XPS (JEOL JPS-9010TR) using standard Mg Ko X-rays
with an energy of 1253.6eV, while the thickness was
measured by ellipsometry (ULVAC ESM-1) at a wavelength
of 632.8 nm. In order to examine the energy band profile,
XPS spectra were obtained using monoenergetic Al Ke
X-rays with an energy of 1486.6¢V. The band gap energy
was estimated from the energy loss spectrum of O 1s
electrons. Furthermore, the conduction band offset and the
valence band offset were estimated using the samples with
the structure shown in Fig. 1. The left half has a metal-
insulator—-semiconductor structure composed of an evapo-
rated Au electrode, the hafnium silicate and the Si substrate,
while the right half consists of the hafnium silicate and Si.

3. Results and Discussion

Table 1 shows the names of the deposited samples, their
deposition conditions and their elemental compositions
measured by XPS. Hafnium silicates with various-compo-
sitions were successfully deposited. Hereafter, the samples
are named after their hafnium contents. Namely, sample H40
means that it is hafnium silicate with the  formula

Au Ilifxsi(’l_x)oy
<
® ’

v
=2

Si

Fig. 1. Sample structure used to examine the energy band profile.
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Table I. Deposition conditions and elemental ratios of the deposited films.

Deposition Elemental ratio .
. . HE,Si 50,
Sample condition (atomic %)
Alkoxide Hf Si 0] x y
S T - 33 67 0 2.0
HO6 HAP, T 1.8 30 69 0.06 2.2
H27 HA, T 8.6 23 68 0.27 22
H40 HA, T 13 19 69 0.40 2.2
H75 HA, T 26 8.0 66 0.75 1.9
H87 HA, T 31 5.0 65 0.87 1.9
H HA 34 — 66 1.0 2.0
a) T: TEOS

b) HA: hafnium alkoxide

Hfp.40S10.600322. From the ellipsometry measurements, it was
found that the sample thickness was around 90nm. No
crystalline peaks appeared in X-ray diffraction spectra,
which indicates that the present samples are amorphous. No
apparent peaks related to impurities were observed in XPS
spectra, except for that due to C 1s electrons. In order to
examine whether the detected C 1s peak really originates
from the samples, yfiria-stabilized zirconia, which is
believed to be totally carbon-free by its synthesis method,
was analyzed by XPS. It was found that the carbon contents
of the present samples were lower than that of the zirconia.
This result indicates that the carbon-related XPS signal does
not originate from the samples.

Figure 2 shows the energy loss spectrum of O 1s electrons
observed in sample H40. The onset of the loss peak indicated
by the arrow corresponds to- the band gap energy E,.'%2%
Therefore, E, of this sample is estimated to be 6.38eV. By
carrying out similar observations for all the samples, the
dependence of E, on the hafnium content x was obtained as
shown in Fig. 3. E; decreases monotonically with an
increase in x up to x=0.75 and then remains almost
constant. The decrease in E; is reasonable since E, of
HfO, is far lower than that of Si0,.2V Furthermore, the E,
values of samples S and H are lower than those reported for

Loss Energy [eV]
5 10 5 0 -5

l

- - " o o o

Intensity [arb. units]

/

i
540
Binding Energy [eV]

550

n
(O8]
)

Fig. 2. Energy loss spectrum of Oy electrons observed in sample H40.
The arrow indicates the onset of the loss increase.
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Fig. 3. Band gap energy (Eg) estimated from the XPS analysis as a
function of the composition x.
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Fig. 4. XPS valence band specira for H40 (curve 1) and H40/Si (curve 2).
Arrows 1 and 2 indicate the onsets of the curves 1 and 2, respectively.
Broken lines are drawn as guides for the eyes.

" crystal SiO5 and HfO,, 8.9eV?? and 5.7eV,? respectively.

This is conceivable if we take account of the fact that the
present samples are amorphous with considerable structural
randomness.

Figure 4 shows the XPS spectra obtained for sample H40
at the right portion of the structure shown in Fig. 1. Curve.1
represents the spectrum obtained from the silicate (H40),
while curve 2 represents that obtained by irradiating the
silicate and the Si substrate simultaneously with X-rays. The
horizontal axis or the kinetic. energy of electrons was
calibrated by matching the Hf 4f peaks of the two curves, the
shoulders of which are seen on the left corners, exactly at the
same position. Although curve 2 mainly. consists of the
spectrum from the Si substrate, it also contains that from the
silicate. Therefore, the difference in onset energy at which
the spectrum begins.to increase between curves. 1 and 2
corresponds to the valence band offset or the difference in
energy at the top of the valence band between the silicate
and the Si substrate. The valence band offset is. thus
estimated to be 3.06 eV for this sample H40. ' .

Based on the obtained values of E, and valence band
offset, the conduction band offset of sample H40 was
calculated to be about 2.20eV. by assuming.1.12eV. for the
gap energy of Si. In this manner, the energy band profile for
the present H40/Si system can be estimated as. shown in
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Fig. 5. Energy band profile for H40/Si.
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Fig. 6. Energy offsets for the conduction band (squares) and for the
valence band (triangles) at the silicate/Si interface, each as a function of
the hafnium content x.

Fig. 5. Figure 6 shows the energy offsets at the silicate/Si
interfaces for the conduction band and for the valence band,
each as a function of the hafnium content x. Both offsets
decrease with an increase in hafnium content until they
become almost constant at the contents x higher than 0.75.

Similar observations were performed for silicate/Au using
the left portion of the structure shown in Fig. 1. Curves 1
and 2 in Fig. 7 show the XPS spectra obtained for H40 and
H40/Au, respectively. While the peak around 1480eV seen
in curve 1 corresponds to the maximum in the valence band
spectrum of H40, two peaks seen in curve 2 correspond to
the maxima in the valence band spectra of H40 and Au. As
in the case of Fig. 4, the difference between the onset
energies of curves 1 and 2 represents the valence band offset
between H40 and Au. The valence band offset is thus
estimated to be 3.42 eV. Similarly to the case of H40/Si, the
conduction band offset of H40/Au was calculated to be
about 2.96eV. Figure 8 shows the energy offsets at the
silicate/Au ‘interfaces for the conduction band and for the
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Fig. 7. XPS valence band spectra for H40 (curve 1) and H40/Au (curve
2). Arrows 1 and 2 indicate the onsets of curves 1 and 2, respectively.
Broken lines are drawn as guides for the eyes.
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Fig. 8. Energy offsets for the conduction band (squares) and for the

valence band (triangles) at the Au/silicate interface, each as a function of
the hafnium content x.

valence band, each as a function of the hafnium content x.
The valence band offset and the conduction band offset
decrease with an increase in hafnium content in a manner
very similar to those at the silicate/Si interfaces.

It has been shown experimentally that the valence band
offset of zirconium silicate decreases as the zirconium
content increases.'®?» This result is similar to the present
result for hafnium silicate. This is reasonable since the
electronic structures of the two silicates are similar.'V In
both zirconium and hafnium silicates, the highest portion of
the valence band is composed of nonbonding O 2p states as
in the cases of Si0,, HfO, and ZrO,,'825) and the O-atom
coordination increases with an increase in Hf or Zr
content.”® This O-atom coordination increase is reported
to be responsible for the decrease in valence band offset in
zirconium silicate.!® Furthermore, the valence band offset of
zirconium silicate, which shows a monotonic decrease as the
zirconium content x increases, approaches a constant value
when x becomes larger than about 0.8.'® This change to a
constant offset value is ascribed to a discrete increase in O-
atom coordination due to the change of the bonding form
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from dative to ionic.'® If the O-atom coordination changes
similarly in hafnium silicate, the same explanation seems
possible for: the changes in valence band offset shown in
Figs. 6 and 8.

On the other hand, the bottom of the conduction band of
Si0, is associated with Si 3s antibonding states, while that of
HfO, is associated with Hf 54 antibonding states.!!?> The
Hf 5d antibonding states lie below the Si 3s states.''?)
Therefore, the decrease in conduction band offset with an
increase in x is considered to be due to the increase in the
number of Hf d-state electrons. When x is higher than 0.75,
it seems that the bottom of the conduction band is fully
formed by the Hf d-states, resulting in a constant conduction
band offset. Moreover, since both conduction band offset
and valence band offset approach their respective constant
values, E; also approaches a.constant value as shown in
Fig. 3 when x becomes larger than 0.75.

In order to maintain a good insulating. performance for a
high-k dielectric material, both conduction band offset and
valence band offset must be higher than 1.0¢eV.?) Figures 6
and 8 show. that all the silicates examined. in the.present
work pass the above criteria.

4. Conclusion

The band profiles. of hafnium silicates deposited by
PECVD were examined. All the values of the band gap
energy, valence band offset and conduction band offset
decrease monotonically and then become constant with an
increase in hafnium content.. However, both valence: band
offset and conduction band offset still hold values higher
than 1.0eV in all the deposited silicates. This result indicates
that the silicates deposited should possess a good insulating
performance for a high-k dielectric material.
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Photoluminescence (PL) spectra induced by ultraviolet photons' were measured for amorphous
hafnia and zirconia deposited by plasma-enhanced chemical-vapor deposition (PECVD), amorphous
hafnia deposited by pulse laser deposition, and crystalline yttria-stabilized zirconia. Two kinds of
samples were prepared for both hafnia and zirconia deposited by PECVD using different source
alkoxides in different deposition chambers. A PL peak was observed around 2.8 eV similarly in all
hafnia and zirconia samples; irrespective of the difference in crystallinity, oxygen deficiency, source
alkoxide, deposition method, or the substrate material. The decay profile of this PL is also similar
in all the samples. These facts clearly show that neither impurities, oxygen vacancy, nor defects at
the interface between the sample and the substrate are responsible for the PL. It is a luminescence
inherent in hafnia and zirconia and is most likely due to radiative recombination between localized
states at the band tails. When the samples were annealed in oxygen, a new PL peak appeared around
4.2°¢V in all the amorphous samples. Its decay profile is also in common with these samples.
Vacuum-ultraviolet absorption measurements and PL excitation measurements indicate that the
4.2-eV PL is excited due to the interband absorption. © 2005 Amerlcan Institute of Physics.

[DOI: 10.1063/1. 1856220]

I. INTRODUCTION

It is commonly recognized that the thickness of the sili-
con dioxide or silica as a gate dielectric for complementary
metal-oxide-semiconductor devices will:be scaled down in
near future to a value below its thinnest limit, where the
direct tunneling dominates the leakage current, ™ Therefore,
materials with higher permittivities are required in order to
maintain a proper thickness of the gate dielectric.> The can-
didates - are oxides, silicates, and alummate% such as
hafnia,m 12 zirc011ia,”’13”4 tantala, dlumma ¢ hafnium
silicate,w"21 zirconium silicate,” 22 pafnium  silicon
oxynitride,23 ‘and hafnium aluminate.*** However, there is a
high possibility that a lot of localized states due to defects
are present in the band gap of these materials. 2627 These
localized states are assumed to' cause leakage current.”® From
this viewpoint, detailed and systematic studies on the local-
ized states are indispensable to understand the effects of the
defects on electrical properties:

We have shown that photoluminescence (PL) is a very
effective method to ‘examine ‘the localized states present in
insulating materials, such as bulk and thin-film silica,29 sili-
con nitride,***! and silicon oxynitride.’'"? In the present re-
search, we apply the PL method to hafnia and zirconia syn-
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thesized with various methods and their PL spectra, PL
excitation (PLE) spectra, and PL decay profiles are com-
pared. As a result, it has become clear that hafhia and zirco-
nia have very similar PL characteristics regardless of the
synthesizing methods.

li. EXPERIMENTAL PROCEDURES

The samples examined are hafnia (HCA, HCB, and HP)
and zirconia (ZCA, ZCB, and ZY), as listed in Table 1. The
samples HCA and HCB were deposited by plasma-enhanced
chemical-vapor deposition (PECVD) using Hf{O-£-C4Hg)y
and
Hf(0-i-C3H,),, respectively, as source hafnium atkoxides,
while ZCA and ZCB were deposited similarly by PECVD
using Zr(0-2-C,Hyo)y and Zr(O-i-C3H4)(C11H40,)3, respec-
tively. Oxygen, used as an oxidation gas, was excited with a
tf power of 13.56 MHz through capacitive coupling. For
HCA and ZCA, the alkoxide was vaporized and transported
at 150 °C into the oxygen plasma by controlling its flow rate
with a mass-flow controller. In about 20 min, an amorphous
film about 100 nm thick was deposited on a substrate when
the substrate temperature was kept constant at 500 °C. The
substrate used was a p-type Si monocrystal wafer, unless
otherwise stated. For HCB and ZCB, the alkoxide was va-
porized and transported at 220 °C into the oxygen plasma

© 2005 American Institute of Physics
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TABLE 1. Samples examined, their elemental compositions, and synthesis
methods.

Name Composition Synthesis method Thickness (nm)
HCA a-HfO, 5 PECVD 88

HCB a-HfO, 4 PECVD 130

Hp a-HfO, 4 PLD LIX10°
ZCA a-Zr0, 17 PECVD 130

ZCB a-Zx05 13 PECVD 98

Y -Yo20Z150500, 65 Yittria-stabilized zirconia 4.5% 10°

Note: a: amorphous, ¢: crystalline, and source alkoxides: [Hf(O-1-C,Hg)4]
for HCA, [HF(0-i-C;H,),] for HCB, [Zt(0-+-C¢Hy)d] for ZCA, and
[Z#(0-i-C3H,)(C, H 40,)5] for ZCB.

using argon as a carrier and diluent gas. In about 40 min, an
amorphous 100-nm-thick film was deposited on the substrate
at 400 °C.

The sample HP was deposited on a SiO, substrate at
200 °C with a pulse laser deposition (PLD) method by irra-
diating KrF excimer laser photons onto a hafnia target. The
deposited film is amorphous with a thickness of about
1.1 um. The sample ZY is an yttria-stabilized zirconia (100)
crystal plate, about 0.45 mm thick with both sides polished,
and was synthesized by Nakazumi Crystal Laboratory.

Using synchrotron radiation (SR) under multibunch op-
eration at the BL1B line of UVSOR Facility (Institute for
Molecular Science, Okazaki, Japan, beam energy: 750 MeV)
or an ArF excimer laser (photon energy: 6.4 eV, pulse width:
ca 25 ns, power: .ca 150 mJ/pulse, and pulse repetition fre-
quency: 1 Hz, Lambda Physik Compex 205) as a photon
source, PL, PLE, and vacuum-ultraviolet (VUV} absorption
spectra were measured. The PL decay characteristics were
measured by a single-photon counting method using SR un-
der single-bunch operation (SR duration: ~400 ps and inter-

" val: 176 ns). The PL, PLE, and PL decay were measured at
the liquid-helium temperature, while VUV absorption spectra
were measured at room temperature. These PL characteristics
were also obtained for the samples postannealed at various
temperatures for 10—20 min in a rapid thermal annealing
apparatus filled with oxygen gas at a pressure of ~1.0
X 10° Pa.

In order to study the elemental composition, the samples
were examined by x-ray photoelectron spectroscopy (XPS)
(JEOL JPS-9010TR or JEOL JPS-90MX) using Mg Ka{hv
=1253.6 eV) x rays. Furthermore, only the sample ZY was
examined by x-ray fluorescence (XRF) spectroscopy (RIX-
2100) and electron probe microanalysis (EPMA) (JEOL
JAX-8600), since the other samples were too thin for XRF
and EPMA. The thickness was measured by ellipsometry
(ULVAC ESM-1) at a wavelength of 632.8 nm.

lil. RESULTS AND DISCUSSION

Figures 1, 2(a), and 2(b) show the XPS O 1s, Hf 4/, and
Zr . 3d- photoelectron. spectra, respectively. By integrating
these spectral areas, the samples except ZY were found to be
represented by the formula HfO, or ZrO, with the elemental
compositions shown in Table 1. As for ZY, the yttrium con-
tent was estimated by the XPS Y 3d spectrum, and the values
of x and y. of the formula Y,Zr; .0, were decided, as shown
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FIG. 1. O 1s photoelectron spectra obtained for the samples.

in Table 1. Furthermore, from XPS C 1s spectra, the carbon
content- was estimated to be fairly high in all the samples.
However, XPS measures only the surface layer as thin as
~35 nm. Therefore, it is most likely that the carbon is only
abundant at the sample surface. In order to confirm this, ZY
was analyzed by XRF and EPMA, which measure the
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FIG. 2. Hf 4f photoelectron spectra obtained for HCA, HCB, and HP (a)
and Zr 3d photoelectron spectra obtained for ZCA, ZCB, and ZY (b).
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FIG. 3.- PL spectra induced by 6.0-eV photons in HCA, HCB, and HP (a)
and those induced by 6.4-eV photons in ZCA, ZCB, and ZY (b).

sample as deep as ~1 pm and no carbon was detected by the
two methods. This means that the carbon detected by XPS
was not'present inside the sample. It was on the sample
surface and/or on the wall of the XPS sample chamber as a
contaminant. As clearly shown in Table I; the samples stud-
ied in the present research have a wide variation in many
respects; amorphous and crystalline, thin and thick, oxygen
surplus-and deficient, and different synthesizing methods:
Figure 3(a) shows the PL spectra induced in the samples
HCA; HCB, and HP by the irradiation of ‘SR-photons at
6.0-eV. The measured intensity of a PL peak generally de-
pends on various hardly controliable factors; such as a subtle
difference in the mutual angles among the photon source, the
sample, and the detector. This sometimes makes it difficult to
compare the PL-intensities among different samples. There-
fore, in Fig: 3 and subsequent figures; except for Fig. 4, the
PL intensity is shown after being normalized by the highest
peak: height. The samples HCA, HCB, and HP have a PL
peak around 2.8 eV, which is hereafter referred to as PL Sy
When the PL measurements were repeated, the spectrum al-
most coincided. with the previous ones. This indicates: that
the PL. measurements were reproducible with a fluctuation
smaller than 10 meV. The peak energy and full width at half
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FIG. 4. Change in PL intensity around 4.2 eV with the annealing tempera-
ture observed in HCA (open circles) and ZCA (solid circles). Note that the
PL intensity was normalized by the intensity observed in the samples treated
at 300 °C for both HCA and ZCA.

maximum (FWHM) of PL. By are listed in Table II for the
three samples. It is clear that the many different points seen
among the samples give no influences on the shape and peak
energy of PL By. This in turn suggests that PL By is intrinsic
to hafnia.

Figure 3(b) shows the PL spectra induced in the samples
ZCA, ZCB, and ZY by 6.4-e¢V photons. A PL peak, which
looks similar to PL By, is seen in all the three samples. The
peak energy and FWHM of this PL listed in Table II show
that these values are in common with PL By. Therefore, this
PL is hereafter referred to as PL. B,. That the values of peak
energy and FWHM of PL B, agree with each other among
the samples ZCA, ZCB, and ZY indicates that PL B is in-
dependent of the difference in source alkoxide or deposition
method, similar to the case of PL. By. This indicates that the
PLs By and By are inherent PL bands in hafnia and zirconia.
Furthermore, the good similarity between the two PLs By
and B indicates that their luminescence mechanisms are
similar or basically identical. Moreover, similar experiments
were repeated for the samples HCA, HCB, ZCA, and ZCB
using CaF, crystal plates as substrates and exactly the same
PL By or By appeared as in the cases of the Si substrates.
This strongly indicates that PLs By and 8 are certainly not
due to defects at the interface between the sample and the
substrate.

Previous papers™ ¢ reported the appearance of a broad
PL around 2.7 eV and a small PL around 2.0 eV in ytiria-
stabilized zirconia and attributed the former PL to yttria-
associated oxygen vacancies and the latter to Pr’* and
Tb** 3¢ As shown in Table I, the present samples have vari-
ous oxygen contents, from oxygen deficient to oxygen sur-

TABLE II, Peak energies and FWHM values of PLs By and B,.

PL By or B

Sample Peak energy (eV) FWHM (eV)
HCA 2.8 0.7
HCB 2.8 0.7
Hp 2.7 0.7
ZCA 2.9 0.7
ZCB 2.9 0.8
Y 2.8 0.7
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FIG. 5. PL spéctra induced by 6.0-eV photons in HCA, HCB, and HP (a)
and those induced by 6.4-eV photons in ZCA, ZCB, and ZY (b} after ther-
mal annealing.

plus. However, this difference in oxygen content is not re-
flected in the PL properties. Therefore, the present PLs By
and B; are not due to oxygen vacancies. Impurities are cer-
tainly. not responsible for the present PLs, since it is very
unlikely that common impurities are present in all the
samples studied. Therefore, PLs By and By are truly intrinsic
to hafnia and zirconia.

If we observe the PL spectra shown in Fig. 3(b) care-
fully, we notice the presence of a small hump around 4.2 eV
on the PL spectrum of the sample ZCA. The presence of this
hump . is not limited to ZCA, and its height grows when the
sample was: thermally annealed. Figure 4 shows typical ex-
amples. of this growth observed for the samples. HCA and
ZCA.. Here, all the measurements were done in sequence
using the samples mounted on a vertically movable nonro-
tating rod in the PL measurement chamber so that compari-
son of the PL intensities among different samples became
possible. '

In order to examine this new PL band more in detail, all
the samples were annealed thermally at 900.°C in oxygen.
Figure 5 shows the PL spectra observed in the thermally
annealed samples, excited by SR photons at 6.0 eV for HCA,
HCB, and HP or at 6.4 eV for ZCA, ZCB, and ZY. A similar
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FIG. 6. Decay profiles of PL 8 observed in HCA (circles) and HP (tri-
angles) (a) and those of PL 3, observed in ZCA (circles) and ZY (triangles)
(b).

PL peak is seen around 4.2 eV in the five kinds of samples,
except for ZY. This PL is hereafter referred to as ay or ay,
depending on whether the sample is hafnia or zirconia. Note
that. the apparent peak around 2.1 eV is not a real PL peak
but a stray or fake replica of the 4.2-¢V peak. As in the case
of PL.By or By, the peak energy and shape of PL.«ay are
independent of the source alkoxide, the deposition method,
and the substrate material and are similar to those of PL ay.
These results certainly give clues to a study on the PL
mechanism. Note that similar results, such as the appearance
of PL around 4.2 eV in hafnia by a heat treatment, were
observed by cathodoluminescence.”’

The similarity in the PL characteristics is further inves-
tigated. Figure 6 shows the decay profiles of PLs 8y and 8,
observed in. all the samples, except for HCB and ZCB. Note
that HCB and ZCB were deposited using our old CVD ap-
paratus that was replaced by our new one for HCA and ZCA
before the measurements of the PL decay characteristics. The
PL decay curve apparently consists of a fast component with
a lifetime less than 2 ns and a slow one with a lifetime
longer than 50 ns for all the samples. Here, the PL was ex-
cited repeatedly by the SR pulses once every 176 ns. There-
fore, there is a possibility that the longer component does not
represent - the real decay profile due to the overlap of the
preceding PLs. Although the ratio between the fast and slow
components differs slightly among the samples, this small
difference is considered to be negligible, since there could be
many nonessential extraneous factors that affect the ratio.
Thus, it is confirmed that all the four kinds of samples, HCA,
HP, ZCA, and ZY, have essentially the identical PL decay
profile. Figure 7 shows the decay profiles of ay and a; ob-
served for the heat-treated HCA, HP, and. ZCA samples.
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FIG. 7. Decay profiles of PL ay observed in HCA (circles) and HP (tri-
angles) (a) and that of PL az in ZCA (b) after thermal annealing.

Similar to the case of PLs By and B, the examined three
kinds of samples show essentially the same PL decay profile.
Namely, the decay profiles are independent of the kind of the
sample or deposition method for both two PL peaks. This
fact is also a strong indication that the: presently observed
PLs By, Bz ay, and a; certainly reflect some intrinsic nature
in common with hafnia and zirconia.

In order to further obtain information about the excita-
tion of respective PLs, their PLE spectra were measured.
Here, the samples used for PLs ay and a; had been ther-
mally treated: Figure 8(a) shows a typical PLE spectrum for
PL By monitored at 2.8 eV and the one for PL «;; monitored
at 4.4 eV observed in HCA. The PLE spectrum for.PL 8y
has two components; one showing the maximum around
5.1 eV and the other showing a steep rise around 5.7 eV. The
location of the latter component is similar to the location of
the onset of the PLE spectrum for PL "« This indicates that
PL By has two PL origins; one is in common with PL ey and
the other is different. Similar PLE spectra were observed in
the samples HCB and HP. Furthermore, the PLE spectra for
PLs B; and «y observed in ZCA are shown in Fig. 8(b).
Similar PLE spectra were obtained in ZCB. Note that PL oy
does not appear in ZY even after the heat treatment.

The VUV absorption spectra were also measured. Here,
Si substrates of the samples HCA, HCB, ZCA, and ZCB
were replaced by CaF, substrates, since Si is opaque to VUV
photons. As typical examples, the VUV absorption. spectra
obtained in HCA and ZCA are shown in Fig. 9. In common
with the five samples other than ZY, the onset portion of the
interband photon absorption between the valence band and
the conduction band is not a steep curve. It spreads out over
a wide energy range, which indicates that these five depos-
ited film samples have much structural randomness. For ZY,
only the initial portion of the absorption onset was measur-
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FIG. 8. PLE spectrum for PL ay or a; detected at 4.4 ¢V (broken curve)
and that for PL By or 87 detected at 2.8 eV (solid curve), observed in HCA
(a) and ZCA (b).

able due to its too thick. thickness. However, the onset is
located at an energy far-lower than the band-gap energy. of
4.9 ¢V.>® This indicates that ZY has also a structural disor-
der. In such a material; the presence of two kinds of thresh-
old energies. is generally assumed. One is the band-gap en-
ergy due to interband photon absorption, which is hereafter
referred to as E,y. The other is due to photon absorption
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FIG. 9. VUV absorption spectra measured for HCA (a) and ZCA (b):

Downloadad 15 Fab 2005 to 133.9.198.110. Redistribution subject to AP license or copyright, see hitpiiflap.aip.orgiap/copyright.jep



054104-6  Ito et al.
6 M 1 ) 1 T i v i *
O O §
% sk o & A
k‘? - . A h
&
Eal ® o A
3 n 1 1 1 1 I L 1 i 1 1
H i 0 z z
C C P C c
® A B A B
6
1 v 1 ' 1 1 1
E O o ©O ‘
& A A
<
S ]
= A
§ - ® ° 1
g . ® 1
E
E-l] - d
A 3 1 i 1 1 1 1
H H H Z Z
C C P C C
(b) A B A B

FIG. 10. (a) E,, (open circles and triangles) and Ey; (solid circles and
triangles). (b) PLE threshold energies £, (open circles and triangles) and Eg
(solid circles and triangles) of PL ay, ayz, By, or Bz

between tail states below the conduction band and those
above the valence band, which is referred to as Ey,y. For the
five amorphous samples other than ZY, the photon absorp-
tion can be expressed by the following equation:>®

ahvoc(hv-—Eg)z, (1)

where «, hv, and £, are the absorption coefficient, photon
energy, and band-gap energy, respectively. Assuming that
both £, and E,; can be estimated by Eq. (1) by substituting
E e ot Eyy for Eg, the two values are estimated, as shown in
Fig. 10(a). Here, 1n replotting the absorption curves in accor-
dance with Eq. (1), the initial onset portion and the next
rising portion were used to estimate Ey,y and Euy, respec-
tively. Furthermore, by assuming that a similar relationship
holds between the threshold energy of PLE and the PLE
spectrum, the threshold energies E,, for PLs ay and «; and
Eg for PLs By and B; are estimated, as shown in Fig. 10(b).
In the PLE and VUV absorption measurements, the width of
the monochromated SR photons would give influences to
their onset energies. However, this width is as small as about
20 meV. Therefore, the estimated values of E.y, Eug, £,
and Eg should be close to the real values.

Next, the Ey value is compared with those reported in
literature. Based on quantum chemical calculations, the band
gap of zirconia was estimated to be 3.40-3.90 eV.® How-
ever, these values are too small as the authors themselves
abandoned them to estimate the band offset.* Instead, they
estimated the value by XPS to be 5.65 eV, which is slightly
larger than the E, values of 5.21 eV for ZCA and 5.17 eV
for ZCB.** This difference between 5.17-5.21 and 5.65 eV
should be regarded as small, since even crystal zirconia has

J. Appl. Phys. 97, 054104 (2005)

various band-gap values ranging from 5.83 to 7.09 eV, de-
pending on many factors, such as crystal phase.41 For hafnia,
the values ranging from 5.25 to 5.7 eV were estimated by
XPS,*** which are in good agreement with the E gy values
of 5.49 eV for HCA, 5.48 ¢V for HCB, and 5.11 ¢V for HP.

From Fig. 10, the threshold energy £, is quite similar to
Eqy for all the samples, while Eg is similar to Eyy. This
indicates that PLs ay and o are excited due to the interband
absorption: and that PLs By and f; are excited by photon
absorption due to the excitation of electrons to localized
states located at the tail of the conduction band. As for the
PL B, observed in ZY, the same process can be assumed
since. the sample also has localized states, as mentioned
above, although Ey; and E; were not measurable. Further-
more, the thermal treatment increases the intensities of PLs
ay and ay, as shown in Fig. 4. It seems that some structural
change induced by the thermal treatment opens a path to the
upper states of PLs ay and ;. Another possibility is that the
thermal treatment extinguishes localized states that quench
PLs oy and oy, although the details are unknown. Crystal
zirconia is reported to have an indirect band gap according to
a quantum chemical calculation.” This explains the reason
that PL ey does not appear in ZY which is an only crystal
among the samples tested.

IV. CONCLUSION

We investigated PL characteristics induced by ultraviolet
photons for six hafnia and zirconia samples having a wide
variation: in- many  aspects, such as the synthesizing: condi-
tion. A PL peak was observed around 2.8 eV in common
with all the hafnia and zirconia samples. Moreover, the decay
profile of this PL is also similar in all the samples. Namely,
very similar phenomena are observed, irrespective of the dif-
ference in crystallinity and oxygen content of the sample,
source alkoxide, deposition method, or the substrate mate-
rial. This indicates that the PL is not due to impurities or
defects at the interface between the sample and the substrate.
The oxygen vacancy is also unlikely to be responsible.
Therefore, this PL is considered to be intrinsic to hafnia or
zirconia, most likely due to radiative recombination between
localized states at the band tails. After the sample was ther-
mally annealed in oxygen at 900 °C, a new PL peak ap-
peared around 4.2 eV in all the amorphous samples. Its de-
cay profile is also in common with these samples. By
comparing the PLE spectra of the 4.2-eV PL with the VUV
spectra, this PL is considered to be excited due to the inter-
band absorption.
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Two photoluminescence (PL) components with peaks around 2.8-3.0 and 3.8 ¢V were induced in
hafnium silicates by the irradiation of synchrotron radiation photons at 8.0 eV, while two similar
ones were induced in zirconium silicates around 2.7-3.0 and 3.8 ¢V. By examining PL excitation
spectra, PL décay characteristics, and vacuum-ultraviolet absorption spectra, it is assumed that the
-origin of the PL. component around 2.7(2.8)-3.0 eV is the same as that of the PL component around
2.7-2.9 eV observed in hafnia and zirconia. In the band gaps of hafnium silicates, zirconium
silicates, hafnia, and zirconia, luminescent centers responsible for the PL-components around
2.7(2.8)-2.9(3.0) eV have their respective upper and lower states with a certain constant energy
difference that does not change by the hafnium or zirconium content. Electrons (or holes) excited by
ultraviolet photons to tail states at the band edges first relax to the upper state of the luminescent
centers, and then they are deexcited to the lower state, which induces the PL components. © 2006
American Institute of Physics. [DOL 10.1063/1.2199977]

I. INTRODUCTION

With the miniaturization of silicon-based electronic de-
vices, the thickness of silicon dioxide as a gate dielectric for
complementary metal oxide semiconductor devices is about
to reach a value below its thinnest limit in near future.! In
this region, direct tunneling dominates the leakage current
and silicon dioxide would not maintain its insulating
propet“ty.z"4 In order to solve this problem and to maintain a
proper thickness of the gate dielectric, materials with higher
permittivities are being considered as replacerments.””
Numerous materials such as hafnia,'®?? zirconia, !>
hafnium silicate,'”™” zirconium silicate,"'® hafnium silicon
oxynitride," and hafnium aluminate®*" are examined as a
candidate. However, there is a high possibility that a lot of
localized states due to defects are present in the band gap of
these materials.”>* These localized states are assumed to
cause leakage current.”* From this viewpoint, detailed and
systematic studies on the localized states are indispensable to
understand the effects of the defects on electrical properties
-and to suppress the-leakage current.

In our previous paper,25 we reported photoluminescence
(PL) characteristics in hafnia and zirconia. In the present
research, we apply the PL method to a series of hafnium
silicate samples with different hafnium contents_synthesized
with plasma-enhanced chemical-vapor deposition (PECVD),
and to a similar series of zirconium silicate samples.

“Electronic mail: prince @suou. waseda.jp

0021-8979/2006/99(9)/094106/9/$23.00

99, 094106-1

Il. EXPERIMENTAL PROCEDURES

The samples examined are hafnium silicate (HSA12-

HSA81 and HSBI12-HSB81) and  zirconium silicate
(ZSA06-ZSAT8) as listed in Table I The samples
HSA12-HSA81 were deposited by PECVD' using

tetraethoxysilane [TEOS:Si(OC,Hs),] "and ‘a  hafnium
alkoxide [Hf(O-t-C4Hg)s] as source alkoxides, while
HSB12-HSB81 were deposited “using’ TEOS and another
hafnium alkoxide [Hf(O-i-C3H4),]. The samples ZSA06-
ZSAT8 were deposited similarly by PECVD using TEOS and
a zirconium alkoxide [Zr(O—#-C4Hy),]. Oxygen, used as an
oxidation gas, was excited with a rf power of 13.56 MHz
through capacitive coupling.

For HSA12-HSAS81 or ZSA06-ZSA78, the hafnium or
zirconium alkoxide was vaporized and transported at 150 °C
into the oxygen plasma. by controlling its flow rate with a
mass-flow controller. A TEOS gas vaporized at 70 °C was
also transported into the oxygen plasma. In about 20 min, a
film about 100 nm thick was deposited on a substrate when
the substrate temperature was kept constant at 500 °C. A
CaF, crystal transparent to 9.9 eV (125 nm) was used as a
substrate for vacuum-ultraviolet (VUV) absorption measure-
ments, while a p-type silicon monocrystal wafer (100) was
used for other measurements. For  HSB12-HSBS1, the
hafnium alkoxide was vaporized and transported at 220 °C
into the oxygen plasma using argon as a carrier and diluent
gas, while TEOS was vaporized and transported at 70 °C. In
about 40 min, a 100 nm thick film was deposited on the sub-
strate at 400 °C. Two kinds of hafnia films (HA and HB) and

© 2006 American Institute of Physics
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TABLE 1. Samples examined with their elemental compositions and thick-
nesses. :

Elemental ratio (at. %) Hf,Si..40, )
Thickness

Sample Hf Si (o} x y {(nm)
HSAl2 3.6 27 69 0.12 2.3 72
HSA37 12 21 67 0.37 2.0 96
HSASS 20 16 64 0.55 1.8 115
HSAS81 31 7.2 62 0.81 1.6 123
HA 40 0 60 1.0 1.5 103
HSB12 3.7 28 69 0.12 22 192
HSB42 i5 21 64 0.42 1.8 185
HSB69 25 i2 63 0.69 1.7 169
HSB81 30 7.2 63 0.81 1.7 137
HB 41 0 59 1.0 14 130

Elemental ratio (at. %) Zr,Sig-0, ]
Thickness

Sample Zr Si o x y (nm)
ZSA06 1.9 29 69 0.06 22 144
ZSA1S 4,7 27 69 0.15 2.2 210
ZSA31 9.9 22 68 0.31 2.1 105
ZSA51 17 16 67 0.51 2.0 106
7Z5A64 22 12 66 0.64 1.9 104
ZSA78 27 7.6 65 0.78 19 38
ZA 35 0 65 1.0 1.8 130

one kind of zirconia film (ZA) deposited without using
TEOS were also prepared as réferences. All the samples were
postannealed at 500 °C for 10—20 min in a rapid thermal
annealing apparatus filled with oxygen gas at a pressure of
~1.0X 10° Pa. In addition, some samples were postannealed
again at 900 °C for 20 min in a similar oxygen atmosphere.

Using synchrotron radiation (SR) undeér multibunch op-
eration at the BL1B line of UVSOR Facility (Institute for
Molecular Science, Okazaki, Japan, beam energy: 750 MeV)
as a photon source, PL, PL excitation (PLE), and VUV ab-
sorption spectra were measured. The PL decay characteristics
were examined by a single-photon counting method using
SR under single-bunch operation (SR duration of ~400 ps
and interval of 176 ns). We also measured time-resolved PL
using an ArF excimer laser (photon energy of 6.4 eV, pulse
width of ca. 25 ns, power of ca. 150 mJ/pulse, and pulse
repetition frequency of 1 Hz, Lambda Physik Compex 205)
and a monochromator equipped with an. intensified charge-
coupled device (ICCD) array. The ICCD array was gated by
a pulse generator connected to a delay circuit, and the delay
time between the laser pulse and the gate-on pulse was moni-
tored with an oscilloscope. The gate-on period or the PL
observation period was adjusted to 40 ns. The PL, PLE, and
PL decay were measured at the liquid-helium temperature,
while VUV absorption and time-resolved PL were measured
at room temperature. ‘

In order to study the elemental composition, the samples
were examined by x-ray photoelectron spectroscopy (XPS)
. (JEOL JPS-9010TR or JEOL JPS-90MX) using Mg Ka
{(hv=1253.6 eV) x rays. The thickness was measured by el-
lipsometry (Ulvac ESM-1) at a wavelength of 632.8 nm.

J. Appl. Phys. 99, 094106 (2006)
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g R ZSAD6
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O 1s Photoelectron Intensity [arb. units}

FIG. 1. O 1s photoelectron spectra obtained for the samples.

lil. RESULTS AND DISCUSSION

Four kinds: of hafnium silicates and six kinds of zirco-
nium silicates with various. compositions were successfully
deposited for each source alkoxide. Hereafter, the samples
are named after their hafnium  or - zirconium contents.
Namely, sample HSA12 means. that. it is hafnium silicate
with the formula Hf 1,814 430, 3. Figures 1, 2, 3(a), and 3(b)
show XPS O ls, Si.2p, Hf 4f, and: Zr 3d. photoelectron
spectra, respectively.. By integrating these. spectral areas,
the elemental compositions were. calculated: as shown in
Table I. When the elemental composition is. expressed by
Hf,Si(;.)O,. for hafnium silicates or Zr,Si;;_,jO, for zirco-
nium silicates, the samples. are stoichiometric if y is equal to
2. According to Table I, y decreases. with an increase in x,
which means that the sample becomes oxygen deficient from
oxygen surplus.

Figure 4(a) shows PL. spectra induced in the samples
HSA12-HSA81 and HA by the irradiation of SR photons at
8.0 eV, while Fig. 4(b) shows those similarly induced in the -
samples HSB12-HSB81 and HB. The measured intensity of
a PL peak generally depends on various hardly controllable
factors, such as a subtle difference in the mutual angles
among the photon source, the sample, and the detector. This

T

HI,Si4.,,0,

Py N HSA12

SN HSASS

HSA81

Zr,Si(.. ,)0,
ZSA06

Z8A51

ZSA78

Si 2p Photoelectron Intensity [arb. units}

108 104 100 9%
Binding Energy [eV]

FIG. 2. Si 2p photoelectron spectra obtained for the samples.
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Zr 3d Photoelectron
Intensity [arb. units]
E
&

188 184 180 176
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FIG. 3. Hf 4f photoelectron spectra obtained for hafnium silicates () and Zr
3d photoelectron spectra obtained for zirconium silicates (b).

sometimes makes it difficult to compare the PL intensities
among different samples. Therefore, in all the figures, except
for Figs. 8 and 14, the PL intensity is shown after being
normalized by the highest peak height. In Fig. 4(a), all the

3
2 —
%1 v HSA12

PL Intensity [normalized]

o HSASS
HSASL
HA
2 3 4 5
(a) Photon Energy [eV}
3 ; :
2 o
0 RS HSB12

HSB69

¥ PRV

% HSBS81

PL Intensity [normalized]

HB

2 3 4 5
(b) Photon Energy {eV]

FIG. 4. PL spectra induced by 8.0 eV photons from SR in hafnium silicates
deposited using Hf(O~¢~C,Hy), (a) and HF(O~i~C3H,), (b} as a hafnium
alkoxide.
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PL Intensity [normalized]

2 3 4 5
Photon Energy [eV]

FIG. 5. PL spectra induced by 8.0 eV photons from SR in zirconium
silicates.

hafnium silicate samples have a broad PL band around
2.0~-5.0 eV. Each PL spectrum is Gaussian-fitted with two
components around 2.8-3.0 and 3.8 eV as shown with: bro-
ken curves. Similar PL spectra were observed regardless of
the difference. in source alkoxide as shown in Fig. 4(b). As
clearly shown in our previous paper,” PLs observed in
hafnia and zirconia are independent of the difference in crys-
tallinity or oxygen content of the sample, source alkoxide,
deposition method, or the substrate material. Therefore, we
have concluded that the PLs in hafnia and zirconia are attrib-
utable to their intrinsic nature. In the same context; the
present result strongly indicates that the two PL components
at 2.8-3.0 and 3.8 eV are not due to impurities but intrinsic
to hafnium silicates. ,

Figure 5 shows PL spectra excited by 8.0 eV photons in
all the zirconium silicate and zirconia samples, except for
ZSA64 and ZSA78. A broad PL spectrum, which looks simi-
lar to the one induced in hafnium silicates, is seen in all the
samples. These PL spectra are Gaussian-fitted with two com-
ponents around 2.7-3.0 and 3.8 eV similarly as in the case of
hafnium silicates. Note that the 3.8 eV component was not
observed when x is not less than 0.31. For all the hafnium
and zirconium silicate samples, the peak energy of the lower-
energy PL component at 2.7(2.8)-3.0 eV slightly shifts to-
ward a lower energy with an increase in x.

Figure 6 shows PL spectra induced in all the hafnia and
hafmium silicate samples by the irradiation of 6.4 eV SR
photons, while Fig. 7 shows similar spectra induced by
6.4 eV photons in all the zirconia and zirconium silicate
samples, except for ZSA64 and ZSA78. All the PL spectra
have a PL. component around 2.8~2.9 eV. This PL compo-
nent is similar to the one around 2.7(2.8)-3.0 eV observed
in the case of the excitation by 8.0 eV photons. However, the
peak energy shift as a function of x observed in Figs. 4 and 5
seems to disappear in the case of 6.4 eV excitation. More-
over, the intensity of the 3.8 eV component excited by
6.4 eV photons is far smaller than that excited by 8.0 eV
photons in both the hafnium and zirconium silicates.

As reported in our previous paper,” hafnia and zirconia
exhibit similar PL spectra with similar characteristics around
2.7~2.9 eV. Judging from their behavior, it is highly prob-
able that the PLs in hafnia and zirconia are not due-to impu-
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FIG. 6. PL spectra induced by 6.4 eV photons from SR in hafnium silicates
deposited using HH(O-7—-C,Hy), (a) and Hf(O-i-C3H,)4 (b) as a hafnium
alkoxide. .

rities or defects at the interface between the sample and the
substrate. They are thus considered to be intrinsic in common
with hafnia and zirconia. We referred to these PLs as By or
Bz depending on whether the sample is hafnia or zirconia.
We also reported that a new PL peak appeared around 4.2 eV
in hafnia and zirconia after the samples had been thermally
annealed in oxygen at 900 °C.” This new PL was referred to
as ay or ay, similarly depending on whether the material
was hafnia or zirconia. Although the postannealing was done
at 500 °C in the present research, a slight PL ay peak is
observable in the HA spectrum shown in Fig. 4(a).

The PL component around 2.8-3.0 eV induced in

3 T T
2 4
i
= ) ZSA06
SF
=
g ZSA1S
=
=
B ZSA31
2k
2
=
= 75A51
ol
/,\ ZA
2 3 4 5
Photon Energy [eV]

FIG. 7. PL spectra induced by 6.4 eV photons from SR in zirconium
silicates.
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FIG. 8. PL spectrum and its time-resolved spectra observed during given
observation periods for HA {(a) and (b)], ZA [(c) and (d)], HSAI2 [(e) and
()], and ZSA06 [(g) and (h)]. All the spectra were excited by 6.4 eV pho-
tons from the ArF excimer laser.

hafnium silicate shown in Figs. 4 and 6 is very similar to PL
Bu. Moreover, the 2.7~3.0.eV component induced in zirco-
nium silicate shown in Figs. 5 and 7 is also similar to PL ;.
Therefore, these PL components are hereafter referred to as
PL Bys or Bzs, depending on whether the sample is hafnium
or zirconium silicate. On the other hand, the PL around
3.8 eV is hereafter referred to as PL yyg or v4s.

In order to examine the similarity between PLs By and
Bus or that between PLs B, and By time-resolved PL spec-
tra were examined. Figure 8(a) shows the whole spectrum of
PL By induced in HA by the irradiation of 6.4 eV photons
from the ArF excimer laser, while Fig. 8(b) shows its time-
resolved spectra, measured during given periods right after
the PL intensity had shown its maximum intensity. The PL
ay, which is slightly seen in Fig. 8(a), will not be discussed
here. As shown in Fig. 8(b), the intensity of PL. By decreases
as the delay time becomes longer, while its wave form and
its peak energy do not change.

A similar whole spectrum and its time-resolved spectra
are shown in Figs. 8(c) and 8(d) for ZA, in Figs. 8(e) and &(f)
for HSA12, and in Figs. 8(g) and 8(h) for ZSA06. As shown
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FIG. 9. (a) Decay profiles of PL. By observed in HA (open squares) and PL
B, observed in ZA (solid squares). (b) Those of PL By observed in HSA12
(open circles) and PL B,5 observed in ZSAQ6 (solid circles).

in Fig. 8(d), the intensity of PL 8; in ZA also decreases with
an increase in the delay time. Furthermore, the intensities of
PLs Bys and Byg in both silicates also decrease with an in-
crease in the delay time. As shown in Figs. 6 and 7, PLs yys
and vz are scarcely induced by the irradiation of SR pho-
tons at 6.4 eV. Nevertheless, they are clearly observable in
Figs. 8(e) and 8(g) with their wave shapes very similar to
those induced by the 8.0 eV photons from SR shown in Figs.
4 and 5. It is probable that PLs ;g and y,4 in Figs. 8(e) and
8(g) were excited by two-photon absorption since the power
of the excimer laser is as high as ~150 mJ/pulse.

As mentioned above, the intensity of PL By in Fig. 8(f)
decreases with an increase in the delay time. Moreover, its
peak energy. slightly shifts toward a higher energy with an
increase in the delay time. Namely, the peak is at 2.9 eV for
the delay time of 0—-40 ns, while it is at 3.2 eV for the delay
time of 50 ns—1.04 us. The peak energy did not change after
the delay time of 1.04 us, although the spectra are not shown
here. Therefore, PL. Bys is considered to have two subcom-
ponents: one peak around 2.9 eV and the other located at a
slightly higher energy. Quite similar behavior is seen in Fig.
8(h) for the intensity and peak energy of PL B observed in
ZSA06.

Figure 9(a) shows the decay: profiles of PLs By and B,
obtained by replotting their intensities' shown in Figs. 8(b)
and 8(d), while Fig. 9(b) shows those of PLs Bys and Byg
similarly obtained from Figs. 8(f) and 8(h). It can be seen
that PLs By and B; have very similar decay profiles that
consist of a fast component 75, and a slow component 7.

Assuming that a PL has several components and that
each component shows an exponential decay, the measured

J. Appl. Phys. 99, 094106 (2006)

PL intensity I is expressed by the following equation when
the finite laser pulse width and exposure period to ICCD are
taken into consideration:

e (1 T—
It = J f >, Iy; exp(—— u)dud’l'
1 Y0 7

t, t;—t t
= 2 [O,ﬁ{exp<— f) + exp(-—- u) - exp(— —d)
i i

—exp(— &—;—IE)} (1

Here, Iy, is the PL intensity of the ith PL right after its exci-
tation by the laser for u <t<<u+du, and 7, is its lifetime. We
assumed that the laser pulse had a rectangular shape, begin-
ning- at =0 and ending at r=t,, and that the ICCD gate
opened at ¢=t; and closed at t=¢,. Under the experimental
conditions of £,=25 ns and #,~1,=40ns, the data: points
shown in Fig. 9(a) were fitted to Eq. (1). Both PLs By and 87
were found to be divided into two components. Their life-
times 74 and 74, were found to be the same in the two PLs,
and were estimated as 75 <-~10ns and 75=~100ns.
The data points shown in Fig. 9(b) can be similarly divided
into three components for both PLs Byg and Bz with a
fast decay component 7g5,=~15~-40ns, a medium one
Tgsz= ~ 500-550ns, and a slow’ one 7453=~3.0~3.5 us.
By comparing the spectra shown in Figs. 8(f) and 8(h), the
fast decay component 7gg, in both silicates seems to be as-
cribed to the 2.9 eV: PL- subcomponent, while the medium
and slow ones 745, and 743 are due to the 3.2 eV PL sub-
component.

There is a possibility that'the fast decay components 74
and 7gg; could not be estimated correctly, since they are
shorter than - the laser width or the gate-on period: of the
ICCD array.- Therefore, the decay profiles: were measured
using a single-photon counting method. The results are
shown in Fig. 10. All the PLs By, Bz Bus, and Byg have
almost the same decay profile consisting of a fast and a slow
decay component. From this, 75 and 755, have the same
value of almost 3 ns. In the single-photon counting method,
the PL was excited repeatedly by the SR pulses once every
176 ns. Since the observation period was as long as several
minutes, a very slow PL component should have been accu-
mulated so many times. Therefore, the slow decay compo-
nent shown in Figs. 10(a) and 10(b) is assumed to be affected
by such accumulation of slow components such as 7gg, and
Tgs3 Observed in the time-resolved measurements using the
gate array. From these results, it can be assumed that PLs
B and By have the same fast decay component as PLs Sy
and B do. It is true that the slow decay components of the
former two PLs are different from those of the latter two
PLs. However, the decay speed of a relatively slower com-
ponent of a PL is generally easily changeable as will be
discussed later. Therefore, it is reasonable to assume that the
origins of PLs Byg and By are very similar to those of PLs
By and Bz

It is known that silica has a well-defined PL around

" 2.7 eV.” This PL has a very long lifetime of ~10 ms and

two clear PLE peaks around 5.0 and 7.6 eV. It is clear that
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FIG.:10. (a) Decay profiles of PL 8 observed in HA (open squares) and PL
Bz observed in ZA (solid squares). (b) Those of PL. 8yg observed in HSA12
(open circles) and PL B4 observed in ZSA06 (solid circles).

the present PLs Bys and SBzg do not have such a slow decay
component. Furthermore, their PLE spectra are completely
different from those of silica as, shown later. Therefore, PLs
Bus and Bys are not due to silica, but due to a structure
related to hafnium or zirconium such as their oxides or sili-
cates. R

The decay profiles of PLs yys and vz5 are replotted in
Fig. 11 from Figs. 8(f) and 8(h), similarly to those of PLs 8y,
Bz, Bus» and Byg. They are very similar to those of PLs Byg
and Bys. Therefore, the medium and slow decay components
of PL By are almost the same as those of PL s, and those
of PL B, are also the same as those of PL. y,q. In order to
confirm more the similarity between the decay profiles of
PLs Byg and Bzg and that between the profiles of PLs g
and yzq, we tried to estimate the fast decay components of
PLs yus and vy using the single-photon counting method.
Figure 12 shows the obtained decay profiles. As mentioned
above, the slow decay components overlap the fast ones.
Therefore, the fast decay components of PLs yyg and ygs
could not be compared with those of PLs By and SBz5. Nev-

10°. . r :

i

PL Intensity [normalized]

-3
103 2

4 6
Delay Time [us]

FIG. 11: Decay profiles of PL yy5 observed in HSA12 (open triangles) and
PL v,5 observed in ZSAQ6 (solid triangles).
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FIG. 12. Decay profiles of PL yyug observed in HSA12 {open triangles) and
that of PL y,5 observed in ZSAQ6 (solid friangles).

ertheless, this does not imply that the similarity of the decay
profiles is denied. The following discussion will be contin-
ued on the assumption that the overall similarity between the
decay profiles has been confirmed. Namely, the decay pro-
files are similar between PLs yyg and Byg and between PLs
vzs and' Bzg, although their peak energies are different. This
can be explained as follows. After being excited to the upper
state by photons, part of electrons relaxes to a middle state,
which is the upper state of the luminescent centers respon-
sible for PL Byg or B¢ Another part of the excited electrons
relax to another middle state, which is the upper state of the
luminescence centers responsible for PL yyg or 7. During
this relaxation, there could: be nonluminescent medium and
slow transition processes, which reflects. the decay profiles.
Figure 13(a) shows changes in peak energies of PLs Bys,
Bzs, Yis» and yzg as:a function of hafnium or zirconium
content x. The peak energy shifts lower by about.0.2 eV. for
PLs Byg and Bzs. As shown in Fig. 8, for both Byg and Byg,
the PL is composed of two subcomponents around 2.9 and
3.2 eV. Therefore, it is natural to assume that the peak en-
ergy shift was induced by the change in ratio of the two
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FIG. 13. (a) Changes in peak energy for PLs Byg (open circles), vgs {open
triangles), By (open square), By (solid circles), vy, (solid triangles), and S
(solid square), as a function of hafrium or zirconium content x. (b) Those in
PL. intensity ratio for (yys/Bus) (open circles), (yus/By) (open square),
(25! Bzg) (solid circles), and (yys/ By) (solid square). For x=1, By and 8,
were used instead of Bug and Bys:
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PL Intensity [arb. units]

Photon Energy [eV]

FIG. 14. PL spectra induced by 8.0 eV photons from SR in HSA37 and
7SA15 before (solid lines) and after (bold dashed lines) the thermal treat-
ment at 900 °C. Fine dashed lines show Gaussian-fitted components.

subcomponents with an increase in x. Next, the ratio
(yus/ Bus) of the intensity of PL yyg to that of PL Byg in
hafnium silicates calculated by their peak heights and the
ratio (yys/ Bzs) similarly. calculated for zirconium silicates
are shown in Fig. 13(b). The yys/Bys value decreases with
an increase in x value, while the yz5/Bzs value becomes
negligibly small at x* not less than 0.31 after showing an
almost constant value at x=0.06 and 0.15. Namely, both the
two ratios are larger for smaller values of x. This might sug-
gest that PLs s and y,q are ascribed to. silica. However,
similar lJuminescence has not been observed, as reported in
our previous paper.26 Moreover, as mentioned above, it is
more reasonable to assume that PLs yyg and y,g are intrinsic
to their respective silicates, that the dependence of the ratio
(Yus! Bus) on x is fairly similar to that of the ratio (yzs/ Bzs)
is. supportive to this assumption. ..

The presence of a PL around 2.6 eV has been reported in
literature as an example of PLs observable only in hafnium
silicate and not in hafnia or silica.”’ In that paper,”’ the PL at
2.6 eV was attributed to defects peculiar to hafnium silicate
such as lattice mismatch or oxygen dangling bonds induced
in silica by incorporated hafnium atoms. As mentioned
above, PLs g and 7y, are observed only in hafnium silicate
and zirconium silicate, and:neither hafnia, zirconia, nor silica
has these PLs. Therefore; the possibility that the defects pe-
culiar to silicates are responsible for the two PLs cannot be
neglected. The same literature®” suggested impurities as an-
other possible cause of the PLs. However, this should not be
the case, since- the present results clearly indicate that the
PLs vy and ysg are not due to impurities; similarly as in the
cases of PLs Byg and Bzs.

Figure 14 shows: PL spectra observed in HSA37: and
ZSA15 thermally annealed in an oxygen atmosphere. at
900 °C for 20 min. Here, all the measurements were done in
sequence using the samples mounted on a vertically movable
nonrotating rod in the PL measurement chamber so that com-
parison: of the PL intensities among different samples be-
comes possible. A clear decrease in intensity by the thermal
annealing is seen for all PLs Byus, Bzs, Vis. and yzs. Espe-
cially in' PLs yy¢ and yzg, the decrease is significant: It has
been reported that hafnia or zirconia is phase separated from
silicates by thermal annealing at temperatures above 800 °C
for: hafnium  silicate- and - above 900 °C for - zirconium
silicate.”®® This should reduce the intensity of the PL pecu-

J. Appl. Phys. 99, 094106 (2006)

O 1s Photoelectron
Intensity [arb, units]

532 528 524
Binding Energy[eV]

536

FIG. 15. O 1s photoelectron spectra obtained for Hfjs,Siy460,6 before
(solid line) and after (dashed line) the thermal annealing at 900 °C.

liar to silicates. Therefore, by assuming that the phase sepa-
ration also occurred:in HSA37 and ZSA15, the decrease in
intensity for PLs. ygg and y,g by the thermal annealing can
be explained. On the other hand, such separation into the two
substances should not affect the intensities of PLs Bys and
Bz, if it is reasonable to assume that the two PLs are iden-
tical to PLs By and. 8 induced in hafnia or zirconia, as we
already discussed. This is supportive to the result that the
intensities of PLs By and B, do not decrease so much by the.
thermal annealing.

In order to confirm the possibility of occurrence of phase
separation by the thermal annealing, an XPS measurement
was. - performed . with a sample having a structure
Hf} 548154601 6. By the phase separation, the XPS peak due
to O 1s electrons is known to show two distinct spectral
features at core level binding energies close to those of silica
at ~532.4 eV and hafnia or zirconia at ~530 eV. ™ Since the
XPS O 1s spectra shown in Fig. 1 do not have such features,
all the samples were not phase separated before postanneal-
ing at 900 °C. Its shape does not change even after the post-
annealing at 900 °C as shown in Fig. 15, indicating that the
annealed silicate is not phase separated. Still, there is a pos-
sibility that the separated hafnia or zirconia is not large
enough, or is not present in the surface layer as thin as
~5 nm that is detectable by XPS.

In order to further obtain information about the excita-
tion of respective PLs, their PLE spectra were measured.
Figure 16(a) shows PLE spectra of PLs Byg and <yys, while
Fig. 16(b) shows those of PLs Byg and yy5. The PLE spectra
of PLs Byg and Bzg are very similar to those of PLs yyg and
75, Tespectively. This indicates that the excitation process is
almost the same between PLs Byg and yys, and that so is the
excitation process for PLs B,¢ and yz5. Moreover, the onset
of PLE spectrum shifts toward a lower energy with an in-
crease in x for all the PLs Byss Bzs, Yus,» and yzs. The PLE
spectra of PLs ay and oy, which were observed in the HA
and ZA samples that had been thermally annealed in an oxy-
gen atmosphere at 900 °C for 20 min, are also shown in Fig.
16. Their onsets are located at higher energies than those of
PLs By and f3; as reported in our previous paper.25

Figure 17 shows VUV absorption spectra measured in
the two- silicates. For' amorphous- materials, -photon absorp-
tion can be expressed by the following equation:31
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FIG. 16. (a) PLE spectra for By {solid lines) and g (dashed lines) for
hafnium silicates and ay (light dotted line) and By (light solid line) for
hafnia. (b) Those for B, (solid lines) and y, (dashed lines) for zirconium
silicates and @ (light dotted line) and B, (light solid line) for zirconia.

ahyv« (hy— Eopt)z, (2)

where « and hv.are the absorption coefficient and photon
energy, respectively. The optical band gap energy E,, or the
interband photon absorption energy between the valence and
conduction bands, estimated by fitting each spectrum to Eg.
(2), shifts to a lower energy with an increase in x. In com-
mon with all the samples, the onset of the absorption is not
steep. This is due to tail states around the band edges result-
ing from typical nature of amorphous materials. Hereafter,
the onset energ%/ of absorption is referred to as Eyy. In our
previous paper,” we reported that the threshold energies of
PLE spectra for PLs a5 and «y in hafnia and zirconia are
quite similar to' their E, values, while those of PLE spectra
for PLs By and B, are similar to E;. Therefore, it is highly
probable that PLs ay; and a are excited due to the interband
absorption, while PLs By and 3 seem to be excited by pho-
ton absorption to tail states located at the band edges.25 Since
PLs Byg and Byg are, respectively, very similar to PLs By
and 3, they should be also excited by photon absorption to
tail states. In order to confirm this, £, values in both sili-
cates were estimated and were compared with PLE threshold
energies for PLs Byg and Byg. Tt is assumed that E; can be
also estimated using Eq. (2) by substituting Eyy for Ey.

J. Appl. Phys. 99, 094106 (2006)
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FIG. 17. VUV absorption spectra measured for hafnium silicates (a) and
zirconium silicates (b). .,

Here, in replotting the absorption curves shown in Fig. 17 in
accordance with Eq. (2), the initial onset portions were used
to estimate E, 4. Furthermore, by ‘assuming that a similar
relationship holds between the threshold energy of PLE and
the PLE spectrum and by substituting PLE threshold energy
for E,, and PL intensity for «, the threshold energies for PLs
Bus and Byzs were estimated. These two estimated energies
are shown in Fig. 18, where the broken lines are drawn as
guides to eyes to show the slope of 1. The PLE threshold
energies for PLs Byg and Byg are quite similar to the Eyy
values in respective silicates. This indicates that PLs B¢ and
Bzs are induced similarly to the cases of PLs By and 37 by
excitation to tail states near the band edge. Furthermore, PLs
vus and s are also excited by the same process since the
PLE threshold energies of PLs g and -yzg are almost the
same 4s those of PLs Byg and Bz as shown in Fig. 16.

As shown in Figs. 13(a) and 17, E,, decreases with an
increase in x, while the peak energies of PLs Byg and Byg
change by only 0.2 eV, and those of PLs yyg and g do not
change.: Moreover, as’ mentioned in relation to Fig. 8, the
small shift in peak energy for PLs Byg and S5 is attributable
to the change in constituent ratio of the 2.9 and 3.2 eV sub-
components with an increase in x. This fact indicates that
these PLs are most likely due to radiative recombination in
the band gap between two localized states that have the same
energy difference irrespective of x. To sum up, we can con-
clude that all the PLs Byus, Bzss Yus, and yzg arise from the
same luminescence process; electrons (or holes) are excited
to tail states at the band edges and then relax to the upper
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FIG. 18. (a) Relations between the PLE threshold energy of PL Bys or By
and the energy at absorption edge due to band tail states E,, observed for
hafnium silicates {open circles) and hafnia (open square}. (b) Similar rela-
tions observed for PL. 8, in zirconium silicates (solid circles) and for PL 8,
in zirconia (solid square).

state of the luminescent centers fixed in the band gap. The
electrons (or holes) are then deexcited to the lower state and
induce the luminescence. However, the fact that the change
in intensity as a function of x, namely, the hatnium or zirco-
nium content, is different between PLs fyg and: yyg and also
the fact that PL. yyg is thermally annealed more completely
than PL By indicate that the origin of PL Byg is different
from that of PL +yys. Similarly, the origin of PL By is dif-
ferent from that of PL yys.

IV. CONCLUSION

Hafnium and zirconium silicate samples. with various
compositions were deposited by PECVD and their PL char-
acteristics induced by ultraviolet photons were studied.
When the samples are irradiated by SR photons at 8.0 eV, a
broad PL band is observed around 2.0-5.0 ¢V in both the
silicates. The PL band is Gaussian fitted by two components
with peaks around 2.8~3.0 eV (PL Bys) and 3.8 eV (PL )
for hafnium silicates and those around 2.7-3.0 eV (PL B4)
and 3.8 eV (PL vyys) for zirconium silicates. Similar PL spec-
tra are observed irrespective of the difference in source
alkoxide for hafpium silicates, which indicates that PLs Byg
and yyg are not due to impurities but intrinsic to hafnium
silicates. The decay characteristics of PLs Byg and Bg are
very similar to each other, and they are also very similar to
those of the PL components around 2.7-2.9 eV observed in
hafnia (PL By) and zirconia (PL 7). Therefore, it is assumed
that the origins of PLs Bys, Bzs, By, and B are similar. By
comparing their PLE spectra with VUV absorption spectra, it
is assumed that hafnium silicate, zirconium silicate, hafnia,

J. Appl. Phys. 99, 094106 (2006)

and zirconia have luminescent centers in their band gaps
with their respective upper and lower states that have a cer-
tain fixed energy difference irrespective of hafnium or zirco-
nium content.

ACKNOWLEDGMENTS

This work was partly done in the Joint Studies Program
(2000--2005) of UVSOR Facility, Institute for Molecular Sci-
ence, Okazaki, Japan, and was supported by a Grant-in-Aid
from Japan Society for the Promotion of Science for Scien-
tific Research (B) (No, 16360160). A High-Tech Research
Center Grant from the Ministry of Education, Culture,
Sports, Science and Technology of Japan is also appreciated.

International Technology Roadmap for Semiconductors, International Se-
matech, http://public.itrs.net/ (2004).

D.A. Mulier, T. Sorsch, S. Morrio, F. H. Baunann, K. E. Lutterodt, and G.
Timp, Nature (London) 399, 758 (1999).

3J. H. Stathis and D. J. DiMaria, Tech. Dig. - Int. Electron Devices Meet.
1998, 167.

*B. Brar, G. D. Wilk, and A. C. Seabaugh, Appl. Phys, Lett. 69, 2728
(1996).

°G. D. Wilk, R. M. Wallace, and J. M. Anthony, J. Appl. Phys. 89, 5243
(2001).

°G. D. Wilk and R. M. Wallace, Appl. Phys. Lett. 76, 112 (2000). )

B.H. Lee, L. Kang, R:'Nieh, W. J. Qi, and J. C. Lee, Appl. Phys. Lett. 76,
1926 (2000).

Sw. 7. Qi er al., Tech. Dig. - Int. Electron Devices Meet. 1999, 145.

%Y. H. Wu, M. Y. Yang, A. Chin, W. J. Chen, and C. M. Kwei, IEEE
Electron Device Lett. 21, 341 (2000).

. H. Tseng et al;; Téch. Digi-+ Int. Electron Devices Meet. 2003, 83,

UD, A. Neumayer and E. Cartier, J. Appl. Phys.. 90, 1801 (2001).

2W. J. Zhu, T. P. Ma, T. Tamagawa, J. Kim, and Y. Di, IEEE Electron
Device Lett. 23, 97 (2002).

By, P Chang and Y. S. Lin; J. Appl. Phys. 90; 2964 (2001).

M. Matsuoka, S: Isotani; J. E..D. Chubaci, S. Miyake, Y. Setsuhara, K.
Ogata, and N. Kuratani, J. Appl. Phys. 88, 3773 (2000).

5y, Kato, T. Nango, T. Miyagawa, T. Katagiri, K. S. Seol, and Y. Ohki, J.
Appl. Phys. 92, 1106 (2002).

YG. D. Wilk, R. M. Wallace, and I. M. Anthony, J. Appl. Phys. 87, 484
(2000).

YN, Tkarashi and K. Manabe, J. Appl. Phys. 94, 480 (2003).

187, Morais, E. B. O. da Rosa, L. Miotti, R..P. Pezzi, L. J. R, Baumvol, A. 1.
P. Rotondaro, M, J. Bevan, and L. Colombo, Appl. Phys. Lett. 78, 2446
(2001).

M. Koike et al:, Tech. Dig. - Int. Electran Devices Meet. 2003, 107.

H. Y. Yu et al., Appl; Phys. Lett. 81, 376; (2002).

IR 8. Johnson, J. G. Hong, C. Hinkle, and G. Lucovsky, J. Vac. Sci.
Technol. B 20, 1126 (2002). .

2. 1. Zhu, T. P. Ma, S. Zafar, and T. Tamagawa, [EEE Electron Device
Lett. 23, 597 (2002).

%5, FE Conley, Y. Ono, R, Solanki, G. Stecker, and W. Zhuang, Appl. Phys.
Lett. 82, 3508 (2003).

“A. Y. Kang, P. M. Lenahan, and J. E. Conley, Appl. Phys. Lett. 83, 3407
(2003).

B, Ito, M. Maeda, K. Nakamura, H. Kato, and Y. Ohki, J. Appl. Phys. 97,
054104-1 (2005).

K. S. Seol, A. Ieki, Y. Ohki, H. Nishikawa, and M. Tachimori, J. Appl.
Phys. 79, 412 (1996).

g, Vainonen-Ahlgrer, E. Tois; T. Ahlgren, L. Khriachtchev, J. Marles, S.
Haukka, and M. Tuominen, Comput. Mater. Sci. 27, 65 (2003).

*@. B. Rayner, D. Kang, and G. Lucovsky, J. Non-Cryst. Solids 338340,
151 (2004).

g, Saito, Y. Matsui, K. Torii, Y. Shimamoto, M. Hiratani, and S. Kimura,
Jpn. J. Appl. Phys., Part 2 42, L1425 (2003).

3%, Kim and K. Yong, J. Cryst. Growth 263, 442 (2004).

3IN. B Mott and E. A. Davis, in Electronic Processes in Non-Crystalline
Materials, 2nd ed. (Clarendon, Oxford, 1979), p. 289.

Downloaded 27 Jun 2005 to 1338411, Redistribution sublect to AP Heense or copyright, see hitp/jap.aip.orgfap/copyright.isp



INSTITUTE OF PHYSICS PUBLISHING JourNAL oF PHYSICS: CONDENSED MATTER

1. Phys.: Condens. Matter 18 (2006) 60096016 doir10.1088/0953-8984/18/26/019

Improvement in electrical properties of hafnium and
zirconium silicates by postnitriding

T Ito!, H Kato?, T Nango' and Y Ohbki!

! Department of Electrical Engineering and Bioscience, Waseda University, Shinjuku-ku,
Tokyo 169-8555, Japan

2 Diamond Research Center, National Institute of Advanced Industrial Science and Technology
(AIST), Umezono, Tsukuba-shi, Ibaraki 305-8565, Japan

E-mail: prince@suou. waseda.jp

Received 15 February 2006, in final form 6 May 2006
Published 19 June 2006
Online at stacks.iop.org/FPhysCM/18/6009

Abstract

Hafnium and zirconium silicate films were deposited on a silicon substrate and
the effects of postannealing on their electrical properties were investigated.
When the films" are postannealed in nitrogen monoxide (NO), the leakage
current becomes lower by more than one order of magnitude as compared with
that of the as-deposited films. The capacitance-voltage (C—V') hysteresis width
is also decreased drastically by the NO postannealing: = From electron spin
resonance spectroscopy, it is indicated that paramagnetic defects at the interface
between the film and the substrate are responsible for the leakage current and
the C—V hysteresis. It is also indicated by x-ray photoelectron spectroscopy that
the postnitridation effectively terminates these interface defects and contributes
to the improvement in electrical properties.

1. Introduction

According to guidelines for manufacturing processes for the future complementary metal—
oxide~semiconductor (CMOS) technology such as the International Technology Roadmap for
Semiconductors (ITRS), the thickness of the gate silicon dioxide is expected to be scaled
down to a value below its thinnest limit in the near future [1]. . In this thickness region,
silicon dioxide would not maintain its insulating property, since direct tunnelling dominates
the leakage current [2, 3]. Tn order to overcome this difficulty, several attempts to increase
the physical thickness have been carried out using materials with a higher permittivity, while
keeping the equivalent silicon dioxide thickness unchanged [4-6]. However, these materials
contain various densities of defects, many of which will get charged and cause an increase
in their leakage currents. Therefore, finding an adequate method to improve their electrical
properties is necessary.

We have successfully deposited hafnium silicate and zirconium silicate by plasma-
enhanced chemical-vapour deposition (PECVD) and examined their energy band profiles and
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photoluminescence characteristics [7, 8]. In the present paper, we investigate the effects of
postannealing on their electrical properties, in order to find a clue to the improvement.

2. Samples and experimental procedures

Hafnium silicate and zirconium silicate films were deposited using a PECVD technique.
The source gases were tetracthoxysilane [TEOS: Si(OC;Hs),] and a hafnium alkoxide
[Hf(O-i-C3H7)4] or a zirconium alkoxide [Zr(O-i-C3H7)(C1H90,)3]. Oxygen, used as an
oxidation gas, was excited with an rf power of 13.56 MHz through capacitive coupling. The
TEOS was vaporized and transported at 70 °C into the ‘tail flame’ of the oxygen plasma. The
hafnium or zirconium alkoxide was vaporized and transported at 220 °C into the oxygen plasma
using argon gas as a carrier and diluent gas. The gas flow rate was controlled with a mass-flow
controller. The films were deposited onto a p-type silicon monocrystal wafer (100) set on a
stage whose temperature was kept at 400°C.

The elemental composition and chemical structure of the deposited films were estimated
through x-ray photoelectron spectroscopy (XPS, JEOL JPS-9010TR) and x-ray. diffraction
(XRD) spectroscopy (Rigaku RAD-1C). The XPS peaks ascribable to Hf~O-Si or Zr-O-Si
bonds appeared, while no peaks to be ascribed to Hf-Si or Zr-Si silicide bonds were seen.
No crystalline peaks appeared in the XRD spectra of both silicates. Therefore, the deposited
films were confirmed to be amorphous silicates with the chemical formula Hfy 435155701 5 or
719 32Sig.6302¢. Here, the estimation error in the chemical composition is about 10%. The film
thickness was measured to be about 80 nm for both silicates by ellipsometry (Ulvac ESM-1)
with a He~Ne laser at a wavelength of 632.8 nm.

For postannealing, the deposited films were kept at 900 °C for 60 s in a rapid thermal
annealing apparatus filled either with nitrogen monoxide (NO), oxygen (O,) or nitrogen (Ny)
at a pressure of ~1.0 x 10% Pa. The postannealing in NO is known to cause nitridation and
oxidation, while that in O, causes oxidation [9, 10]. No such chemical changes are expected in
the N; postannealing.

Fourier transform infrared (FT-IR) absorption spectroscopy was carried out before and
after the postannealing in a JEOL JIR-WINSPEC50 spectrometer. On the other hand, electron
spin resonance (ESR) spectra were examined for the samples put in a pure silica glass cell with
a JEOL JES-FA 300 spectrometer at the X-band frequency at room temperature in air. In order
to obtain the g-values, a standard Mn** signal marker was used. The number of paramagnetic
spins was evaluated by double numerical integration of a first-derivative ESR spectrum and by
comparison with the signal from diphenylpicrylhydrazyl (g = 2.0036) of a known weight. The
accuracy of estimation is believed to be £=20%.

Electrical properties were examined at room temperature for the sample having a metal—
insulator-semiconductor structure consisting of the lower silicon substrate, the film and an
evaporated gold upper electrode with an effective area of 2.8 x 107*'¢m?. The leakage current
was measured using a high-resistance meter (Advantest R8340) by applying a positive dc
voltage to the upper electrode while changing its average field value from 0to 14 MV cm~! ina
stepwise manner with a step of 0.03 MV ¢cm™!, The capacitance~voltage (C-V) characteristics
were obtained at I MHz using a high-frequency C-V meter (Sanwa Mega Bytek MI-494) by
sweeping the voltage first from negative to positive at a constant rate of 0.4 V's~! and then by
sweeping it inversely.

3. Results and discussion

Figure 1 shows the current density J as a function of the electric field intensity E obtained
for the hafnium and zirconium silicates. The J-E curves clearly vary for the different
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Figure 1. (a) Relations between the electric field intensity £ and the current density J observed
for hafnium silicate before (solid curve) and after postannealing in NO (dashed—dotted curve), Oy
(dashed curve) or Na (dotted curve). (b) Similar relations observed for zirconium silicate before
(solid curve) and after postannealing in NO (dashed—dotted curve), O, (dashed curve) or Np (dotted
curve).
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Figure 2. Changes in the leakage current density Jieax with the difference in the postannealing
atmosphere. Open and closed symbols are the data obtained for hafnium silicate and zirconium
silicate, respectively.

postannealing atmospheres. For both silicates, J becomes smallest in the case of O, annealing
at £ < 3 MV cem™!, However, at E > 3 MV cm™!, J is most effectively reduced by the
NO annealing. - According to ITRS, CMOS devices with a SiO; gate dielectric film are to
be operated at 10 MV cm ™! [1]. The permittivity values of the present silicate samples were
measured to be about 7, nearly twice as high as that of SiO,. Therefore, the equivalent thickness
of the present film turns out to be twice the Si0; thickness. ‘Therefore, it would be better to
compare the leakage current density Jieax at £ =5 MV. cm™}. The changes in Jieq due to
the difference in the postannealing atmosphere are compared in figure 2 for the two silicates.
Regardless of whether the sample is hafnium or zirconium silicate, the value of Ji.x is lower in
the NO and O, postannealed samples than in the as-deposited samples; whereas it is higher in
the N, postannealed samples. In particular, in the NO postannealed samples; Jiex decreases by
more than one order of magnitude as compared to the value in as-deposited samples. Therefore,
it is clear from figure 2 that the NO postannealing is quite effective in reducing Jie, in both the
silicates.
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Figure 4. FI-IR spectra obtained for hafnium and zirconium silicates from 2400 to 3600 cm~! (a)
and around 1000 cm™! (b). The solid and broken curves are the spectra before and afier the
postannealing in NO, respectively.

Figure 3 shows the C-V hysteresis widths measured before and after the postannealing.
For both silicates, the width decreases with NO or O, postannealing, whereas it increases with
N, postannealing. This changing pattern is very similar to that of Jiex shown in figure 2.
The hysteresis width is known to reflect the number of charge traps in. the bulk or at the
interface {11, 12]. Therefore, the decrease in the number of charge traps, which can act as
leakage paths for carriers, is considered to bring about a lower leakage current.

In order to investigate the reasons for the changes in Jig and in the hysteresis width
with the postannealing atmosphere, FT-IR and ESR measurements were carried out. Figure 4
shows FT-IR spectra obtained before and after the postannealing in NO.. The absorption peaks
around 1000 and 3400 cm™! seen in the as-deposited samples are attributable to Si~O and OH
bonds, respectively.: Here, the OH bonds seem to be contained as impurities in the samples. In
figure 4, the OH bonds clearly disappear with NO postannealing.  Similar disappearance was
confirmed in the Oy and N, postannecaled samples, although the spectra are not shown here.
This means that hydrogen-related impurities are desorbed by the postannealing, regardless of
its atmosphere.

The wavenumber K of the FT-IR absorption peak around 1000 cm™! due to Si~O bonds
can be an indicator of the structural distortion. The bond angle £SiOSi, denoted by 8, is known
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to follow the equation [13]

2( . ,8 AN G
K=a p o sin 5+ycos“§ . ¢))

Here, K isin cm™', @ and y are constants (5.3 x 10™'? s cm™" and 100 N'm™', respectively)

and m is the mass of an oxygen atom. The «-value might in principle be able to vary with
the modification of the bond length of Si~O, dsi—o. However, it has been reported that the
major cause of K variation is due to # and not to changes in « through dg;— for the range
120° < # < 150° in the case of silicate materials {13]. Therefore, variations in ds;i—o and «
are neglected and « is regarded as a constant value of 600 N m~! [13]. ‘By substituting K into
equation (1), the FT-IR spectra were converted to those expressed as a function of 6. Figure 5
shows the peak value and the full width at half maximum (FWHM) of ¢ of such converted
spectra. The peak bond angle approaches 144°, the most stable value of 6 [13], for all the
postannealing atmospheres. The value of FWHM also decreases with postannealing. Therefore,
it is clear that the postannealing reduces the randomness in microscopic structure regardless of
its atmosphere. The desorption of hydrogen-related impurities by the postannealing seems to
play a role in the structural stabilization. However, since the dependences of Jiea and the
hysteresis width on the annealing atmosphere shown in figures 2 and 3 are not similar to those
of the peak value and FWHM of 6 shown in figure 5, the structural randomness seems to have
no direct relation to the electrical properties.

Figure 6 shows ESR spectra obtained in zirconium silicate before and after postannealing.
Although not so clear, the spectra are presumed from their shapes and g-values to be due to
the P, centre, which is an inherent point defect induced by a lattice mismatch at an interface
between Si and SiO, [14]. Figure 7 shows the change in the number of paramagnetic spins with
postannealing estimated. from figure 6. The NO annealing effectively eliminates the defects,
while the N, annealing increases their number. - This dependence of the spin number on the
annealing atmosphere is similar to. those of Ji, and the hysteresis width shown in figures 2
and 3. Therefore, it is highly probable that the defects causing the ESR spectra at the interface
between the silicon substrate and the film are responsible for the increase in the leakage current
and the hysteresis width.

To verify this assumption farther, we now discuss how the NO postannealing reduces the
number of interface defects. Since these interface defects are observable by ESR as shown in
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figure 6, they-should have unpaired electrons. For SiO, deposited on a Si substrate, it has been
reported that unpaired P, centres at SiO,/Si interfaces are terminated by the NO annealing,
forming Siz=N bonds and Si;=N-O-bonds-[15]. As an analogy to this, unpaired centres
in the present hafnium and zirconium silicates are also assumed to be terminated by the NO
annealing. If this is the case, nitrogen will be observed at the interface. Figure 8 shows depth
profiles of the XPS signals due to Hf, Si, O and N atoms obtained for hafnium silicate after
the NO postannealing. At the depths from about 60 to 70 nm, the signal due to Si drastically
increases, while those due to Hf and O decrease. . This region corresponds to the interface
between the silicon substrate and the hafnium silicate.. Therefore, figure & clearly shows that
the NO postannealing causes nitridation and effectively diminishes the interface defects.
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Finally, the possibility of the relevance of any other causes to the decrease in Jieax is
discussed. It is well known that silicon dioxide is  grown at the interface between the high-
permittivity dielectric film and the silicon substrate by thermal treatment in O, ambient [16].
Furthermore, it has been reported that interfacial oxide layers are also grown in the case of the
N; annealing [17, 18], probably due to dissolved oxygen and/or reaction with detached oxygen
from silicate. The interfacial layer can act as a barrier for carriers, which leads to the decrease
in the leakage current. On the other hand, when the film is annealed in NO ambient, NO
diffuses into the film and forms strong Si—N bonds at the interface [19-21], which suppresses
the formation of interfacial oxide layers [21]. Therefore, the oxide layer thickness grown by
the NO annealing must be thinner than that grown by the O, or N; annealing. This assumption
is also supported:by the fact that the zirconium silicate deposited in.a NO atmosphere has a
much thinner interfacial layer than the one deposited in an O, atmosphere [16, 22]. Therefore,
if the decrease in Jieax is due to the growth of the interfacial layer during the postannealing, Jieax
should be decreased for all the postannealing atmospheres and its reduction ratio should be the
smallest in the NO postannealed samples among the three postannealed samples. However, this
is not the case in the present result shown in figure 2. Therefore, the decrease in Jiey is not due
to the growth in the interfacial oxide layer.

To summarize, structural randomness does not affect the electrical properties, while
paramagnetic defects such as the P, centres at the interface act as leakage paths and charge

traps. Such defects can be eliminated effectively by nitridation through postannealing in NO
ambient.

4. Conclusion

The effects of postannealing on the electrical properties of hafnium and zirconium silicate films
deposited on a silicon substrate by PECVD were investigated. For both silicates, the leakage
current and the C—V hysteresis width become smaller in the NO and O postannealed samples
than in the as-deposited samples, whereas they become larger in the N, postannealed samples.
In particular, the NO postannealing significantly lowers these values. From FI-IR, ESR and
XPS spectroscopy, it has become clear that paramagnetic defects such as the P, centres at the
interface between the film and the substrate are responsible for the leakage current, and that the
NO postannealing effectively terminates these defects.
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X-ray photoelectron spectroscopy of high-k dielectric films synthesized
by plasma-enhanced chemical-vapor deposition
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Abstract: Thin films were deposited by plasma-enhanced chemical-vapor deposition using hafnitm-, zirconium-, and silicon-
alkoxides. Their chemical compositions, bonding states, and band gap energies were estimated by X-ray photoelectron
spectroscopy. As a result, they were confirmed to be hafnia, hafnium silicate, zirconia, and zirconium silicate with no silicides.
From the O 1s photoelectron spectra, the binding energy of electrons in oxygen atoms decreases monotonically with an increase
in hafnium or zirconium content, which indicates that the oxygen atom becomes more ionic. Furthermore, the band gap energy
estimated by the photoelectron loss peak agrees with the optical band gap energy estimated by the vacuum ultraviolet
absorption and it decreases with an increase in hafnium or zirconium content. When the hafnia or hafnium silicate films are
compared with the zirconia or zirconium silicate films having the same content of hafnjum or zirconium, the band gap energy is
higher in hafnia or hafnium siljcate than in zirconia or zirconium silicate.
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TWO INHERENT PHOTOLUMINESCENCE BANDS IN HAFNIA AND ZIRCONIA
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Photoluminescence (PL) spectra induced by ultraviolet photons were measured for many
kinds of hafnia, zirconia, hafnium silicate, and zirconium silicate samples. A PL peak was
observed around 2.8 eV similarly in all the samples, irrespective of the difference in content of
hafnium or zirconium, crystallinity, oxygen deficiency, source alkoxide, deposition method, or the
substrate material. The decay profile of this PL is also similar in all the samples. These facts
clearly show that neither impurities, oxygen. vacancy, nor defects at the interface between the

sample and the substrate are responsible for the PL.
and is most likely due to radiative recombination between localized states at the band tails.

It is a luminescence inherent in each material,
When

hafnia or zirconia was annealed in oxygen, a new PL peak appeared around 4.2 eV in all the

amorphous samples.

Vacuum ultraviolet absorption measurements and PL excitation measure-

ments indicate that the 4.2-eV PL is excited due to the inter-band absorption.

1. INTRODUCTION

It is commonly recognized that the thickness of
the silicon dioxide or silica as a gate dielectric for
complementary metal oxide semiconductor devices
will be scaled down in near future to a value below
its thinnest limit, . where. the -direct  tunneling
dominates. the leakage current [1].  Therefore,
materials. with- higher permittivities are required in
order to maintain a proper thickness of the gate
dielectric [2].- The candidates are oxides, silicates,
and aluminates such as hafnia [3,4], zirconia [4,5],
alumina [6], hafnium silicate [7,8], zirconium silicate
[7,8], hafnium. silicon oxynitride [9], and hafnium
aluminate [10]... However, there is a high possibility
that a lot of localized states due to defects are present
in the band gap of these materials [11]. These
localized states are assumed to cause leakage current
[12].

We have shown that photoluminescence (PL) is
a- very. effective method to examine the localized
states present in insulating materials {13,14]. In the
present research, we apply the PL method to a series
of hafiiia and hafnium silicate samples with different
hafnium contents that were synthesized with various
methods, and to a similar series of zirconia and
zirconium silicate samples.

2. EXPERIMENTAL PROCEDURES

The samiples examined are hafnia (HCA, HCB,
and HP), hafhium silicate (H81, H55, H37, and H12),
zirconia (ZCA, ZCB, and ZY), and zirconium silicate
(264, 751, Z31, and Z06) as listed in Table I. The
samples HCA and HCB were: deposited: by
plasma-enhanced chemical vapor deposition
(PECVD) using Hf(O--C4H,), and Hf(0O-i-CsHy),
respectively as source hafnium alkoxides, while ZCA
and ZCB were deposited similarly by PECVD using
ZI‘(O-f—C4H9)4 and Zr(O-i-C3H7)(C11H1902)3
respectively. = All the hafnium or zirconium silicates
were deposited by PECVD using tetraethoxysilane
[TEOS Sl(OC2H5)4] and Hf(O-t-C4H9)4 or
Zr(0-1-C4Hy),.  Oxygen, used as an oxidation gas,
was excited with a RF power of 13.56 MHz through
capacitive coupling. For HCA, ZCA, and hafnium
or zirconium silicates, the alkoxide was vaporized
and transported into the oxygen plasma by
controlling its flow raté with a mass-flow controller.
In about 20 min, an amorphous film about 100 nm
thick was deposited on a substrate when the substrate
temperature was kept constant at 500 °C. The
substrate used was a p-type Si monocrystal wafer,
unless otherwise stated. For HCB and ZCB, the
alkoxide was vaporized and transported into the
oxygen plasma using argon as a carrier and diluent
gas. In about 40 min, an amorphous 100-nm thick



Table 1. Samples examined with their elemental compositions and thicknesses.

Elemental ratio (atomic %)

HfSig.»0y

Sample

Thickness (nm)

Hf Si 0 X y
HCA 42 - 58 1.0 1.4 88
HCB 41 P 59 1.0 1.4 130
HP 48 52 1.0 1.1 1.1x10°
H81 31 7.2 62 0.81 1.6 123
HS55 20 16 64 0.55 1.8 115
H37 12 21 67 0.37 2.0 96
H12 3.6 27 69 0.12 2.3 72
Elemental ratio (atomic %) 71,1100y .
Sample 7 Si ) = 5 Thickness (nm)
ZCA 35 -— 65 1.0 1.8° 130
ZCB 32 — 68 1.0 2.1 98
764 22 12 66 0.64 1.9 104
751 17 16 67 0.51 2.0 106
731 9.9 22 68 0.31 2.1 105
206 1.9 29 69 0.06 2.2 144
. —
Sample — Elemental rat;{o (atomic %) = - 21:Y (100, - Thickness (nm)
7Y 30 7.5 63 0.8 1.7 4.5x10°

film was deposited on the substrate at 400 °C.
The sample HP was deposited on a SiO;

substrate at 200 °C with a pulse laser deposition -

(PLD) method by irradiating KrF excimer laser
photons onto a hafnia target. ~ The deposited film is
amorphous with a thickness of about 1.1 um. The
sample ZY is an yttria-stabilized zirconia (100)
crystal plate, about 0.45 mni thick with both sides
polished, and was synthesized by Nakazumi Crystal
Laboratory. '

Using synchrotron radiation (SR) or an ArF
excimer laser (photon energy: 6.4 eV) as a photon
source, PL, PL excitation (PLE), vacuum ultraviolet
(VUV) absorption spectra, and PL decay profiles
were measured. These PL characteristics were also
obtained  for the samples post-annealed at various
temperatures for 10 - 20 min in a rapid thermal
annealing apparatus filled with oxygen gas at a
pressure of ~1.0x10° Pa.

In order to study the elemental composition,
the samples were examined by x-ray photoelectron
spectroscopy (XPS; JEOL JPS-9010TR or JEOL
JPS-90MX) using Mg Ko (hv=1253.6 V) x-rays.

3. RESULTS AND DISCUSSION

Figure 1 shows the PL spectra induced in
hafnia by the irradiation of SR photons at 6.0 eV and
those induced in hafnium silicate by 8.0-eV SR
photons. The measured intensity of a PL peak

2

generally depends on various hardly controllable
factors such as a subtle difference in the mutual
angles among the photon source, the sample, and the
detector.  This  sometimes makes it difficult to
compare the PL intensities among different samples.
Therefore, in Fig. 1 and subsequent figures, the PL
intensity is shown after being normalized by the

highest peak height.
Figure 1 shows that three kinds of hafnia
P . @
1
0 HCA
HCB

PL Intensity [normalized]

Photon Energy [eV]

Fig. 1. PL spectra induced by 6.0-eV photons in hafnia and
those induced by 8.0-eV photons in hafnium silicate.



samples and four kinds of hafnium silicate samples
have an apparently single PL peak. Quite a similar
PL profile. was  obtained for the zirconia and
zirconium silicate: samples as shown in Fig. 2. In
common with Figs. 2 and 3, the top three curves,
namely the PL spectra of hafnia or zirconia samples,
have a single peak around 2.8 eV. Furthermore, it
becomes clear by fitting Gaussian curves to the PL
spectrum. . that the spectrum of each. silicate is
composed of two component peaks.

The band gap energy of the hafnium or
zirconium silicate becomes smaller as the hafnium or
zirconium content (x) becomes. higher [15].
However, the. peak energies of the. two.component
PLs are nearly independent of x as shown in Fig. 3.
Although the data are not shown here, the decay
profile of the low-energy component PL is almost the
same as that of the PL around 2.8 eV in hafnia and
zirconia.- These results. indicate that it is highly
probable that the low-energy component PL: in the
silicates is essentially the same as the 2.8-eV PL in
hafnia or zirconia. - Therefore, the 2.8-eV PL
together with the low-energy component PL is called
PL Py for the hafnia.and hafnium . silicates and is
called PL 7 for the zirconia and zirconium silicates.
The PL component at the. higher energy seen in the
hafnium silicates is called PL yyus, and a similar one
seen in the zirconium silicates is called PL 1ygzs.
Since the characteristics of PLs yys and yzs have been
discussed elsewhere [16], the present paper. deals
mainly with PLs By and Bz that appear in hafnia

: , . , .
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R E
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Fig. 2. PL spectra induced by 6.4-eV photons in zirconia
and those induced by 8.0-¢V photons in zirconium silicate.
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and zirconia. For this purpose, we have prepared
the hafnia and zirconia samples with a wide variation
in many respects; amorphous and crystalline, thin and
thick, oxygen surplus and deficient, and different
synthesizing methods as shown in Table 1.

Figure 4 shows the decay profiles. of PLs By
and Bz observed in all the hafnia or zirconia samples
except for HCB and ZCB. . Note that HCB and ZCB
were deposited using our old CVD apparatus that was
replaced by our new one for HCA and ZCA before
the measurements of the PL decay. characteristics.
The PL decay curve consists of a fast component
with a lifetime less than 2 ns and a slow one with a
lifetime longer than 50 ns for all the samples.
Although the ratio between the fast and slow
components differs slightly among the samples, this
small difference is considered to be negligible, since
there could be many nonessential extraneous factors
that affect the ratio. Therefore, it is indicated that
the PL decay. profile is independent of the difference
in source alkoxide or deposition method in both cases
of PLs By and PBz. This indicates that the PLs Py
and P are inherent PL bands in hafnia and zirconia.
Furthermore, the good similarity between the two
PLs. Py and Pz indicates that their luminescence
mechanisms . are . similar.- or basically = identical.
Moreover, similar experiments were repeated for the
samples. HCA, HCB, ZCA, and ZCB. using CaF,
crystal plates as substrates, and exactly the same PL
B or Bz appeared as in the cases of the Si substrates.
This. strongly. indicates that. PLs By and. Bz are
certainly not due to defects. at the interface between
the sample and the substrate.

Previous papers [17-20] reported the appear-
ance of a broad PL around 2.7 eV and a small PL
around . 2.0 eV in. yttria-stabilized zirconia, and
attributed the former PL to yttria-associated oxygen
vacancies and the latter to Pr’" and Tb*" [20]. As
shown.in Table I, the present hafnia and zirconia
samples have various oxygen contents, from oxygen
deficient to oxygen surplus.  However, this differ-
ence in oxygen. content is not reflected in the PL
properties. - Therefore, the present PLs By and By are
not - due to oxygen.  vacancies. . Impurities are
certainly not responsible for the present PLs, since it
is very. unlikely that common. impurities are present
in all the samples studied. Therefore, PLs By and 3z
are truly intrinsic to hafnia and zirconia.

If we observe the PL spectra shown in Fig. 2
carefully, we notice the presence of a small hump

around 4.2 eV on the PL spectrum of the sample ZCA.

The presence of this hump is not limited to ZCA; and

PL Intensity [normalized]

HP

It i 1 1 1
2 3 4 5
Photon Energy [eV]

T T T

PL Intensity [normalized]

“  Photon Energy [eV]

Fig. 5. PL spectra induced by 6.0-eV photons in HCA,
HCB, and HP (a) and those induced by 6.4-eV photons in
ZCA, ZCB, and ZY (b) after thermal annealing.

its height grows if the sample was thermally
annealed.

In order to examine this new PL band more in
detail, all the hafnia and zirconia samples were
annealed thermally at 900 °C in oxygen. Figure 5
shows the PL spectra observed in: the thermally
annealed samples, excited by SR photons at 6.0 eV
for HCA, HCB, and HP, or at 6.4 eV for ZCA, ZCB,
and ZY. A similar PL peak is seen around 4.2 eV in
the five kinds of samples except for ZY. This PL is
hereafter referred to as om or oz, depending on
whether the sample is hafnia or zirconia. Note that
the apparent peak around 2.1 eV is not a real PL peak
but a stray or fake replica of the 4.2-eV peak. Asin
the case of PL By or Bz, the peak energy and shape of
PL oy are independent of the source alkoxide, the
deposition method, and the substrate material, and are
similar to those of PL ogz.. These results certainly
give clues to a study on the PL mechanism.. Note
that similar results such as the appearance of .PL
around 4.2 eV in hafnia by a heat treatment were



observed by cathodoluminescence {21].

In order to further obtain information about the
excitation of respective PLs, their PLE spectra were
measured. Here, the samples used for PLs oy and
oz had been thermally treated. - Figure 6 (a) shows a
typical PLE spectrum for PL By monitored at 2.8 eV
and the one for PL oy monitored-at 4.4 eV, observed
in HCA. - The PLE spectrum for PL By has two
components; the one showing the maximum around
5.1 eV and the other showing a steep rise around 5.7
eV. . The location of the latter component is similar
to the location of the onset of the PLE spectrum for
PL oy. . This - indicates. that PL By has two PL
origins; one is in common with PL oy and the other is
different. Similar PLE spectra were observed in the
samples HCB and HP.. Furthermore, the- PLE
spectra’ for PLs By and oy -observed in-ZCA are
shown ‘in' Fig. 6 (b).-  Similar PLE spectra -were
obtained in ZCB: - Note that PL oz does not appear
in ZY even after the heat treatment.

The VUV absorption spectra were also
measured: - Here, Si substrates of the samples HCA,
HCB, ZCA, and ZCB' were replaced by CaF,
substrates, since Si is opaque to VUV photons. - As
typical examples, the . VUV absorption : spectra
obtained in HCA and ZCA are shown in Fig. 7. In
common with the five samples- other: than ZY, the
onset  portion: of the inter-band photon  absorption
between the valence band and ‘the conduction band is
not a steep curve. . It spreads out over a wide energy
range, which indicates that these five deposited. film
samples have much structural randomness. . For ZY,
only the initial portion of the absorption onset was
measurable due to its too thick thickness. However,
the onset is located at an energy far lower than the
band gap energy of 4.9 eV [20]. This indicates that
ZY also has a structural disorder. In such a material,
presence of two kinds of threshold energies is
generally assumed. One is the band gap energy due
to inter-band photon absorption, which is hereafter
referred to as Ey.  The other is due to photon
absorption between tail states below the conduction
band: and those above the valence band; which is
referred to as Ey. - For the five amorphous samples
other. than . ZY, the photon. absorption can be
expressed by the following equation [22] :
ohv o« (hv—Ey, = eeeea- (D
where «, hv, and E, are the absorption coefficient,
photon energy, and band gap energy, respectively.
Assuming that both E,,; and Ey; can be estimated by
Eq. (1) by substituting ., or Euy for E,, the two
values are estimated as shown in Fig. 8 (a). Here, in

Absorption

(b

PL Intensity [a.u.]
PL Intensity [a.u.}

Photon Energy [eV] Photon Energy [eV]

Fig. 6. PLE spectrum for PL ay or oz detected at 4.4 eV
(broken curve) and that for PL Py or Bz detected at 2.8 eV
(solid curve), observed in HCA (a) and ZCA (b).
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Fig. 7. VUV absorption spectra measured for HCA (a) and
ZCA(b).
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replotting the absorption curves in accordance with
Eq. (1), the initial onset portion and the next rising
portion were used to estimate Eu.y and Egy,
respectively.  Furthermore, by assuming that a
similar relationship - holds between the threshold
energy of PLE and the PLE spectrum, the threshold
energies E, for PLs oy and oz and £y for PLs By and
Bz are estimated as shown in Fig. 8 (b).

From Fig. 8, the threshold energy E, is quite
similar to Eoy for all the samples, while Eg is similar
to Euy - This indicates that PLs oy and oy are
excited due to the inter-band absorption and that PLs
By and Pz are excited by photon absorption due to
excitation of electrons to. localized states located at
the tail of the conduction band. As for the PL Pz
observed in ZY, the same process can be assumed
since the ~sample ~also  has localized states' as
mentioned above, although Ey; and E, were not
measurable. Furthermore, the thermal treatment
increases the intensities of PLs oy and oy as
above-mentioned. It seems that some structural
change induced by the thermal treatment opens a path
to the upper states of PLs ay and oz - Another
possibility is that the thermal treatment extinguishes
localized states that quench PLs oy and oz, although
the details- are = unknown. - Crystal = zirconia ' is
reported to have an indirect band gap according to a
quantum chemical calculation [23]. - This explains
the reason that PL oz dose not appear in ZY which is
an only crystal among the samples tested.

Although the details have to be omitted
because of limitations of space, the above-mentioned
characteristics - of PLs. Py and Bz were similarly
observed in all the samples listed in Table 1.

4. CONCLUSION

We investigated PL characteristics induced by
ultraviolet photons for hafnia, zirconia, hafnium
silicate, and zirconium silicate samples having a wide
variation in many aspects such as the synthesizing
condition. A PL peak was observed around 2.8 eV
in common with all the samples.. Namely, very
similar phenomena are observed irrespective of the
difference in hafnium (or zirconium) content, oxygen
content, and crystallinity of the sample, source

alkoxide, deposition method, or the substrate material.

This indicates that the PL is not due to- impurities or
defects at the interface between the sample and the
substrate. The oxygen vacancy is also unlikely to

be responsible.  Therefore, this PL is considered to
be intrinsic to each material, most likely due to
radiative recombination between localized states at
the: band tails. - After the sample was thermally
annealed in oxygen at 900 °C, a new PL peak
appeared around 4.2 eV in all the amorphous hafnia
and zirconia samples. By comparing the PLE
spectra of the 4.2-eV PL with the VUV spectra, this
PL is considered to be excited due to the inter-band
absorption. -
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We have investigated the optical properties of Cr’* jons in an alkali gallium silicate glass system and
in two glass-based nanocomposites with nucleated 5-Ga,O; nanocrystals. The nucleation and
growth of the nanocrystalline phase in the host glass matrix were monitored by Raman-scattering
spectroscopy and angle-dispersive x-ray-diffraction. A broadband luminescence, associated with the
47,-*A, transition from the weak crystal field of octahedral Cr’* sites, dominated the emission of the
precursor as-quenched glass. The luminescence spectra of the synthesized glass-ceramic
nanocomposites revealed a crystal-like ?E-%A, strong emission and indicated that the major fraction
of Cr?* ions was located within the nanocrystalline environment. The variable-temperature studies
of the nanocomposites demonstrated that the fluorescence of Cr’* ions can be transformed from
sharp R lines of the 2E-*A, transition to a combination of R lines and of the broad band of the T,-%A
transition. We propose a simple distribution model where the major part of Cr** ions is located in
the nanocrystalline phase of the glass-ceramiic composites in the octahedral environment,
substituting the gallium atoms in the B-Ga,Os crystal structure. The developed nanocrystalline
glass-ceramics are a promising class of Cr’*-doped oxide glass-based optically active composite
materials. © 2005 American Institute of Physics. [DOI: 10.1063/1.2012509]

1. INTRODUCTION jons are.located. In fact the spectral characteristics of the
luminescentiions, specifically in the case of transition metals,
A key trend in solid-state physics is the research of het-  are strongly ‘dependent on the nature of their local

erophased composite materials with nanometer-size struc- 15-24
tures of metal, semiconductor, or dielectric clusters dispersed
in diverse solid matrices. Nanocomposites currently attract
much research attention because of their multiple technologi-
cal applications.l'9 From the viewpoint of optical properties,
transparent glass-ceramics with nanosized crystals or quan-
tum dots embedded in glass matrices have been extensively
investigated because of their potential function as promising
media for optical devices."™’ Especially, silica glass-based
composites doped with a selected range of optically active
ions are of particular research interest. Chromium-based lu-
minescent solids continue to be of technological interest,

environment.

In our former studies, we investigated the nucleation and
crystallization processes in a range of multicomponent glass
systems. The endeavor was to design and synthesize opti-
cally transparent glass-ceramic nanocomposites displaying
optical properties, in partictlar, an increased optical gain.L9
In this paper we present the results of spectroscopic investi-
gations of Cr** ions dispersed in an alkali gallium silicate
glass system and in two glass-ceramic nanocomposites with
different diameters of nanocrystalline 3-Ga,O5 phase dis-
persed in the glass matrix. Considered from the standpoint of
since the octahedrally coordinated Cr** jons can function as optical properties, these comp osites‘ are very attractive for
laser-active centers and can also act as energy sensitizers in studying how a change of local environment, caused by the
rare-earth-based laser materials.'®™"* For application in the nucleation of nanocrystals, modifies the material’s lumines-
field of solid-state lasers or optical amplifiers it is essential to ~ C€Nce properties. In particular, we focus on luminescence as
know correctly the environment where the optically active @ function of temperature and we compare the emission from
Cr* jons in the as-quenched precursor glass with that in two

A Author to whom correspondence should be addressed; FAX: 702 895 0804; SyntheSlzed glass-ceramic nanocomposites. We also attempt
electronic mail: kristina@physics.unlv.edu to elucidate the question of whether the Cr’* ions infiltrate
0021-8979/2005/98(4)/1/0/$22.50 98, 1-1 © 2005 American Institute of Physics
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the nanocrystalline phase and if so, how are they localized in
the structure, and finally, we propose a model explaining the
local environment of the Cr** ions.

. EXPERIMENT

A mixture for the alkali gallium silicate precursor glass,
of nominal composition represented by 2 Na:2 K:8 Ga:24
Si:64 O ratio in at. %, doped with 0.03-wt % Cr,0; was
prepared using analytical grade reagents of 99.999% purity.
The batch components were sintered at low temperature and
afterwards melted in a platinum crucible at a temperature of
1550 °C in a resistance furnace in an air atmosphere. The
liguid melt was cast into a.brass mold and air cooled. To
induce nucleation of 8-Ga,O; phase in the as-quenched host
glass matrix, rectangular pieces of material underwent iso-
thermal heat treatments at temperatures close to the glass
crystallization, which was about 880 2C as estimated from
differential thermal studies. Following this procedure a series
of glass-ceramic nanocomposites were obtained and two of
them were selected for spectroscopic investigations. The rate
of the temperature increase varied from 1.0 up to
200 °C/min, 0.5 up to 500 *C/min, and 0.22C/min up to
the setup temperature which was 850 °C (10 h) for compos-
ite 1 and 900 °C (6 h) for composite 2. To confirm the amor-
phous nature of the as-quenched precursor glass, as well as
to identify the structure and estimate the average diameter of
the nanocrystalline phase in the synthesized glass-ceramic
composites we used a conventional x-ray-diffraction tech-
nique and Raman-scattering spectroscopy. The temperature-
dependent luminescence spectra were excited with the 442
-nm line of a krypton laser, analyzed with a single-grating
monochromator, and detected with a photomultiplier operat-
ing in photon-counting mode. For low-temperature experi-
ments, the samples were mounted in a closed-cycle helium
continuous-flow cryostat (Oxford Instruments), whose tem-
perature was controlled to within 1 K. The luminescence
spectra were collected in the temperature range from 10 up to
170 K and 220 K for composite 1 and composite 2, respec-
tively.

1l. RESULTS AND DISCUSSION
A. Microstructural studies

Both the x-ray-diffraction technique and the Raman-
scattering spectroscopy confirmed the amorphous nature of
the as-quenched glass. The angle-dispersive x-ray-diffraction
patterns of the as-quenched glass and of the two synthesized
glass-ceramic nanocomposites are presented in Fig. 1. A dis-
tinct change in the glass microstructure occurred after ther-
mal annealing and nucleation of the monoclinic B-Ga,;0;
phase was detected. The diffraction spectrum of the as-
quenched glass shown in Fig. 1(a), exhibits broad bands in
the low-2 0 range, typical of glass systems. However, diffrac-
tion patterns of both glass-ceramic nanocomposites (Fig. 1,
plots b and ¢) show sharp B-Ga,0; peaks overlapped with a
broad glass continuum. The estimated diameter of the nano-
crystalline phase (using the Scherrer equation) was 14.5£1.6
and 18.2+2.1 nm for composites 1 and 2, respectively. The
details of the crystal size and size distribution calculations
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FIG. 1. Angle-dispersive x-ray-diffraction patterns of as-quenched glass
{(plot a) and of the two synthesized glass-ceramics: composite 1 (plot b) and
composite 2 {plot ¢). The sharp peaks in composite 1 and in composite 2
correspond to gallium oxide nanocrystals. The estimated mean crystallite
diameter (the Scherrer equation) is 14.5+1.6 nm for composite 1 and
18.2+2.1 nm for composite 2.

were presented previously.8 The presence of the monoclinic
B-Ga,0; phase in the nanocomposites was also confirmed by
Raman-scattering spectroscopy. Figure 2 illustrates VV- (plot
A).and HV- (plot B) polarized Raman-scattering spectra of
the:ds-quenched glass, the two glass-ceramic nanocompos-
ites, and a B-Ga,0; reference crystal. The sharp, small-
intensity peaks, which overlap with the broad Raman-
scattering bands characteristic of silica glass, indicate the
nucleation of gallium oxide nanocrystals in the matrix of the
host glass.

Raman intensity (a.u)
Raman Intensity (au.)

200 400 600 800 1000 120
Fraquancy Bhift {em™)

0 200 400 600 800 10001200 a
Fregquency Shift (cm")

FIG. 2. VV (part A) and HV {part B) polarized Raman-scattering spectra of
as-quenched glass (plots a) and two glass-ceramic nanocomposites: compos-
ite 1 (plots b} and composite 2 (plots ¢). The sharp, small-intensity peaks
overlapped with the Raman glass bands indicate the nucleation of gallium
oxide nanocrystals. The Raman spectrum of a 8-Ga,O; reference powder is
shown as a dotted line.
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FIG. 3. Luminescence spectra measured at 10 K of the as-quenthed precur-
sor glass (plot a) and of the synthesized glass-ceramic nanocomposites:
annealed at 850 °C composite | {plot b} and annealed at 900°C composite
2 (plot ¢). The very strong intensity of the R lines of Cr** emission charac-
terizes the emission spectra of the two composites.

B. Luminescence properties of the as-quenched
glass and the glass-ceramic nanocomposites:
A comparison

Chromium ions dispersed in inorganic solid host matri-
ces occupy preferentially octahedral symmetry sites due to
the strong ligand-field stabilization energy in sixfold
coordmemon.15 18 The octahedral energy-level structure is
determined by the relative strength of the crystal field and
the two lowest-excited levels in the energy-level diagram of
the Cr** ion are 2E and *T,. In a weak crystal field, the *T,
state is at a lower energy than the 2E state and Cr** exhibits
a broad luminescence band related to the strongly coupled
lattice transition from the *T, to the ground *A, level. Since
optical transitions from the *7, state to the ground 4A2 state
are spin-allowed, the radiative decay time is very short (on
the order of tens of microseconds). In an intermediate crystal
field, the broad *T,-*A, band and the sharper 2E-%A, transi-
tion, weakly coupled to the lattice, are both superimposed. In
a strong crystal field the first excited state of the Cr** ions is
the 2E level, weakly coupled to the lattice. The optical tran-
sitions from the 2E level to the ground “A, state are charac-
terized by the presence of one or two sharp zero-phonon
lines (called R lines), with a one-phonon sideband. Since this
transition is spin-forbidden the long radiative decay time is
usually measured in milliseconds.

The luminescence spectra of the as-quenched glass, pre-
cursor material of the synthesized nanocomposites, measured
at 10 K are presented in Fig. 3. In a glass, the Cr** ions
experience a wide range of crystal fields and the lumines-
cence from such a system may include mixed emission from
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the “E level of Cr** ions in the strong crystal field sites as
well as from the *T, level of Cr** ions in a weak crystal field.
The dominant feature of the as-quenched glass emission
(Fig. 3, plot a) is a broad band centered at about 730 nm
with a small peak at 695 nm This electronic-vibrational band
exhibits a typical signature of the *7-*A, emission of Cr**
ions residing in a weak octahedral field, strongly coupled to
the lattice vibrations. The weak-intensity peak at 695 nm,
overlapped with the 4T2 A, band, is due to the * ’E- A2 emis-
sion. The strong intensity of the 4T2 A, transition and the
weak intensity of the 2E—4A peak in the 10-K spectrum of
the glass (Fig. 3, plot a) indicate that only a small fraction of
Cr3* ions is located in the strong crystal-field sites, while a
majority of Cr’* ions occupy the weak crystal-field sites.
After the extended thermal annealing of the precursor glass,
which produced nucleation of gallium oxide nanocrystals in
the glass matrix, the broad band of the *T,-*A, transition of
Cr** ions in the weak crystal-field sites disappears gradually
from the emission spectra (Fig. 3 plots b and ¢). This can be
explained by the increased amount of nanocrystalline 8-
Ga,0; phase in the host glass matrix. The glass-ceramic
nanoccomposites (Fig. 3 plot b and ¢) exhibit very intense
emission peaks attributed to 2E—dA2 transitions of Cr** ions
in a strong octahedral crystal field (R lines). The main dif-
ference in the luminescence spectra of the two nanocompos-
ites is that the dominant feature, the 2E-*A, emission, exhib-
its much stronger intensity with particularly -narrow
bandwidth in composite 2 compared to composite 1. The
microstructural characterization (Figs. 1 and 2) and the lumi-
nescence spectra (Fig. 3) give ground to conclude that as a
result of thermal annealing, which induced the nucleation of
nanocrystals in the glass matrix, a significant redistribution
of the:luminescence intensity occurred. The spectra of both
nanocomposites are dominated by very strong emission lines
accompanied by much weaker intensity, structured phonon
sidebands: Considering the high intensities, the narrow band-
widths, and the energy position of these emissions (Fig. 3
plots b and ¢) we dssign these lines to the Cr’* ions located
in the nanocrystalline environment in intermediate-to-strong
octahedral field sites.

C. Low-temperature luminescence studies

Temperature-dependent Juminescence studies were per-
formed in order to isolate the spectral contribution from Cr**
ions located in weak crystal-field sites of the glass matrix
from those of Cr** ions located in strong crystal-field sites,
that is, embedded in ordered structures like the nanocrystal-
line phase. Figures 4(a) and 4(b) show the luminescence
spectra measured from 10 up to 170 and 220 K for compos-
ite 1 and composite 2, respectively. At 10 K, the narrow and
very intense peaks at about 695 nm are the dominant features
of the emission spectra of the composites. In composite 1
[Fig. 4(a)], with 8-Ga,O, nanocrystals of 14.5+1.6-nm di-
ameter, the E-*A, emission region differs noticeably from
that of composite 2 [Fig. 4(b)] with nanocrystals of
18.2+2.1-nm diameter. In particular, the intensity ratio of the
R-line emissions (QE-4A2) to the total luminescence intensity
is about 25% higher for composite 2. Moreover, the R lines
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FIG. 4. Temperature dependence of the luminescence for composite 1 (part
«) and for composite 2 (part b). The spectra of both composites illustrate the
strong 2E-*A, emissions atributed to the zero-phonon Ry and R; lines
of Cr*.

of composite 2 have much narrower bandwidths for the same
temperatures with respect to that of composite 1. The emis-
sion spectra of the composites [Figs. 4(a) and 4(b)] up to
about 70 K are dominated by the R-lines’ emission, indicat-
ing that the prevailing luminescence contribution comes
from the strong crystal-field Cr** sites with the energy of the
4T2 levels higher than that of the 2E levels. With further
increase in temperature, the spectral changes are reflected by
the evolution of the structured R-lines’ emissions. Beginning
at about 30 K for composite 1 and 50 K for composite 2, a
second 2E-4A2 emission line (the R, line) appears in the
spectra. With temperature rise, the intensity of the R, lines
increases with respect to the R, lines and starting from 130 K
for composite 1 and 170 K for composite 2, the R, lines
become dominant [Figs. 4(a) and 4(b)]. Beside a continuing
decrease in their intensity with temperature rise, the R lines
of both nanocomposites gradually increase their bandwidths,
These changes are accompanied by a notable enhancement of
luminescence intensity on the low-energy side of the R lines.
The 4T2 emission is almost nonexistent at low temperatures
and the luminescence below about 30 K for composite 1 and
below about 70 K for composite 2 consists of a dominant
R-line emission with the associated phonon sidebands.
However, with temperature increase the redistribution of the
luminescence intensity from the narrow “E-*A, lines to the
broad Stokes emissions suggests a progressive increase of
the thermal populations of the 4’1‘2 states. When approaching
room temperature the energy difference of the 4T2 and ’E
states is sufficiently small to permit a partial thermal popu-
lation of the 4’1'2 states. As a result, above about 50 K, the
emnission spectra of both composites consist of the two zero-
phonon lines (R, and R, lines) overlapped with the accom-
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FIG. 5. Expanded-scale temperature dependence of the luminescence inten-
sity in the region of R lines of Cr** for composite 1 (part a) and for com-
posite 2 (part b).

panying Stokes and small anti-Stokes phonon sidebands, su-
perimposed with increasing emissions from the 4T2-4A2
transition. In conclusion, the variable-temperature studies in-

dicate for both composites two main regimes of behavior: a

fow-temperature regime where the emission of the zero-
phonon lines and their sidebands from the 2E state of Cr**
dominate, and a high-temperature regime with the important
contribution of the thermally populated 4T2 states.

We now:consider in greater detail the temperature de-
pendence of:the luminescence intensity in the region of R
lines for composite 1 and composite 2, respectively, as
shown in Figs. 5(a) and 5(b). In the spectral range of the
2E-*A, emission (R lines) both nanocomposites differ not
only by the intensity.satios but also by the spectral profiles of
the R lines. Homogeneous broadening dominates the line-
width of the R-line emissions above 50 K. The shift of the
positions of the R lines and their bandwidth modifications as
functions of temperature are examined in Figs. 6 and 7, re-
spectively. For both nanocomposites, the R; and R, lines
increase their bandwidths with temperature and move gradu-
ally to longer wavelengths (redshift). These shifts are linear
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FIG. 6. Low-energy shift of the R, and R, lines position of the Cr** emis-
sion as a function of terperature for composite 1 (solid circles) and com-
posite 2 (open circles).
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FIG. 7. Temperature dependence of the bandwidth of the R, line of the Cr¥*
emission for composite 1 (solid squares) and composite 2 (open squares).

at low temperature, but as the témperature rises up to about
90 K a crossover from linear to nonlinear (72) behavior oc-
curs. Similar results have been previously reported by Rossi
et al.®* for the cordierite glass-ceramic.

For potential practical applications of the nanostructured
glass-ceramic composites, it is essential to:know: the location
of the optically active ions in the material’s structure. In fact,
especially for the transition-metal ions, the spectral charac-
teristics of their emission are strongly dependent ¢n the local
environment.">2* It is known that Cr** ions reside preferen-
tially in octahedral rather than in tetrahedral sites because the
3d° electron configuration has its maximum stabilization.gn-
ergy in the octahedral symmetry. In oxide glass matrices Cr¥*
ions may form CrQOg octahedral arrangements that satisfy lo-
cal energy requirements. The situation is more complex in
the case of a manocrystalline glass-ceramic composite. In
such a material different structural sites are accessible to the
lumninescent ions: (i) the sites inside the glass phase, (i) the
sites inside the nanocrystalline phase, and (iii) the sites at the
nanocrystal-glass interface. The luminescence spectra of the
studied glass-ceramic nanocomposites revealed the notewor-
thy presence of strong crystal-field Cr** centers. The crystal-
like 2E—“A2 (R lines) emission in low temperatures indicated
that the major fraction of Cr’* ions is located within the
nanocrystalline environment. With the rise of temperature,
the increasing contribution of the *T,-*T, broad emission is
combined with the still present sharp 2E—4A2 emission. This
may illustrate the presence of an intermediate-to-strong crys-
tal field, where the energy difference between the “E and the
4’1‘2 states is small enough to permit a thermal population of
the higher of the two states. Based on the presented results
we propose a simple distribution model where the major part
of the Cr** ions are located in the nanocrystalline environ-
ment, most likely in octahedral symmetry arrangements. Ac-
tually, the B-Ga,O5 crystal has 50% of Ga atoms in octahe-
dral and 50% in tetrahedral coordination with oxygen
atoms.?> Since the octahedral sites are available in the struc-
ture of the nanocrystalline phase (8-Ga,03), we can envision
a scenario where Cr** ions substitute gallium ions in those
sites. The quadratic temperature behavior of the R-line band-
width above 100 K compared to the linear dependence ob-
served for different glasses”"* in the same range of tempera-
tures also indicates that at least the major part of the Cr**
ions is located in the nanocrystalline phase.
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IV. CONCLUSION

We have studied the optical properties of Cr3* ions in the
alkali gallium silicate glass system and in the glass-ceramic
nanocomposites with embedded B-Ga,O; nanocrystals. A
broadband luminescence associated with the *T,-*A, transi-
tion from the weak crystal-field, octahedral Cr’* sites domi-
nated the spectrum of the precursor as-quenched glass. The
glass-ceramic nanocomposites revealed the crystal-like
“E-*A, emission and demonstrated that the major fraction of
Cr3* ions was located within the crystalline environment.
The variable-temperature studies of the nanocomposites il-
lustrated that the Cr'* luminescence can be transformed from
the sharp R lines of the E-*A, emission to a combination of
R lines and the broadband of the *T,-4 transition. We pos-
tulated that the overall modification of the luminescence pro-
files from the broad *T,-*A, emission for the as-quenched
precursor glass to the narrow R lines for glass-ceramic corm-
posites reflects the kinetics of the Ga,03: Cr’** nanocrystallite
formation and the migration process of Cr** ions from the
glass matrix to the nanocrystlline phase. Based on the pre-
sented results we proposed a simple distribution model that
provided a reasonable quantitative agreement with the ex-
perimental data. In this model we advanced that the major
part of Cr’* ions were located in the nanocrystalline phase,
most likely in the octahedral environment.
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The precipitation and growth of copper nanoparticles in an optically transparent aluminosilicate
glass matrix was investigated, The:size of particles in this heterophase glass-based composite was
modified in a controlled manner by -isothermal heat treatments. A multitechnique approach,
consisting of Raman-scattering spectroscopy, high-resolution transmission electron microscopy,
x-ray-diffraction technique, and optical-absorption spectroscopy, has been used to study the
nucleation and crystallization processes. Optical-absorption spectroscopy revealed the presence of
intense absorption bands attributed to oscillations of free electrons, known as the surface-plasmon
resonance band of copper particles, and confirnied a gradual increase of the particles’ mean size and
density with annealing time. The Raman scattering on:acoustical phonons from Cu quantum dots in
the glass matrix measured for off-resonance conditions demonstrated the presence of intense,
inhomogeneously broadened peaks that have been assigned to the confined acoustic eigenmodes of
copper nanoparticles. The particle-size dependence of the acoustic peak energies and the relation
between the size distribution and bandwidths of these peaks were derived. High-resolution
transmission electron microscopy was used to monitor the nucleation of the nanoparticles and to
estimate their mean size. © 2005 American Institute of Physics:[DO¥;. 10.1063/1.2011776]

1. INTRODUCTION composite materials in the field of nonlinear optical devices

is to have an accurate knowledge of the particle size as well

Composite materials consisting of nanosized crystals or
quantum dots embedded in solid matrices stimulate currently
intense research interest. Small metal and semiconductor
clusters, dispersed in optically transparent matrices, belong
to three-dimensional quantum-confined electronic systems
and their properties are affected by the confinement pro-
cesses in the nanosized particles (electrons, holes, excitons,
phonons). It was demonstrated that due to dielectric and
quantum confinement effects such composites exhibit largely
enhanced nonlinear susceptibilities, fast response time, and
are promising candidates for all optical switching devices."”
In particular, the electron-phonon coupling increases in
strength with decreasing nanocrystal diameter and is of key
importance in these (:omposites.l'7 One crucial requirement
with regard to the potential technical applications of these
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as their size distribution.

Raman-scattering: spectroscopy in the very-low-
frequency region has proven to be one of the most outstand-
ing nondestructive techniques to study the microstructure to-
gether with the vibrational and - electronic states in low-
dimensional systems composed of very small aggregates
(nanocrystals, nanoparticles) dispersed in solid matrices. In
particular, this technique is sensitive to the mean nanopar-
ticle diameter, to the width of the particle size distribution,
and to the particle-matrix interface conditions. The appear-
ance of distinct peaks in the low-frequency region of Raman
scattering has been established as due to acoustic-phonon
modes confined in the homogenous nanoparticle volume.*"2
Qur previous studies’*™!" confirmed that low-frequency
Raman scattering, below 100 ecm™, is very sensitive to mi-
crostructural features with characteristic lerigths from one to
tens of nanometers, i.e., intermediate scale between the mo-
lecular regime and the bulk one. We successfully applied this
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technique to the microstructural studies of various glass
compositions doped by semiconductor or dielectric particles,
focusing specifically on the early stages of crystallization
(such as nucleation) to determine the size, size distribution,
and influence of the excitation radiation energy on the shape,
frequency, and intensity of the nanoparticles’ acoustic
bands.*"’

In this paper we present the synthesis and the compre-
hensive microstructural investigations of glass-based opti-
cally transparent composites with a homogeneous distribu-
tion of metallic particles grown within the host glass matrix.
We focus on the very early stages of crystallization in a
soda-lime aluminosilicate glass system and study the con-
fined acoustic-phonon modes of copper quantum dots by
Raman-scattering spectroscopy. In particular, for nonreso-
nant excitation, we examine the relationship between the en-
ergy and spectral shape of the low-frequency Raman peaks
assigned to the eigenvibration modes of copper particles and
their mean diameters. Furthermore, we employ high-
resolution transmission electron microscopy (HRTEM),
x-ray-diffraction (XRD) technique, and eptical-absorption
{OA) spectroscopy on a series of composites.and compare
the size of nanoparticles estimated from low-frequency
Raman spectroscopy (LoFRS) with that derived from HR-
TEM.

. EXPERIMENT

The starting material was as-quenched glass with basic
composition of 76 Si0,~4A1,0;-6Ca0-14Na,0O  (in
mol %) doped with 0.15mol % of Cu0. After low-
temperature sintering the powdered mixture of high-purity
reagents was melted in a platinum crucible at a temperature
of about 1500 °C in reducing conditions. The liquid melt
was cast into a brass mold, quenched by air cooling, and
thermally annealed to relieve internal material stresses. As a
result a good-optical-quality precursor glass was obtained.
To induce nucleation, samples of as-quenched precursor
glass were isothermally annealed at 650 °C in air with a
beating rate ranging from 1 up to 200 °C, from 0.5 up to
400 °C, and from 0.2 to 400 °C/min to the set temperature
of 630 °C, which is close to the glass transformation tem-
perature. By varying the annealing time at 650 °C between 5
and 60 min, a number of glass-ceramic composites with dif-
ferent mean diameters of copper particles representing the
various nucleation and growth stages of quantum-sized nano-
crystals were synthesized. For optical studies, the samples
were cut to rectangular plates of 2—3-mm thickness. After
thermal treatments, the glass plates were carefully polished
to minimize the intensity of elastic light scattering.

Room-temperature optical-absorption spectra were mea-
sured in the range from 400 to 800 nm using a Shimadzu
UV-3100 PC dual-beam spectrophotometer. The Raman-
scattering spectra were excited by means of a krypton-ion
laser line at 647 nm to provide off-resonance excitation con-
ditions. The Raman spectra were recorded at room tempera-
ture both in Stokes and in anti-Stokes sides, with a laser
power of about 300 mW in a 90° scattering geometry using a
Jobin-Yvon double-pass monochromator with holographic
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FIG. 1. Optical absorption spectra of a number of composites annealed
isothermally (650 °C) for periods of time between 5 and 60 min. The band
at 560 nm attributed to the surface-plasmon resonance of copper nanopar-
ticles increases gradually its intensity, indicating an increase of the particles’
mean size and density with the annealing time.

gratings and a photomultiplier, operated in photon counting
mode, as a detection system. Both Stokes and anti-Stokes
spectra were recorded at data intervals of 0.1-0.5 cm™. To
avoid local laser heating a cylindrical lens was applied to
focus the laser beam on the sample surface. Under the
adopted experimental conditions no changes in the optical
properties of all studied samples were observed. XRD pat-
terns were collected in angle-dispersive mode using a Rigaku
diffractometer in 6-260 Bragg-Brentano geometry, Cu K ra-
diation, and a graphite monochromator for the diffracted
beam. HRTEM studies were carried out on the powdered
samples dispersed over carbon-coated copper grids using a
Philips 400T microscope operating at 120 kV.

Il. RESULTS AND DISCUSSION

The experimental techniques adopted in this study,
LoFRS, HRTEM, and XRD, confirmed the amorphous nature
of the as-quenched precursor glass. As a result of isothermal
treatments distinct changes in the glass microstructure were
detected. A copper patticle nucleation process was observed,
with the particles’ mean.diameter gradually increasing with
the time of thermal annealing.

A. Optical spectra

The optical-absorption spectra of the metal-dielectric
composites, isothermally annealed at 650 °C are shown in
Fig. 1. The absorption bands with maxima at about 560 nm
present in the spectra of all composites have been assigned to
the surface-plasmon resonance (SPR) of copper nanopar-
ticles. Similar bands, observed for copper-implanted SiO,
glasses or Al,O5 thin films, were explained by the plasmon
oscillations of the free electrons also known as plasma reso-
nance bands.”’™ As shown in Fig. 1, the optical absorption
of the composites is considerably affected by the nucleation
and consecutive growth of particles in the host glass. As the
annealing time is raised from 5 to 15 min, the absorption
band shifts slightly towards shorter wavelengths and its in-
tensity increases markedly. These changes indicate that the
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FIG. 2. Room-temperature, VV polarized Stokes, and anti-Stokes Raman-
scattering spectra of the as-quenched precursor glass (dotted line) and of the
glass-ceramic composite annealed for 30.min at 650 °C (solid line). The
inset shows a zoom on the low-frequency region of scattering, “PP” indi-
cates the particle peak assigned to spheroidal, symmetric (I=0) acoustic-
phonon modes confined in copper nanoparticlés nucleated in the host glass
matrix; “BP” points toward the boson band.

mean size of particles increases along: with the time of ther-
mal annealing. For composites annealed over:15.min the in-
tensity of the SPR band increases slightly, without any ap-
parent shift in the position of its maximum. We explain this
behavior as due to an increase of the copper particles’ density
accompanied by only a little increase in the particles’ mean
size. In particular, for composites annealed for more than
20 min, the mean particle size does not grow much, therefore
the enhancement of the SPR band intensity is mostly due:to
the increased particles’ density (confirmed by LoFRS spec-
troscopy, see Sec. Il B).

B. Low-frequency Raman-scattering studies

The resonance Raman spectra were collected with the
excitation energy located outside the absorption region com-
mon for all composites. Figure 2 presents room-temperature
Stokes and anti-Stokes Raman-scattering spectra of as-
quenched precursor glass and one of the synthesized glass-
ceramic composites. The spectra presented in Fig. 2 are very
similar in the high-frequency region of scattering. In the low-
frequency region the dominant feature is an asymmetric band
with a long tail toward the high-energy, called the boson
peak (BP). The BP behavior follows in temperature the
Bose-Finstein factor, indicating its origin in nearly harmonic
excitations, and originates from disorder-induced light scat-
tering due to acoustic phonons. The major difference be-
tween the as-quenched glass and the annealed glass spectra is
observed in the very-low-frequency spectral region (see Fig.
2, inset). The glass-ceramic composite exhibits strong scat-
tering peaks, both in Stokes and anti-Stokes sides. These
distinct peaks appearing in the Raman spectra between the
BP and the Rayleigh line have been assigned to acoustic-
phonon modes confined in copper nanoparticles nucleated in
the host glass matrix. Similar low-frequency peaks have been
observed in several nanocomposite systems, where
dielectric,>' ™! semiconductor,*>'* or metallic'** particles
were embedded into transparent vitreous matrices. These
peaks were attributed to acoustic-phonon modes confined in
homogeneous particles (nanocrystals, clusters, aggregates,
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etc.) and they can provide direct information on their diam-
eters. The energies of these vibration eigenmodes depend on
the elastic properties of the material (longitudinal to trans-
verse sound velocity ratio) and are also a function of the
particle diameter. In a simplified model®!! that considers vi-
brations of a free homogeneous elastic particle only two
types of acoustic modes are expected to be Raman active,
namely, the spheroidal modes labeled /=0 (symmetric) and
1=2 (quadrupolar). The classification of these modes is per-
formed following the symmetry group of a sphere, with the
indices | and m equivalent to the spherical harmonics Y7
The spheroidal, symmetric modes /=0 are purely radial with
spherical symmetry and active only in VV polarization&“
but quadrupolar modes are depolarized (active both in VV
and HV polarizations), so the depolarization ratio Igy/lyv
allows one to assign the Raman spectra to symmetrical or
quadrupolar vibrations. The frequencies of these surface vi-
bration symmetric or quadrupolar spheroidal modes, i.e., the
lowest-energy modes, are given by

w():Aon/er, (1)

wy =A,v/2rc, (2)

for [=0 or =2, where wy and w, are the frequencies of the
observed vibrational modes, v, is the longitudinal sound ve-
locity, », is the transverse sound velocity, Ay {4,) is a pro-
portionality coefficient depending on the angular momentum
I, the harmonic number n, and the ratio between the trans-
verse and longitudinal sound velocities v,/ v, ¢ is the veloc-
ity-of light in vacuum, and 2r is the diameter of the vibrating
sphere, From the frequency position and the line shape of the
low=frequency Raman peaks, we can derive the mean par-
ticle:$izeand the size distribution of the vibrating particles,
nanocrystals, or clusters. Montagna and Dusi'' calculated the
values of Ay and A, coefficients as a function of v,/ v, in the
form of dimensionless wave numbers. Using the calculation
results of Montagna and Dusi' and the sound velocities for
bulk copper »,=4828 m/s and »,=2648 m/s, we obtained
the value Ap=0.83.

Low-frequency, V.V polarized Stokes, and anti-Stokes
Raman spectra of a series: of isothermally treated glasses
with nucleated copper particles are presented in Figs.
3(a)-3(c) (plots B). The as-quenched precursor glass an-
nealed at 650 °C for 10 min does not exhibit well-defined
peaks, but showed small intensity bands in the low-
frequency region of scattering. However, the spectra of
samples annealed at the same temperature for extended peri-
ods of time such as 30 and 60 min exhibit distinct peaks in
the scattering region between the Rayleigh line and the BP.
These very-low-frequency peaks, observed only in VV po-
larization, have been assigned to the symmetric spheroidal
{1=0) surface vibrational modes of the copper particles.

In order to isolate the amount of light scattering due to
the acoustic modes of the nanoparticles from the total
amount of low-frequency scattering, spectral subtractions
were performed. This procedure was indispensable, since the
scattering contribution from the host glass presents a broad
band—the BP—in the frequency range of our interest. This
operation of subtraction cannot be performed in a straight-
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FIG. 3. Comparison of the low-frequency VV polarized Stokes and anti-
Stokes Raman-scattering spectra of a series of composites with nucleated
copper particles and different isothermal (650 °C) annealing times: {(a) 10,
{(b) 30, and (c) 60 min. “A” marks as-quenched glasses, “B” marks annealed
composites, and “C” displays difference spectra showing the scattering con-
tribution due only to the acoustic phonons of the copper particles. For the
shortest annealing time (10 min) only an enhancement of scattering in the
region between the Rayleigh line and the Boson band can be noticed. For
longer annealings, however, distinct low-frequency peaks appear and are
assigned to the surface vibrational {{=0) modes of the copper nanoparticles.

forward way because the Raman spectra of the annealed and
of the as-quenched precursor glass are not the same. In par-
ticular, the normalized spectral intensity of the broad band
centered at about 100 cm™!, assigned to the boson peak, is
stronger in the annealed glass than in the as-quenched one.
The spectra, after corrections including a subtraction of the
luminescence background and normalization, were com-
pletely overlapped in the spectral region of interest. After
this procedure, the spectrum of the as-quenched glass and of
the annealed samples could be reasonably superimposed and
subtracted.
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Besides the scattering spectra of thermally treated
samples, Figs. 3(a)~3(c) also illustrate the spectra of the as-
quenched precursor glass (plots A) together with the differ-
ence spectra (plots C) that show the scattering contribution
due only to the acoustic phonons of the copper particles.
With the increased time of isothermal treatments, the posi-
tion of the acoustic peaks shifts slightly towards lower fre-
quencies, indicating a gradual increase of the diameter of
copper nanocrystals. The systematic increase of the acoustic
peak areas indicates an increasing number of scattering cen-
ters, that is, the particles’ density. The observed low-
frequency acoustic-phonon peaks are centered at 9 cm™
[Fig. 3(a)), 6.1 cm™! [Fig. 3(b)], and 5.5 cm™' [Fig. 3(c}]
with a full-width half-maximum (FWHM) estimated from a
Gaussian distribution to be 14.0+0.7, 3.2z0.1, and
4.7+0.2 cm™, respectively. The mean nanoparticle diam-
eters calculated from the frequency position of the maximum
of the acoustic peaks [Eq. (1)] were found to be 14.8, 21.9,
and 24.3 nm, respectively. We used a Gaussian distribution
to fit the spectral line shape of the Raman peaks and obtained
similar results: (d)=13.6, 21.1, and 22.6 nm, respectively,
with 0,=0.9, 1.4, and 1.8 nm, respectively, where o is the
standard deviation of the Gaussian distribution around the
mean diameter. The model] provides a smaller mean diameter
than that directly obtained from Eq. (1) by using the peak
positions. This is due to the fact that the Raman intensities of
the particle modes are proportional to the volume of the par-
ticles themselves; different Raman weights produce an inho-
mogeneous Raman line shape with a maximum of the ampli-
tude which does not correspond to the maximum of the size
distribution.

We would like to mention that in the spectra of all com-
posites investigated, we did not observe the quadrupolar
acoustic particle modes (/=2) that are expected to be present
at lower fréquencies than the symmetric /=0 modes. One
probable reason for the absence of these modes is that their
VV contribution: is hidden by the low-frequency tail of the
far more intense spectral contribution of the symmetric sphe-
roidal modes dug to_the vibrations of larger particles. The
other reason is that it is impossible to separate the contribu-
tion of quadrupolar modes from the elastic part of light scat-
tering that produces a strong intensity at very low frequen-
cies (w<5 cm!). In this‘frequency range our experimental
apparatus is not able to resolyve apeak from the elastic line.
Figure 3 (plots C) illustrates a‘low=energy shift of the particle
peaks, as well as an enhancement of the scattering contribu-
tion of the nanoparticles’ acoustic modes, as the time of iso-
thermal annealing increases. Furthermore, in the advanced
stages of nucleation the observed energy shift is accompa-
nied by the inhomogeneous broadening of the acoustic peaks
that increases notably with the time of thermal treatment
{30 min and above). Such spectral broadening indicates a
wide distribution of particle diameters nucleated in the glass
matrix.

C. Transmission electron microscopy and Xx-ray-
diffraction studies

HRTEM investigations were performed on several grains
of the as-quenched glass powder as well as on grains of the
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FIG. 4. HRTEM micrograph of one of the synthesized metal-dielectric com-
posites (30 min at 650 °C) showing the microstructure of the host glass and
the embedded copper nanoparticles. The ‘estimated crystallite size ranges
from ~21 to ~24 nm.

thermally treated materials. For the precursor glass selective
area diffraction (SAD) patterns did not reveal any crystalline
reflection except for the typical halo of amorphous systems.
However, for the thermally treated glasses the SAD patterns
revealed the presence of diffraction rings. The HRTEM im-
ages of composites showed coherently scattering domains,
uniformly distributed in the glass matrix, confirming the
nucleation of nanoparticles. The micrograph in Fig. 4 shows
the image of one of the studied nanocomposites (30 min at
650 °C). The estimated crystallite size ranges from
~21 to ~24 nm. The mean diameter of copper particles ob-
tained from HRTEM images is slightly larger compared with
that calculated from LoFRS spectroscopy. An amorphous
structure of the host glass is still evident in the image of the
nanocomposite, as was confirmed by LoFRS spectroscopy,
angle-dispersive XRD patterns, and by the diffuse halo vis-
ible in the SAD patterns.

The angle-dispersive x-ray-diffraction patterns of the as-
quenched precursor glass and of the thermally annealed
metal-dielectric composites are presented in Fig. 5. The spec-
tral profile of all the diffraction patterns is very similar and
the precursor glass as well as all thermally annealed compos-
ites exhibit haloes typical of amorphous systems. The x-ray-
diffraction patterns indicated the absence of crystalline
phases in the studied composites. However, with annealing
time, a noticeable decrease of the intensity of the haloes
characteristic of the amorphous phase was observed in the
low-20 range (see inset in Fig. 5). These changes have been
attributed to the structural rearrangements within the host
matrix, more specifically to the modification of short-range
order in the glass network associated with the nucleation and
growth of nanometer-sized copper particles. The low concen-
tration of particles in the glass matrix as well as the very
small volume of the nucleated nanocrystals could explain the
lack of x-ray-diffraction peaks of metallic copper on the col-
lected patterns.

IV. CONCLUSIONS

We have successfully synthesized a series of metal-
dielectric composites with nanometer-sized copper clusters
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FIG. 5. X-ray-diffraction patterns of as-quenched precursor glass (a) and of
metal-dielectric composites isothermally annealed for increasing times: (b)
15, (¢} 30, and (d) 60 min. The as-quenched glass as well as all composites
exhibit haloes typical of amorphous systems and do not show any presence
of a crystalline phase. The only observed difference is in the low-246 range,
where the amorphous haloes become less and less intense with increasing
annealing time, as shown in the inset.

embedded in a soda-lime-silicate host glass. The optical-
absorption spectra indicated the presence of the surface-
plasmion resonance bands of copper nanoparticles. The con-
tinuoys rise in intensity of the plasmon resonance bands was
explained: mainly in terms of the increase of the particles’
density as.a function of the annealing time. The diameter and
the concentration: of the nanocrystalline phase nucleated in
the glass matrix were modified by varying the conditions of
isothermal heat treatments. The Raman studies were focused,
in particular, on-the lowsfrequency region of scattering. The
LoFRS spectroscopy has again emerged as an excellent non-
destructive technique permitting the detection of the pres-
ence of the nanoparticles'(nanoclusters, nanoaggregates) em-
bedded in a solid matrix and the estimation of their mean
diameters. In thermally annealed glasses, the LoFRS spectra
revealed the presence of very-lowsfrequency strong scatter-
ing peaks located between the boson band and the Rayleigh
line. These peaks have been assigned to the acoustic-phonon
modes and specifically to the low-energy surface vibrational
(symmetric, /=0) modes of copper nanoparticles. The in-
crease of the time of isothermal annealings resulted in the
growth of nanoparticles, which was confirmed by LoFRS
spectroscopy as well as by HRTEM and optical-absorption
results. The diameters of the nanocrystals, and their size dis-
tribution, estimated from Raman experiments, were con-
firmed to be slightly larger by HRTEM. In consideration of
potential practical applications of the synthesized metal-
dielectric nanocomposites, we anticipate to study their non-
linear properties, in particular, as a function of particle diam-
eter.
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Abstract

Synchrotron X-ray. diffraction studies, under : pressures up-. to 50.GPa, have.been performed on: a . lithium-
aluminosilicate glass-ceramic composite with nanometer-sized LiAlSi>,Og crystals embedded in a. host matrix. The
pressure-induced evolution of X-ray diffraction patterns was followed in a diamond anvil cell on compression and
decompression cycles with the aim of probing the effect of high-pressure compression on the nanocomposite structure.
On the compression cycle from ambient pressure up to 20 GPa the unit cell volume of the LiAlSi,O¢ phase decreased by
about 22%. The diffraction patterns also revealed the presence, at high pressures, of the ZrTiO4 phase that was
nucleated in the matrix prior to the crystallization of the main LiAlSi,Og phase. After quenching from 50 GPa to close
to ambient conditions the diffraction pattern indicated that the high-pressure phase was retained to some extent
although the decompressed’ structure *still ‘carried the signature of the initial ambient LiAlSi,O¢ phase.” A
Birch-Murnaghan fit of the unit cell volume as a function of pressure yielded a zero pressure bulk modulus Ky =
71 & 2GPa and its pressure derivative K = 4.4 £ 0.6 GPa for the nanocrystalline phase.
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1. Introduction

Composite materials consisting of nanosized
crystals or quantum. dots embedded in solid
matrices currently inspire considerable research
interest. Crystalline particles or clusters, dispersed
in optically transparent matrices, such as glasses,
belong to three-dimensional quantum-confined
systems and their properties are affected by the
confinement processes in the nanosized volumes
(electrons, holes, excitons, phonons) [1-7].

High-pressure techniques offer the extraordin-
ary possibility to synthesize novel solids. with
unique thermo-mechanical, electronic, magnetic
or optical properties—what is nowadays a major
challenge in - materials research [8-15]. High-
pressure studies of nanostructured analogs of bulk
materials, that is - of nanosized structures, are
critical for identifying new equilibrium and me-
tastable. states, that can be accessed as. these
materials .are compressed to very small volumes.
In particular, pressure-driven modifications  of
crystalline nanostructures embedded in solid ma-
trices are attractive, from both a fundamental
physics point of view as well as the exciting
prospect of fabricating naovel materials [12-15].

Many technological applications require a sub-
strate material with a close to zero coefficient of
thermal expansion, as well as an excellent chemical
and shock resistance. Lithium-aluminosilicate
glass—ceramics have gained considerable commer-
cial attention because of their very low thermal
expansion, transparency, high chemical durability,
and strength [16-19]. Some of many widespread
applications of such ceramics are telescope mirror
blanks, ring-laser gyroscopes and optically stable
platforms.

The material investigated in this study belongs
to the low thermal expansion Li,O-Al,03:-SiO,
glass—ceramic system with a double-layered nano-
crystalline phase composed of ZrTiO4 core phase
and LiAlSi,O4 shell phase homogeneously dis-
persed within the glass matrix. The goal of this
work was to examine the resistance to high-
pressure compressibility and potential structural
transformations in the nanocrystalline phase of the
composite system where the metastability of the
amorphous phase was partially relieved by crystal

nucleation and growth process. Using a diamond
anvil cell and synchrotron X-ray radiation techni-
ques, we followed the pressure-induced structural
changes in the nanocrystalline phase of the
Li,0-Al1,03-Si0, glass—ceramic system. The stu-
dies were performed on compression up to 50 GPa
and subsequent decompression down to ambient
conditions.

To the best of our knowledge, this work is the
first attempt to measure the equation of state of
LiAlSi,O¢ nanocrystals embedded in a lithium-
aluminosilicate, glass-based composite system.

2. Experimental

The investigated nanocomposite belongs to the
glass~ceramic system of Li,O-Al,03-SiO, that is
well known to exhibit very low thermal expansion.
The mixture for the glass precursor material of the
glass—ceramic composite had composition repre-
sented by 65 Si05,:22 Al,05:5 Li»0:2 Na,0:2 K,0
(wt%) with 2 TiO; and 2 ZrO; added as nucleation
agents. This composition is close to commercially
available Schott glass—ceramics. The high-purity
batch components-were sintered. at low tempera-
ture and afterwards melted in a platinum crucible
at 1600 °C in air. The liquid melt was cast into a
brass mold resulting in an optically transparent
glass. To induce nucleation in:the glass matrix,
double thermal treatments below the glass transi-
tion temperature were performed. The first treat-
ment- (750 °C) resulted: in the creation . of - the
ZrTiO4 nuclei and the second. (850°C) in the
growth of LiAlSi,Og crystals around the nuclei. In
the final material, the nanocrystalline phase, with
an average diameter of approximately 50+ 5nm as
determined by high-resolution transmission elec-
tron microscopy, was homogeneously dispersed in
the host glass matrix.

For in situ X-ray diffraction studies the pow-
dered sample was compressed in a Mao-Bell-type
diamond anvil cell (DAC). A rhenium gasket was
preindented to a thickness of 45um using dia-
monds with 300 um diameter culets. The sample
chamber consisted of a 150 ym diameter hole
drilled in the preindented rhenium gasket. A few
grains of ruby powder were included and used to
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measure the pressure. No pressure-transmitting
medium was used in this experiment. The time gap
between a pressure raise and the subsequent X-ray
measurement was about 10 min. All X-ray diffrac-
tion patterns were collected at the 16-ID-B
undulator beamline at-the High Pressure Colla-
borative Access Team (HPCAT), sector 16 of the
Advanced Photon Source of Argonne National
Laboratory, using a monochromatic beam of
0.3888 A wavelength. The diffracted X-rays were
collected with an image plate (Mar-345) detector
placed at 353mm from the samples. The
10um x 10pm X-ray beam was achieved by
microfocusing with two Kirkpatrick-Baez mirrors
and a 30um diameter Mo cleanup pinhole to
eliminate the beam tails. The collected diffraction
patterns were analyzed by integrating of images as
a function of 20 angle using the program FIT2D
[20] in order to obtain conventional, one-dimen-
sional diffraction profiles. The diffraction patterns
were subsequently processed with programs like
Powder Cell 2.4 [21], Jade 6.5 [22], and General
Structure Analysis System (GSAS) [23,24].

3. Results and discussion

A typical Rietveld profile refinement [23,24]
of a diffraction pattern collected in situ (DAC)
at 0.2 GPa, the lowest pressure investigated, is
presented in Fig. 1. This pattern is consistent with
a hexagonal unit cell. The identified space group
is P6,22 and the refined unit cell constants for
this low-pressure phase of LiAlSi,Og are: a =
5.17£0.02A and ¢ = 5.44 £ 0.02 A, \:v'gth the cal-
culated cell volume ¥V = 12594+ 09A and den-
sity d = 2.45 g/crnS.

The full-profile Rietveld fit is excellent and
explains all diffraction lines present. The hexago-
nal structure can be fitted to all diffraction data
collected from 0.2GPa pressure up to about
20 GPa. ,

High-pressure compression of the glass—ceramic
composite was investigated in situ (in the DAC)
from close to the ambient pressure up to 50 GPa.
The X-ray diffraction patterns on the compression
sequence from 0.2 to 50GPa are presented in
Fig. 2. As shown in Fig. 2, at low pressures the

T T T T T T T
%

Intensity (a.u.)

P SR Sk, PR PRTRE WS
12 14 16 18 20
Angle (20)

Fig. 1. Typical Rietveld full-profile refinement preformed using
the GSAS program [23,24] of the X-ray diffraction pattern
collected in DAC at 0.2 GPa. The refinement was carried out
using the hexagonal space group P6,22. The solid red line and
black stars represent modeled and experimental patterns,
respectively. The blue solid line represents the difference
between the observed and the refined profile.

patterns are dominated by Bragg lines correspond-
ing to the hexagonal LiAlSi,Og phase.

With pressure increase the positions of these
lines systematically shift towards higher 2@ angles,
lower d spacings as can be clearly seen in Figs. 2
and 4. Over the entire pressure range the profiles of
the diffraction lines assigned to the LiAlSi,Og
nanocrystalline phase undergo gradual broaden-
ing. New diffraction lines appear starting from
about 2GPa and have been attributed to the
Z:TiO4 phase nucleated in the glass matrix in the
first thermal treatment (Fig. 2 (a) and (b)). More
specifically, as pressure rises up to about 2GPa a
small intensity line of the ZrTiO4 phase (111) is
observed at the angle of 7.8° (Fig. 2(a)). An
increase in pressure up to 17 GPa- introduces
another new line that could most probably. be
attributed to the 002 line of ZrTiO,4 phase. With
further pressure raise- the intensity. of the 111
ZrTiO4 line increases. markedly and. at about
20GPa it becomes comparable to what we
attributed to be the main 101 line of the
LiAlSi»Og4 phase (Fig. 2(b)). This line disappears
above 22 GPa while both the 1 1 1 and 002 lines of
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Fig. 2. (a) and (b) X-ray diffraction patterns collected on compression from 0.2 to 50 GPa. Miller indices

are labeled for each

reflection. New lines of the ZrTiO, phase are marked by asterisks. Gasket lines are indicated by the letter g.
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Fig. 3. (a) X-ray diffraction patterns collected on decompression from 50 GPa down to 0.8 GPa. Miller indices are labeled for relevant
reflections. Gasket lines are indicated by the letter g. (b) Comparison of the pattern collected at the beginning of the compression
sequence (0.2 GPa, plot 1) and at the end of the decompression (plot 2).

the ZrTiO,4 phase persist up to 50 GPa and show
a significant pressure-induced broadening. Fig. 3
shows the diffraction patterns of the glass—ceramic
nanocomposite on.decompression from 50 GPa
down to 0.8 GPa. All the diffraction patterns are
dominated by the strong intensity, broad . band
that increases in-intensity and shifts gradually to
lower 2@ angles with decrease of pressure (Fig.
3(a)). Remarkably on decompression to 0.8 GPa
the maximum of this main band returns to what

was the position of the 10 I line of the LiAlSi;Og
phase at the beginning of the compression cycle
(Fig. 3(b)). Since the width of the main band
covers a wide 2@ angle range (between 4° and 9°)
we could consider this band as being a blend of the
100 and 101 lines of the LiAlSi,Og phase mixed
with the 111 and 002 lines of the ZrTiO,4 phase.

In order to discuss the-impact of high-pressure
compression on the structure of the nanocrystal-
line phase of the composite, we have to keep in



K E. Lipinska-Kalita et al. / Physica B 365 (2005) 155-162 159

mind that inside of the glass matrix there is a
complex nanocrystalline phase, built of -ZrTiOy
cores, each wrapped by a shell of LiAlSi,Og. In the
most plausible scenario the surrounding isotropic
glass matrix distributes the impact of high pressure
to the matrix—nanoparticle interface, however it
does not substitute entirely for a hydrostatic
pressure transmitting medium. The first effect of
the compression is that the unit cell of the shell
layer structure decreases, what is well illustrated by
the initial shift of all LiAlS1,0¢ diffraction lines
towards higher angles, lower d spacings (Fig. 2
and 4). Further, the compression process causes
partial amorphization of the shell layer and reveals
more and more of the core material. This is
confirmed by the: appearance of the diffraction
lines attributed to the core ZrTiO4 phase in the
patterns above 2GPa (Fig. 2). The pressure-
induced amorphization of the nanoparticles’ shell,
accompanied by line broadening, continues up to
about 22 GPa at which pressure the only lines
present in the diffractograms are those of the core
phase. With pressure increase above 22 GPa the
lines of the ZrTiO, phase become broad indicating
that the core phase is also undergoing a pressure-
induced amorphization. .

In the decompression cycle (Fig. 3), the broad
diffraction band dominating the pattern shifts
towards lower angles reaching at the end of the
decompression sequence the position that was of
the shell LiAlSi;Og phase at 0.5 GPa, the initial
pressure in this experiment (Fig. 3(b)). It is
plausible to hypothesize that this band is com-
posed of the broadened lines of LiAlSinOg (100
and 10 1) overlapped with the lines of the ZrTiO,
core phase (111 and 002). If this is the case, the
large bandwidth suggests that both structures
contributing to this diffraction band are highly
disordered. In- analogy to what happens with
flexible  structures exposed to pressure, we may
also argue that in the compression mechanism of
the investigated nanocomposite the bond lengths
and angles may vary temporarily without breaking
of the bonds and display X-ray detectable amor-
phization, comparable to a plastic deformation of
the parent lattice. Based on the above discussion,
we postulate that after pressure releases down to
0.8 GPa the high-pressure phase is retained to
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Fig. 4. Pressure dependence of the interplanar d spacings.
Compression decreases the interplanar d spacings inducing a
progressive densification of the nanocrystals. The filled and the
empty circles indicate the LiAlSi;O¢ and the ZrTiO4 phases,
respectively. Miller indices are labeled for each reflection.
Dotted lines are guides for the eye.

some extent, although the decompressed structure
still carries the signature of the initial (0.2 GPa)
LiAlSi,Og phase. ‘

The pressure dependence of the d spacings and
the calculated unit cell parameters of the LiAl-
Si;O¢ nanocrystalline phase are shown in Figs. 4
and 5, respectively. Compression decreases the
interplanar d spacings inducing a progressive
densification of the nanocrystals. The pressure
dependence of the density of the LiAlSiOg4 phase
is shown in Fig. 6. On compression from 0.2 to
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Fig. 5. (A) Pressure dependence of lattice parameters a and ¢ of the hexagonal LiAlSi,O¢ phase and (B) pressure evolution of ¢/a ratio.
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Fig. 6. Pressure evolution of the density of the LiAlSi,O¢
phase. On compression from 0.2 to 20GPa the calculated
density of the LiAlSi,Og4 phase increased by about 22%.

20 Gpa, the calculated density of the LiAlSi,Og
phase increased by about 26%.

Volume was calculated from diffraction patterns
up to 20 GPa only since above this pressure it was
no longer possible to fit the crystal structure due to
considerable line broadening. When pressure is
applied to the glass-ceramic composite, the
volume of nanocrystalline clusters gradually de-
creases, which results in a decrease of the unit cell
volume to about 22%. This can be seen in Fig. 7
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Fig. 7. Unit cell volume of the LiAlSi,Og phase as a function of
pressure, determined from the lattice parameters in the range
from 0.2 to 20 GPa. The calculated decrease in the unit cell
volume is about 22%. The dotted line is the Birch~-Murnaghan
[23] fit to the experimental data.

where the pressure dependence of the unit cell
volume was determined from the lattice para-
meters on compression from 0.2 to 20 GPa.

In order to estimate the bulk modulus of the
nanocrystalline phase the pressure—volume data
was analyzed in terms of the Birch-Murnaghan
[25] (Eulerian finite strain) equation of state:

Fy = K[l — 1.5(4 — K))f ], ey
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where [}, is the negative of the Eulerian strain
measure

, v\
f,,=0.5{<70> —1} Q)

and Fy is the normalized pressure

Fy = P3f (1 +217] . 3

The unit cell volume at zero pressure Vo was
measured to be 125.9+09A> The pressure—
volume data was recast as F—f and the intercept
and slope of the data yielded, respectively, the
bulk modulus K, and its pressure derivative K|, at
zero pressure. The fit resulted in K9 = 71 &2 GPa
and K, =4410.6, and with Kj constrained
to be 4, Ky = 114 £ 7GPa. For comparison the
bulk modulus of commercially available glass—
ceramic of similar composition is reported to be
60 GPa [26].

4. Conclusion

We performed in situ synchrotron X-ray
diffraction studies of a, lithium-aluminosilicate
glass—ceramic composite with nanometer-sized
LiAlSi»O4 crystals embedded in a host glass
matrix. The endeavor of our investigations was
to probe the effect of high-pressure compression
on the nanocomposite structure and to acquire
information on pressure-induced structural trans-
formations that may occur in the lattice of the
nanocrystalline phase. The pressure-induced evo-
lution of X-ray diffraction patterns was followed
in a diamond anvil cell on compression from 0.2 to
50 GPa and on consecutive decompression. In the
compression sequence the observed shift of the
diffraction lines assigned to the nanocrystalline
LiAlSi,O4 phase indicated the linear compressi-
bility of its lattice parameters accompanied by its
progressive densification. At pressures above
20 GPa the diffraction patterns were significantly
broadened and indicated a partial amorphization
of the LiAlSi,O¢ crystal lattice. With pressure
increase on compression the patterns also revealed
the presence of the ZrTiO4 phase that was
nucleated in the glass matrix before the crystal-

lization of the main nanocrystalline phase LiAl-
Si,0¢. The diffraction pattern of the glass—ceramic
composite quenched from 50 to 0.8 GPa illustrated
that the high-pressure phase is at least partially
retained on decompression although the decom-
pressed structure still carried the signature of the
initial ambient pressure LiAlSiO¢ phase. The
pressure—volume data of the nanocrystalline phase
(LiAlSi>Og) was analyzed in terms of the Birch—
Murnaghan equation of state and yielded a zero
pressure bulk modulus Ky = 71 £2GPa and its

pressure derivative Kj, = 4.4 £ 0.6.
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