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This article applies x-ray absorption spectroscopy to a study of the electronic structure of ttke high-
gate dielectrics, Ti@, ZrO,, and HfQ,. Qualitative and quantitative differences are identified
between intra-atomic transitions such as the Zp3state, M,; core state absorptions which
terminate in TM 4* - and 5* -states, andhter-atomictransitions such as the Zsiand O Is-state

K, absorptions which terminate in Zd4- and 5* -states that are mixed with O atonp? states
through nearest neighbor bonding interactions. Differences between the spectral peak energies of the
lowestd* -features in the &, spectra are demonstrated to scale with optical band gap differences
for TiO,, ZrO,, and HfG,, providing important information relevant to applications of TM oxides

as highx gate dielectrics in advanced Si devices. This is demonstrated through additional scaling
relationships betwee(i) conduction band offset energies between Si and the respective dielectrics,
and the optical band gaps, afid) the conduction band offset energies, and the electron tunneling
masses as well. @004 American Vacuum SocietyDOI: 10.1116/1.1771670

l. INTRODUCTION of the tunneling electronsn’, . This study includes spectro-
) ) ) . scopic results that demonstrate that the band gaps of the TM
There has bee_n cons_lderable Interest in trar_15|t|on metaAnd RE oxides, as well as their respective silicate and alumi-
(TM) ‘?r.‘d lanthanide Series rare eafftE) atom oxides, and nate alloys, are significantly reduced with respect to the band
their silicate and aluminate alloys eeplacement or alterna- gap of SiQ. Scaling arguments are used to demonstrate that
tive high-« dielectrics for SiQ in advanced silicon field these band gap reductions are accompanied reductions in
effect .transistors(FETs)- requiring a gate oxide dielectric Es, as well as inm?,. The band gapEs and m, reduc-
e gt 197 sl i h sty sse cneresof T R
tainable in thermally-grown Si) cannot be utiiized in de- atoms, an_d provide |mportant_|nS|ghF§ for the |dent|f|qat|on
vices because the physical SiGhickness required is less of the particular TM a_nd RE omdeg S|I|ca.tes, a.nd aluminates
Eg:at have the potential to meet international industry road-

than 1.0 nm, and this leads to excessively high tunnelin _ :
leakage currents>100 Acni 2 at a 1 V oxide bias. Tunnel- ap targets for device performance with respect to gate leak-
' age current$™3

ing leakage at these levels degrades FET performance a " . . .
The transition from thermally-grown Siyate dielectrics

reduces reliability as for example the time to dielectric , . . S )
breakdown(TDDB) under accelerated high-field bias. to deposited highe gate dielectrics is also wrought with
fany technological difficulties relative to film deposition

High-k dielectrics can achieve these increased levels o X 3 Thi g

capacitance per unit area, but at a physical film thicknes@nd Process integration” This article does not address
which is increased by the ratio of their respective dielectricth€Se technology issues, but instead focuses on fundamental
constantsk,, to that of SiQ, ~3.9. Sincek, ranges from differences in the electronic structure between the group IVB

20 to more 60 for the group IVETi, Zr, and Hj, group 1IB  TM oxides and Si@. The most significant differences are
(Sc, Y, and La TM oxides, as well as for the trivalent lan- Manifested in the character of the electronic states that com-
thanide RE oxides, the thickness increases of at least fivefolerise the lowest conduction bands. These are spatially local-
are sufficient to predict reductions of the tunneling current byized d* -states in the TM and RE dielectrics, in marked con-
many orders of magnitude. However, the tunneling leakag&ast to the extended*-states that comprise the lowest
also depends on the square root of the productiothe  conduction band in SiQ As noted above, the energies of the
height of the barrier or conduction band offset energy belowest energyd* -state bands relative to the top of the con-
tween the conduction band of Si, and the lowest conductiomluction band in crystalline Si define the conduction band
band states of the dielectriEg, and(ii) the effective mass offset energy barriefzg, for electron injection into the di-
electric, as well as for electron tunneling through the dielec-
dElectronic mail: lucovsky@unity.ncsu.edu tric. These offset energies have emerged as a critical consid-
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eration for meeting roadmap targets for attainment of high Zr 55+ " »

capacitance>4x 10 8 Fcm 2, with low direct tunneling, 9.2 -£r 55

or more generally leakage currents in alternative gate dielec Zrad*+

trics in aggressively scaled devicks. ﬁ 02p* =
This article uses x-ray absorption spectrosc@fS) to

study the electronic structure of the highgate dielectrics, !% | bandedge

TiO,, ZrO,, and HfQ,. Qualitative and quantitative differ- Zr My edge ||| transitions |

ences are identified betweértra-atomictransitions such as l” O K1 edge

the Zr 3p-state,M, 5 core state absorptions which terminate i I I I

in TM 4d* - and 5* -states, andhteratomictransitions such e 10} tay Zr K1 edge

as the Zr - and O Is-stateK; absorptions which terminate ~ Zr 3p (~- 340 eV) —L—L 015 (~-535eV)

in Zr4d* - and 5* -states that are mixed with O atonp?2 ar=lda¥ O— i

states through nearest neighbor bonding interactions. Mos d:g:’r'ae_:t"';’;l"’izd ;‘i:;:-l?“? ;c* ;:gs;::z o

importantly, differences between the spectral peak energie:
of the lowestd* -features in the &, absorption spectra of
the TM oxides correlate linearly with reported optical bandg. 1. Schematic representation of the intra-atomidVizr;, and inter-
gap,Egq, differences for TiQ, ZrO,, and HfG,, and thereby  atomic atomic ZK,, OK; and band edge transitions for ZyOThe order-
provide important information relevant to applications in ad-ing of the energy states is derived fraab initio molecular orbital calcula-
vanced Si devices. In particular, the conduction band offsef°"s o small neutral cluster&efs. 5 and 1L

energies,Eg, between Si and higk-dielectrics scale ap-

O 2p* final states

transitions Zr 1s (-17,900) eV

proximately linearly with optical band gap&y, and addi- The schematic energy level diagrams of Fig. 1 include the
tionally the tunneling masses of the7 electrongy;, scale (j) A(d?,) splittings, and theA(d* ,s*) energy difference
with Eg, and therefore witleg as well: between the lower energy* -state, and the lowest energy

feature of thes*-state band, These differences are used to
quantify comparisons betweenr(i) intra-atomic, dipole-
allowed transitiongn which electrons are excited from rela-
tively deep core states of the Ti, Zr or Hf atoms into empty
A. Experimental methods states localized on the same atoms, éndnteratomictran-
sitions in which electrons are excited either from TM or O
atomic 1s core states into final states have a mixed O
atom—TM atom character, and therefore are not restricted
Dy atomic dipole selection rulés112

[I. EXPERIMENTAL STUDIES OF ELECTRONIC
STRUCTURE

The XAS studies were performed at the National Syn-
chrotron Light SourcéNSLS) at the Brookhaven National
Laboratory (BNL) using total photoelectron yield to deter-
mine relative absorption strength of the spectral feature
Thin film samples of Zr@ and HfQ,, approximately 30 nm
thick, were prepared by remote plasma assisted chemical v& Intra-atomic, dipole allowed transitions
por depositionRPECVD).2 Postdeposition annealing of de- Figures 2a), 2(b), and 2c) are the TiL,3, ZrM, 5, and
posited thin films was performed for 30 s to 1 min at 900 °CH¢ N, , spectra for the Ti-rich Hf@-TiO, alloy with a ratio
in an inert ambient, Ar. of 1.2, followed by ZrQ, and HfQ,, respectively(see Table

TiO, thin films of approximately the same thickness werey) The features in each of these spectra are replicated for the
prepared by physical deposition of Ti, followed by situ  respective spin—orbit split initigb-states,npy, and npsy,,
plasma-assisted oxidation at 300 °C; deposited films wergneren=2 for TiO,, 3 for ZrO,, and 4 for HfG are the
then annealed in vacuum at 6002QCharacterization by principle quantum numbers of the respectiveM, and N

high resolution transmission electron microscdpdRTEM)  shells'? For each of the spin—orbit split initig-states, there
imaging indicated that the TM oxide thin films of this Study are transitions to d* -state doub|et, 8* for T|, 4d* for Zr,

were crystalline in character, with the crystallite sizes in theang 59* for Hf, and to a 4* -, 5s* - or 6s* -state that is at a

nanoregime from~3 to 20 nm:® HfO,—TiO, oxide films  higher energy. Table I includes the positions of the spectral
were also deposited in the same manner, and provide an agkatures for the T, ; and ZrM, 5 doublet components that
ditional source of TL, 3 spectra. Figure 2 contains Th 3 are spectroscopically resolved, and tifestate energy of the
edge spectra for TiPand a Ti-rich HIQ-TIO, alloy witha  gpectral peak of HK, 5 spectra, where the doublet compo-
ratio of 1.2. nents are not resolved. The energies of the Ti and
Zrd* -states ands* -states have been obtained from fitting
the features in the respective spectra by standard techniques
using Gaussian line shapes with Lorentzian tails. The ener-
Figure 1 presents a schematic representation of the XA§ies of the respectivd* -states obtained in this way are ap-
transitions that are being addressed. For Zrtbese include proximately the same as the positions of the spectral peaks in
the ZrK; andM, ; edges, and the R, edge as well. These the spectra shown in Figs(& and 2b). The spectral peaks
studies also include the Ti 3 and HfN, 3 spectra, as well as of the s*-state features are broader, and there is also spectral
the respective & edges for TiQ and HfG,. overlap with d*-states, so that the fitting procedure is the

B. Experimental approach

JVST B - Microelectronics and  Nanometer Structures
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TaBLE |. Summary of experimental results fd* ands* features in XAS
spectra of Figs. @), 2(b), and Zc), 4(a), 4(b), and 4c), and 5.

Energy(+0.2 eV) Energy(+0.3 eV)

Spectrum dy d; s* A(diy)  A(d7,s*)
Ti K2 4960 4962.5 4968.6 25 8.6
TiL, 462.7 464.7 475.3 2.0 10.0
Tilg 457.2 459.1 469.7 1.9 9.8
OK(Ti) 530.1 532.8 539.5 2.7 8.4
ZrK, 18008 18008 17998 3 13

ZrM, 3459 347.7 357.5 2.2 11.7
ZrM, 332.6 334.8 3445 2.2 11.9
OK4(Zr) 532.2 535.4 542.3 3.2 10.1
Hf N, 382.7 382.7 3927 <35 10

O K, (Hf) 532.5 536.8 541.5 4.3 9.0

®References 16 and 17.
®Not resolved.

CEstimated from linewidth.
dAverage separation.

spectroscopic splittings of 5.6 eN0.3 eV for Ti, 13.3 eV for
Zr, and for 57.6 eM:0.3 eV for Hf are in excellent agree-
ment with X+ay Data Handbook Value$

The relative absorption strengths for tH&é ands* fea-
tures in the spectra for TiQ ZrO,, and HfQ, are markedly
different. Thes* -state spectral features are very weak in the
TiO,L; and L, spectra, the corresponding absorptions
strengths increase modestly for the Z2i@5; andM, spectra,
and then are significantly stronger for the Hfi®; andN,
spectra. These relative intensities are in qualitative agree-
ment with relative intensities based on hydrogenic Rydberg
statest*

Figures 8a) and 3b) areL, 3 spectra of TiQ. Figure 3a)
shows the samealouble doubletstructure of the Ti-rich
HfO,—TiO, alloy spectrum in Fig. @); however, due to the
rutile crystalline structure, there is a splitting of the lower
energyL ; doublet component. The two- and threefold degen-
eracies ol ; components are completely removed. The dou-
bly degenerate feature at459 eV is split into two peaks
with a separation of-1.6 eV. The triply degenerate feature
at ~457.2 eV is split into three features at 455.7 eV,
456.4 eV, and 457.3 eV.

D. Inter-atomic O and K, edge, and band edge
transitions

Figures 4a), 4(b), and 4c) are OK; edge spectra, respec-
tively for TiO,, ZrO,, and HfQ,. Each of these spectra is
gualitatively similar, displaying a well-resolvedt* -doublet
at the absorption threshold, and a broadéffeature with
some additional structure at higher energies that may be due
to transitions tgp* -states. The positions of the spectral fea-
tures, and theA(dT,) and respectiveA(dy ,s*) spectro-
scopic splittings determined from the peaks in Fig&),4
4(b), and 4c) are included in Table I. ThA(d7,) splitting
increases in going from Tioto ZrO,, and then to HfQ, by

N, features are shifted in energy with respect to the corre=0.5 eV and 0.8 eV, respectively. The spectral overlap be-
spondingL;, M3, and N3 features by the spin—orbit split- tween the higher energy* -state,d,, and the lowest energy

tings of the respective [, 3p-, and 4p-initial states. The

J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul /Aug 2004

s* -feature decreases from Tj@nd ZrG to HfO,. Contri-
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butions to the spectral overlap includ@ increases in the T S HFO,
respectiveA (d} ,s*) splittings from TiQ, (2.7 eV) to ZrO, § ] é
(3.2 eV) to HfO, (4.3 eV), (ii) decreases il (d5 ,s*) en- 0]
ergy separationgnot included in Table)l of approximately ]
6.7 eV of 6.9 eV, respectively, for TiCand ZrGQ,, to 5.0 eV _0.53 i i
for HfO,, and finally, (iii) increases in the spectral half- 525 530 535 540 545 550
width of the d} features that scale monotonically with the photon energy (eV)
atomic number of the TM atom. ()

The ZrK; spectrum for ZrQ is shown in Fig. 5. This
spectrum is similar to those presented in Ref. 15, where
markers indicate that the positions of features assigned to
4d* - and 5* -states. The energies of the features are essen-
tially the same for all of the crystalline phases of ZrO 5s*-states, and O -states. This is reflected in the values
Since transitions from the Zmslistate to Zr4l*- and  of A(dy, andA(d} ,s*) presented in Table I. The doublet
5s*-states are not dipole-allowed, the Ky edge spectrum 4d*-features are not spectroscopically resolved in Fig. 5, or
is qualitatively similar to the &, edge spectrum in which in the spectra in Ref. 15, as it is in thekQ spectrum in Fig.
the final states also involve a mixing between @4 and  4(b).

Fic. 4. OK; spectra for(a) TiO,, (b) ZrO,, and(c) HfO,.

JVST B - Microelectronics and  Nanometer Structures
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1.2 ; E. Optical absorption edge spectrum
zro, Figure 6 contains a plot of the optical absorption constant,
T 57 Zr 5%t - @, versus photon energy for ZyQ as obtained from an
w analysis of vacuum ultraviolet spectroscopic ellipsometry
€08+ datal® The band edge, or threshold for optical absorption is
g at ~5.7 eV, essentially the same as reported from comple-
‘S‘ 0.6 . mentary measurements of the photoconductiifyhe rela-
2 ) tive intensities of thal* -state absorption between 5.7 and 6
5 04 L Zp A eV and thes* -state absorption at higher photon energies is
§ P similar to the relative intensities of the corresponding fea-
0.2 tures in the ZK; spectrum, but the energy scales are mark-
edly different. For the ZK,; spectrum, the initial state is the
,,,,,,,,, Zr 1s-state at—18 keV, and for the band edge transitions, the

initial states are OR@ 7 nonbonding states at the top of the

photon energy (KeV) valence band.

Fic. 5. ZrK; XAS spectrum.
Ill. DISCUSSION

A. Spectroscopic results

Ti K, and HfK, edge spectra have not been obtained for This section distinguishes between the intra-atorh, H,

the thin film samples prepared for this study. However, theré" M2, and HfNy 3 edge spectra of Figs.(@, 2(b), and
have been several published studies of thiTedge in the ~ 2(C), and the interatomi¢i) TIOK,, ZrOK;, and HfOK,

rutile and anatase crystal forms of TiG%Y Published re- SPectra of Figs. @), 4(b), and 4c), (ii) Zr K, edge spectra of
sults for the TK, edge of TiQ in the rutile phase are in- F9- 5, andiii) band edge Zr@spectra of Fig. 6. ,
cluded in Table 617 A comparison indicates a similaraxis Figure 1 indicates the intra-atomic transitions that contrib-
(energy behavior between the B, spectra for the nano- ute to the S|X-d|st|r_10t features th_e Mr, 3 spectrum o_f Fig.
crystalline TiQ, film of this study, and the published rutuile 2(P)- This schematic representation has been applied to the
TiK, spectrunt®'? The d-state splittings are the same to Ti L2,3_Hf N, 3 spectra as well, and also applies to 'Fhe corre-
within experimental error; 2:50.3 eV for the TK, spec- SPonding group IlIB TM(Sc, Y, and La and the trivalent
trum, and 2.7-0.3 eV for the GK, spectrum. In addition, the lanthanide RE atom oxide spectra. The spectral features are
averélge difference in energy between thestate feat[Jre associated with transitions from relatively deep spin—orbit
and the firss* -state spectral peak are the same to within theSPlit Ti2p-, Zr3p-, and Hf 4p-states, typically 200-500 eV
experimental error of£0.3 eV: 8.6:0.3 eV for the TK, below vacuum, to_ empty 3, 4, or.d.5- and 4, 5’. or
spectrum, and 8:40.3 eV for the CK, spectrum. However, 6s* -states, respectively. These transitions are atomiclike in
as in the case of Zr) the relative intensities of the* - and character and are significantly not-changed by second neigh-

s*-features are different in the K, and OK, spectra. bors as has been shown for theM ; spectra through the
comparisons that include Zr homogeneous, as well as chemi-

cally phase-separated silicate alldyJhe relative intensities

of final d* -states in the Ti and Zr spectra are consistent with
the lower energy pair in each spectral component being the
dy, state with a spectral weighting of 4, and the higher en-

o10sf =z0, ] , , ghet
annea,:d at ; S ergy component being ttay, state with a spectral weighting
900°C of 6. Since the local symmetries of the Ti and Zr atoms are

6105

3105

absorption constant (cm -1)

|

P

H »
- i

1
6

55 6.5

7

7.5

8

photon energy )eV

Fic. 6. Absorption edge spectrum for Zg@nnealed at 900 °C. The arrows

indicate the band edged features.

85 9
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effectively sixfold coordinated in TiQand eightfold coordi-
nated in ZrQ, and since the ordering of thi -states in the
respective spectra are the same, this demonstrates that the
d*-state spitting is not determined by local symmetry. A
splitting associated with the local symmetry would have
yielded the reverse ordering of the doubly and triply degen-
erate d* -states forsixfold coordinated TiQ and approxi-
mately eightfold coordinated Zr@.

The OK, edge spectra for TiQin Fig. 4a), ZrO, in Fig.
4(b), and HfG, in Fig. 4(c) are assigned to transitions from
the O Is-state to finalbandlike states that have a mix&d)

O 2p*-state, and(ii) TM 3, 4, or 5d*- and TM 4, 5 or
6-s* -state character, respectively. In contrast to the order of
magnitude intensity variation between the respectieTi
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w
tn

and Zr, and(ii) Hf d* - ands* -spectral features in Figs(&
: and 2b), and Fig. Zc), thecorresponding - ands* -related
/" sio, features in Figs. @), 4(b), and 4c), have relative intensities
-------- - that differ by no more than a factor of 2. This demonstrates
ya that the matrix elements for absorption to tké- and
S s*-state features in the respectiveK@ spectra are not de-
termined by the Rydberg-type transition probabilities, but are
- related to the mixed nature of the final statés.
iy 2r0s The ZrK, edge spectra in Fig. 5, and the Ti andKkzr
. spectra discussed at length in Refs. 15, 16, and 17, are also
At ] inter-atomic spectra. The transitions between the Zr and
it Taz0s Ti1s-states to the respective Zd%- and 5*-states, and
T Ti3d*- and 4* -states are not dipole-allowed, and the low-
3 4 5 6 71 8 10 est energy transitions are to final states with a mixed
optical band gap (eV) O 2p*-state, and Ti or Zd*- and s*-state character. This
interpretation of the Zr and K, spectra is supported by the
fact that these transitions have features at higher energy that
are used in extended x-ray absorption fine structliX-
AFS) studies to determine nearest neighbor Zr and O, and Ti
and O bond lengths, and second and more distant neighbor
interatomic separatiorfS.
Even though the final states have similar atomic character,
the relative absorptions of thedd and 5* features in the
] OK; and ZrK; spectra of Zr@ are markedly different, and
therefore reflect differences in the respective 99 And
Zr1s-ground state wave functions, and their effect on the
- transition probabilities for these absorptions. This compari-
son also holds for the relative absorptions of thé 3and
: 5s* features in the ®&; and TiK; spectra of TiQ.
ey The relative absorption strengths for the*4and 5*
features in the ZK,; spectrum in Fig. 4 bear some resem-
blance to features assigned to the same states in the band
() edge absorption spectrum in Fig. 6. For example, the thresh-
old d*-state feature has a markedly lower absorption con-
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1.2
stant than othed* - ands* -states features at higher energies.
~ 1 I This is the case even though the initial states are very differ-
£ 4 ent; the localized Zr4&-core state for the 2K, spectrum,
8 08 and the more delocalized 2nonbondingr states for the
g band edge absorptions.
% 0.6 Si0; Finally, and perhaps most important, a comparison be-
§ “?F* tween the energies of the first spectral peak of the respective
‘é 0.4 Sl OK; spectra, 530.1 eV for TiQ 532.4 eV for ZrQ, and
£ 532.6 for HfQ,, indicates that the differences between these
3 02 Hio: energies are equal, to within an experimental uncertainty of
= +0.3 eV, to the respective differences in reportezminal
ol . . . , band gap energiesf 3.1 eV for rutile TiG,,'! 5.6 eV for
T 15 2 25 3 35 4 45 Zr0,,%% and 5.8 eV for HfQ.'® This comparison carries
conduction band offset energy (eV) over as well to highk complex oxide such as GdSg@nd
(© DyScQ,.%t

Fic. 7. (a) Conduction band offset enerdyg , vs optical band gafEy, for ~ B. Conduction band offset energies and tunneling
representative TM oxides, and SiOThe E, values, as well as th&g . o .
values for the TM oxides are from Ref. 7. THg value for SiQ is also In order to reduce direct tunneling in FETs with EQT.5

from Ref. 7; however, th&g value is the accepted experimental value, 3.15 nm, and extending below 1 nm, there has been a search for
eV, and is about 0.35 eV less than the calculated value of Ré) Eg and  gjternative dielectrics with significantly increased dielectric

Eq for the TM oxides of(a), as functions of the TM atord-states in the . . . . .
n+1 s?, n d”~2 configurations, where=4 and 5, for the respective group constantsk, with respect to Si. This allows increases in

IVB and VB oxides(Ref. 28. (c) myy versusEg for representative gate phySical thiCkneSS pr0p0rti0nla| tofor a giVE.'n gate. di?!ec'
dielectrics. The solid line is a quadratic fit to the points. tric capacitance, thereby having the potential to significantly
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reduce direct tunneling. Howevencreasesin k are gener- localizedd* -states in the TM and RE dielectrics. Based on
ally accompanied bylecreasesn the optical band gafk, an analytic continuation of the quadratic fit in Figc) a

the conduction band offset energy with respect toE, 1.2-1.3 eV offset energy is expected to be a good lower limit
and the effective electron tunneling mass};. These for dielectrics that will meet roadmap targets for aggressive
tradeoffs are quantified by the introduction of a tunnellingscaling of EOT down to at least 1.0 nm®*22

figure of merit,®,,, given by
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