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A localized molecular orbital descriptia.MO) for the electronic states of transition met@aM)
noncrystalline silicate and aluminate alloys establishes that the lowest conduction band states are
derived fromd states of TM atoms. The relative energies of these states are in agreement with the
LMO approach, and have been measured by x-ray absorption spectroscopy jer@alloys,

and deduced from an interpretation of capacitance—voltage and current—voltage data for capacitors
with Al,O5;—Ta0Os alloy dielectrics. The LMO model yields a scaling relationship for band offset
energies providing a guideline for selection of gate dielectrics for advanced Si device)0©
American Institute of Physics[DOI: 10.1063/1.1404997

Noncrystalline alloys of group IlIB, IVB, and VB tran- dressed in Refs. 6 and 7. Plasma-deposited films prepared at
sition metal(TM) oxides with SiQ and ALO;, have been 300 °C are noncrystalline alloys with Si—O and Zr—0O bonds,
proposed as alternative gate dielectrics for advanced Siut no detectable Zr—Si bonfgfter annealing at 1000 °C,
devices' Interest in these alloys derives from their high di- the x=0.5 alloy separates into amorphous $&hd crystal-
electric constants, relative to SiQ, as well as their good line ZrO,, and thex=1.0 end member, Zrp also crystal-
thermal stability. Higher values df allow use of physically lizes. The energies of features highlighted in the XAS spectra
thicker films to obtain the same effective capacitance as iof Fig. 1 are independent of alloy composition and crystal-
SiO, devices, and thus provides potential for significantlylinity to within an experimental uncertainty af0.1 eV.
reduced direct tunneling. However, decreases in tunneling Figure 2 is a schematic energy level diagram for a group
are mitigated in part by lower conduction band offset enerdV TM atom bonded octahedrally to six O atoms. The top of
gies that define the barrier between th&i substrate and the the valence band is derived from nonbondingrbitals of O
dielectric? This letter identifies a relationship between con-2p states. The lowest conduction bands are associated with
duction band offset energies with respecct®i,>® and the TM n d states witht,q(7*) and ey(c*) symmetries. The
energy difference between the TM atonmie-1s andn d  next conduction band witta,4(c*) symmetry is derived
states providing a useful guideline for selection of alternativdrom TM n+ 1 s states. Three distinct conduction bands have
gate dielectrics. been previously reported in XAS studies of crystalline JfO

The calculations in Ref. 2 demonstrated that the lowesand Ti$ (Ref. 9 in which the Ti atoms are octahedrally
conduction bands in crystalline TM oxides are derived from
atomic d states of TM atoms. The experimental results of

10— T

. . , 1Y
Ref. 3 and this letter, and the localized molecular orbital TR (Zr0,),(SI0,) 1,
Iu Zr 3p edge

(LMO) model results presented below show that this assign-
ment is not restricted to crystalline oxides, but applies more
generally to noncrystalline TM oxides as well. In the LMO
model, orbital energies of the lowest antibonding @idtates
are determined predominantly by the coordination and sym-
metry of the TM atom, and are at energies approximately
equal to thenormalizedTM atomd states*®

Figure 1 displays x-ray absorption spect@AS) for a
series of Zr silicate alloys, (Zr,(SiO,), 4, as obtained at
beam line U4B at the National Synchrotron Light Source.
Based on dipole selection rules, spectral features are as- 320 340 360 380 400
signed to transitions betweeM , 3 p-core states of the Zr photon energy (eV)
atoms, and conduction band states der,lved frmh(azland b, FIG. 1. X-ray absorption spectra for excitation from Zg Mp states into
and d and B) and 5 (c and ¢) Zr atomic states. The local empty zr 41 and 5 states in zr silicate alloys beforeashed and after a

bonding of Zr and Si atoms in these alloys has been adrapid thermal anneal at 1000 %Golid). a, b, and ¢ and’ab’, and ¢ des-
ignate energy differences betweklhy andM ;p states, respectively, and the
antibonding Zr states. Two sharp features inxke0.2 plot are assigned to
¥Electronic mail: gerrylucovsky@ncsu.edu Ca contamination of unknown origin.
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9 The MnTe point falls below the linear fit because of overlap betweerdMn
— tqy(o,7) 6 and Tep states(Ref. 10. (b) Band offset energietRefs. 2 and Bvs the
absolute value of the+1 s andn d energy difference for TM elemental
—aqg(o) 2 oxides and silicates.

FIG. 2. Relative orbital energies for a group IVB transition metal, TM, in an 1 MS being considered for gate dielectrics, e.g., Hf, Zr, and Y,
octahedral bonding geometry with O atom neighb@sfs. 5-7. The inte-  and sincen+ 1 s—n d state energy differences are in excess
gers appearing after the symmetry designations are the total number f 1.5 eV, this anticipates an additional scaling relationship
electrons accommodated in each orbital. between the conduction band edgesce®i and TM oxides
and alloys as shown in Fig(13.

coordinated. These spectra demonst(ataarrow widths for Interpretation of electrical data for capacitors with
the lowest conduction bands associated with d\tates, Al,O—-TgOs dielectrics also shows that relative energies of
and (ii) an energy gap between thed3 and 4 s-derived Ta antibondingd states are not significantly changed by
bands. Similar features are also evident in Fig. 1 in bottalloying®® For example, the plot of leakage current versus
crystalline and noncrystalline films. The symmetry designa-l/temperature in Fig. 4 indicates two distinct activation en-
tions of the first two antibonding bands labeled a and b, ane@rgies. In the context of Fig. 2, and as discussed in Ref. 13,
a and B in Fig. 1, withe(#*) andT,(c*) symmetry, re- the activation energy of-0.3 eV in the low temperature
spectively, are reversed with respect to I8D, due to dif- regime is for electron injection into interfacial traps associ-
ferences in TM coordinatiof® four at low Zr concentrations ated with antibonding Tal states. The~1.5 eV activation
and increasing to eight at higher concentratibrass com-  energy at higher temperatures is associated with emission out
pared to six in the Ti materiafs’ The next conduction band, of these localized Ta traps into extended conduction band
c and ¢ in Fig. 1, is derived from TMs states, and is inde- states with Al3(o*) character as in a Poole—Frenkel trans-
pendent of coordination. port process. The activation energies are consistent with

In the LMO model of Fig. 2, the top of the valence band x-ray photoelectron spectroscogPS) determinations of
is at the orbital energy of an Qp2state. The lowest conduc- band offset energies for noncrystalline,Dg and ALO;.3
tion band state is associated with an antibonding #\d This letter has presented experimental data in Fig. 1 for
state and is at an energy approximately equal to the TMhe energies of antibonding transition metalstates
atomic d-state energy. The energy difference between the&rO,—SiO, binary alloys. The independence of energies of
lowest conduction edget,q(7*), and the bottom of the spectral features on alloy composition, and crystallinity are
a;4(c™) band scales with the difference in energy between
the TM atomn+1s and nd states. Similar LMO energy
level schemes apply to octahedrally coordinated TM dichal-
cogenides in which S and Se replacé®®*

Figure 3a) displays optical band gap versus atomic
p-state energy of O, S, and Se, respectively, for KFfBfS,,
and HfSe, % and MnO, MnS, and MnS¥E. The linear scal-
ing is consistent with the LMO modéf.Scaling is extended
in Fig. 3(b) to band offset energies, where comparisons are
made between the LMO theory and reported result§he
band conduction band offset energy between Si and aligh- i
dielectric defines the barrier for direct tunneling, and/or ther- 10';_00 2.50 3.00 "3.50
mal emission from am™ Si substrate into the dielectric. In a 1000/temperature (K-1)

TM alloy such as AJO;—Ta0s, or SiO—Zr0O,, the offset
y AOs=Ta.05 < ©, IG. 4. Current vs T¥ for a capacitor with a 40% T&®s—60% ALO; alloy

also Sldngll’.leS the relatlv_e energy of pOSSIble M trappin ielectric (Ref. 14. The energy of 0.31 eV is for excitation into localized
states:” Since the energies of TM metah-1s states are at 1559 trapping states, and the energy of 1.44 eV is for thermal activation out

about the same energy, approximatehs.5+0.2eV, for of these Ta traps into A$-like conduction band states.
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consistent with the MO model. The LMO calculations indi- antibondingd state energy relative to the Si conduction band
cate a spatial localization of antibondidgstates on the TM  edge should decrease as the Zr content of a Zr silicate alloy
atoms with a minimum energy approximately equal tonhe is decreased resulting in increases in interfacial trapping and
d atomic state. The LMO model predicts that band gaps ofrap assisted tunneling. Calculations and XPS stdtitesve
the oxides, sulfides, and selenides for a given TM atom willdemonstrated a quantitative difference between Zr silicate
scale with the anion atomip-state energy as shown in Fig. alloys and the TgOs—Al,03.2* Since the electronegativity
3(a). Band gaps of-3.0 eV for Ti0,, and~5.5-6.0 eV for  difference between Ta and Al is smaller than the correspond-
ZrO, and HfG, are consistent with the respectidestate en- ing differences between Si, and either Zr or Hf, smaller
ergies of Ti, Zr, and Hf—11.05,—8.46, and—8.14 e\*® changes in the XPS binding energies of Ta and Al with alloy
The results of Fig. &) are of particular importance for composition are predicted and obserdd@his means that
advanced Si devices. First, they show that the band offséhe conduction band offset energey of the Ta antibonding
energy for tunneling scales with atomic properties with ob-state should have a relatively small compositional depen-
vious extensions to rare earth atom lanthanide oxidegjence as has been discussed with respect to results in Fig. 4.
Gd(Dy),0;. They demonstrate that energies of localizbd In contrast, the corresponding offset energy of &)y an-
states in elemental TM oxides scale with the energy differtibondingd state in a Z{Hf) silicate alloy should be reduced
ence between the Si conduction band and the TM atahmic with respect to the offset energy between Si an@HE&XO, by
state, thereby providing an important atomicetric for  a larger and compositionally dependent energy, anticipated to
highk gate dielectric evaluation and selection. The larger thée approximately 0.3 to 0.5 eV in the Si@ich silicate alloy
energy separation between TM atom-1s andn d states, regime.
(i) the larger the conduction band offset energy between Si ) )
and a TM oxide, and therefor@) the lower the barrier for This work was supported by the Office of Naval Re-
direct tunneling and/or interfacial and bulk electron trapping S€&rch, the Air Force Office of Scientific Research, the De-
each of which is important for device performance and reli-Partment of Energy and the SEMATECH/SRC Front End
ability. However, there is an additional factor to consider inProcessing Center. The NSLS is supported by the Depart-
TM silicate and aluminate alloys. The AES data of Ref. 14ment of Energy. We thank Shane Stadler for assistance with
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