APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 16 20 OCTOBER 2003

Electron spin resonance observation of trapped electron centers
in atomic-layer-deposited hafnium oxide on Si
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We observed two paramagnetic defects in thin films of 560 silicon with electron spin resonance.
Both appear after photoinjecting electrons into the dielectric. Strong spectroscopic evidence links
one spectrum to an Ddefect. A second spectrum is likely due to an"Fifelated defect. €2003
American Institute of Physics[DOI: 10.1063/1.1621078

The scaling down of device dimensions which has enHfO,/Si systems remains largely a mystery. We have initi-
abled the microelectronic industry to follow Moore’'s Law ated an investigation of charge trapping in ALD Bi3i
for over thirty years cannot continue much longer. The Interusing electron spin resonand€SR°® and capacitance—
national Technology Roadmap for Semiconductors indicategoltage C—V) measurements. In this work, we report trap
that a fundamental physical limit to the downscaling of con-densities and capture cross section of electror(gyaas well
ventional SiQ-based gate dielectric thickness will be as ESR data identifying defects which likely play a major
reached by 2005.A solution to this problem may be the role in the electron trapping in the H§@Si system.
utilization of high dielectric constant materials which would ~ High resistivity (111) 3 in. substrates and much lower
allow physically thicker films to be used as the gateresistivity, 4—30€2cm (100 p-Si 6 in. substrates were uti-
dielectric! Several candidate materials show the greateshzed for ESR and electrical measurements, respectively. For
promise: AbOs;, ZrO,, and HfG,. Among these dielectrics, all measurements, bare Hf@Ims were deposited via ALD
HfO, is favored because it has a higher dielectric constantising H{NOs), as a precursor at a substrate temperature of
(~20) than ALO; (~9), and is more stable against silicide @pproximately 170°C. The samples received a 420 °C post-
formation than ZrQ@.%2 HfO, also exhibits lower leakage deposition N anneal for 60 s, and the thickness was deter-
currents than SiQat an equivalent oxide thickne$s. mined by spectroscopic ellipsometry. Electrical samples

Previous work by our group and several others indicate§/€ré 25.6 nnt.0.6 nm; ESR samples were 42.7 a.1 nm.
high densities £10'%cn?) of electron traps in Hfg/si ~ More information about deposition and film characterization

films.*~8 These electron traps are an important reliability is-can be found elseyvhef‘ép We utilized the ultraviolet light/
sue and possibly a fundamental physical limit for high- C_oronlzil ion technique to inject ch_a_lrge into the dielectric
dielectric-based transistors. Our restlsn atomic-layer- 11Ims:~ ESR measurements are facilitated by the use of bare
deposited(ALD) films indicate electron trap densities@ oxides, and thg ultraviolet light/corona ion technique elimi-
x10'2 cm~2) and that trapped electrons stay trapped ovepates the requirement of a metal gate electrode. A mercury
long periods of time. Electron trapping was also reported irP"0P& was used to form a temporary gate electrode to make
samples quite similar to those utilized in this study by Con-C_V measurements at 100 kHz. ESR measurements were

ley et al? in HfO, film subject to constant voltage stress. made at thex band at 150 Kelvin. .
Another recent study by Zafaetal® reported positive C-V flat-band voltages versus electron fluence are illus-

threshold voltage shifts im-field effect transistor devices, gateqt n F'g'.fl' Wlttr:l thehS|mtptIE‘y 'rélg ?ss;u'mptlczjnfhtf:at tlrap
also in ALD HfO, gate dielectrics, resulting from high elec- ensity 1S uniorm throughou he dietectric and that only a

tric field stressing. They argue that the trapping of Chargesingle trap capture cross section need be considered, the flat-
L . . %and voltage shift may be described by

occurs at existing traps, and that their experimental proce-
dure did not create additional traps. Zhtial.” recently re-
ported positive flat-band voltage shifts which they attribute
to negative effective-trapped charge in jet vapor deposited
HfO, films; they reported a trapped electron density saturat-
ing at~2x 102 cm™? for all samples in their study. Earlier,

Gusev et al® reported high electron trap densities in
HfO,-based transistors. They report that, at low stress VOIt\'/vhereCox is the oxide capacitance per unit aréd, is the

ages, electrons fill e_xisting traps, with the creation of traps,umber of traps per unit areajis electronic chargey is the
being observed at higher stress voltages. _capture cross-section, anglis the fluence(charge carriers
The physical and chemical nature of the electron traps fhjected per unit areaThe solid line in Fig. 1 is a plot of the
AVgg versus fluence as obtained by Ed). Figure 1 indi-
dElectronic mail: ayk101@psu.edu cates thatA Vg versus fluence can be fit to a curve corre-

N.e

Coxz}u—e”), M

AVeg= [
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FIG. 1. Flat-band voltage shift vs electron fluence for a 25.6 nm ALD HfO
film. The AVg data can be fit to a curve obtaingficom Eq.(1)] (solid ling)
with capture cross sectionr of 3xX107*% cn? and trap densityN, of 2 Hfr4
X10Y cm™2,

FIG. 3. Schematic diagram of the wave functions for an ® molecule

. . defect.
sponding to a capture cross sectiof 3x 10 3 cn? and elee

trap density ofN,=2x10'2 c¢cm 2, implying simply filling
of pre-existing traps. Numerous ESR studies of,Ocenters in materials with
Figure 2 illustrates ESR spectra generated by the eledonic bond characteristics have identified ESR spectra similar
tron injection. The same electron injection procedure wado ours, as due to Dions coupled to cation§:** Kanzig
used for the ESR measurements and for&ieV measure- and Cohe?fl have derived expressions for tlgetensor for
ments of Fig. 1. However, as mentioned previously, ESRO, ion defects, based on the electronic ground-state energy
samples were somewhat thicker and were grown on higlgVvels for the @ in an ionic system as depicted by Fig. 3.
resistivity substrates to enhance the sensitivity of the mealhe Kanzig and Cohen model should hold for H{Gsince
surement. The fairly complex pattern presented in Fig. 2 corthe H—O bond has 70% ionic character. As Fig. 3 illus-
responds to two different center spectra. ESR spectra are, fgtes, the @ ion has botho and 7 bonding. The crystal
part, characterized by tensors. Theay tensor for the signal field around the defect removes the degeneracy ofthe
on the left-hand side in Fig.(d) is g,,=2.04,9,,=2.01, and bonding and antibonding I(_evelg, splitting th_eaig orbitals
0x=2.000. Theg tensor is defined by by an energyA, as shown in Fig. 4. Following the energy
level diagram of Fig. 4, Kanzig and Cohen derived the ex-
g=hv/BH, 2

pressions for thg tensors**
where h is Planck’s constant,is the microwave frequency,

A2\ N2 |12
Bis the Bohr magneton, arid is the magnetic field at which Uyx= ge(_ _— _(
resonance is observed. Thevalue varies with the orienta- A2+ A2 E A2+ A2
tion of the defect geometry and applied magnetic field; the
relationship can be described by a second rank tensor. A _ 1 3)
computer simulation of a spectrum expected for a randomly (N2+A?)12 '
oriented array of defects with thig tensor is illustrated in " s
Fig. 2(b). The simulation was carried out usimgNEPR Sim- B A? \ A2
Fonia simulation software of Bruker Instrumert&illercia, 9yy=Je N2+ A2 E N2+ A2
MA).
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1/2
- G
£ / 9:7=0et Z(ﬁ) ¢, ©)
D. gy =2.01 AT+A
<
< whereg,=2.0023 is the free electramvalue,\ is the spin—
8 orbit coupling of oxygen(usually taken to be 0.014The
]
2 2po,*
=4
% y
) L= 2

T T T |
3190 3290 3390 3490 1 I 2pm,
Magnetic Field (Gauss)

FIG. 2. (a) ESR trace generated by electron photoinjection at an electron f¢ ZPGg
fluence of 210 cm 2. (b) Simulated ESR spectra withy,,=2.04,
g,,=2.01, andg,,=2.000. FIG. 4. Electronic energy levels of the,Qlefect.
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energy level separatiorts and A are defined in Fig. 4. The absolute number. Since this number is about equal to

parametel is a correction to the angular momentum about the number of trapped electrons, presumably

caused by the crystal field and is normally close to ©n&*  (42.7 nm/25.6 nmx2x10"%cnm?~3x 10 our results

In general\<A<E, and thus to a first-order approximation, strongly suggest that 0, clearly a negatively charged de-

Egs. (3)-(5) may be simplified to yieldg,,=g., 9,y=0. fect, is the end result of electron trapping in the Hifelec-

+2\N/E, andg,,=get+ 2N/A. tric. The appearance of the more tentatively identified
Thus, g,4 is usually very close to the free electron Hf3-related center suggests that it may play a significant

g=2.0023, andg,, is generally shifted somewhat higher role in the electron trapping.

than the free electron; its value is typically about 2.01

+0.001. As indicated by the simplified E¢p), the magni- Work at Penn State was sponsored by the Intel Corp.
tude of theg,, component is greatly influenced by the local f[hrough Semiconductor Research Corporation Custom Fund-

surroundings which results in the crystal-field splitting M9
and is thus a good indicator of the environment surrounding

the G, ion. The larger the electronic crystal field present at
the defect site. the smaller the deviatio §fr0m the free The International Technology Roadmap for Semiconductors, http://
! N public.itrs.org
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