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Band alignment issues related to HfO ,/SiO,/p-Si gate stacks
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The valence and conduction band densities of states for the/I3fO,/Si structure are determined

by soft x-ray photoemission and inverse photoemission. First principles calculations are used to help

in assigning valence band maxima and conduction band minima. The energies of defect states at the
band edges are estimated by comparing the theoretical and experimental results. Determinations of
the local surface potentials before and after a forming gas anneal are used to help determine the
possible location of the charge in the film. Z004 American Institute of Physics
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I. INTRODUCTION general, polycrystalline semiconductors present a higher con-
centration of defects and imperfections than bulk single crys-
The need for a high permittivityhigh-k) material for  tals. The presence of structural disorder can also be related to
future nanoelectronic devices is clédfo replace Si@with  deviations from ideal stoichiometry and/or impurities. One
a highk dielectric, one of many requirements is that bothmajor consequence is that new electronic states may appear
valence and conduction band offsets of the matemath  \hich manifest themselves as increased densities of states in
respect to the silicon band edgeseed to be greater than the vicinity of the band edges; these are sometimes called
1 eV’ Although many reports of higk/silicon gate stack phang tail state®. The presence of band tail states not only
structures have appeared, most of which explore H40d  yequces the observed gap but it may increase carrier transport
Zr(_)z based materials, a consensus on the best dielectric mggross or scattering ifor neaj the dielectric. The defect
terial has yet to be reached. bands may also overlap with the bands of the perfect cr{stal.
Recently we have reported that the electronic structuregpe experimentally observed density of sta®©®S) can be
(including energy gap, band offsets, charge neutrality levelgonsidered as a superposition of the perfect crystal DOS and
and permittivity..) of these materials are strongly phase yefect bands. A change in the band edge would change the
(crystal structurgdependent.*?® Thus the crystal structure ffset assighments and lead to a reduced “effective gap.” The
of this class of highk dielectrics should be reported along exact value of an intrinsic energy gap has yet to be deter-
with any experimental data if a valid comparison of resultsmined for an ultrathin crystalline dielectric film since all
from different experimental techniques is desired. In thishighk films reported to date are either polycrystalline or
study, we examine Hf@deposited on SiiN,/p-Si by pho-  amorphous and have crystal imperfectiagfects which
toemission spectroscopfPES and inverse photoemission jnevitably contribute to the electronic properties. What are
spectroscopyIPES). The experimental determination of va- needed are careful measurements of bulk single crystals and
lence band maximgVBM) and conduction band minima  crystalline ultrathin films to confirm theoretical predictions, a
(CBM) remains a controversial issue. The reports of Hgh- goal yet to be realized for this class of oxides.
materials on silicon using photoemission and optical meth-  Ejectronic states can appear either near the edges or
ods usually employ a “straight-line” method where the va-cjoser to midgap that can be either structural or composi-
lence and conduction edges are determined using a linegpnal in nature(e.g., metal or oxygen vacancyThe charge
extrapolation of the data to the “background” intensity level. neytrality level (CNL) of these states with respect to the
Although this particular method does not have a strongzermj energy will determine their occupancy and charge, as
physical justificationthe band shape is part of the intrinsic yg|| as their effect on the band alignment. The rate at which
nature of the material and is rarely “straightit serves as a the occupancy of these states change as the electrode volt-
common method for all in the field to compare their work. In ages are varied, will depend on their distance from the elec-
trode and other defects, as well as their energy, and may be
dElectronic mail: garf@rutchem.rutgers.edu critical in determining device electrical characteristics.
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Il. EXPERIMENT

l i e———1378 6V
HfO, films were deposited on 11 A SjE,/p-Si at I HE4f S

~400 °C using chemical vapor deposition, with Hf-tetra-

tert-butoxide as the precursor; details of the growth can be

found elsewheré& The primary substrate used in the studies ~

reported here wap-type S{100) with a doping concentra-

tion of ~1x 10" cm3, The thickness of the Si®l, film

was 11 A as measured by medium energy ion scattering

(MEIS), and the O:N ratio in the oxynitride was4:1. By

MEIS, the stoichiometry of the as-deposited overlayer was

determined to be Hf®,;.q 05 The work reported in this pa-

per used HfQ films of 10—30 A and up to 1000 A for x-ray

diffraction (XRD) measurements. The forming gas anneals

were done at 400 °C and 1 Torr forming gas press6eé

H,/Ar). Soft x-ray photoemission measurements were per- : _3'0 : o : e : 5

formed at Brookhaven National Laboratories on the U8B Binding Energy (¢V)

beamline using 120—400 eV photon energies. The inverse

photoemission studies were performed in fluorescence mod§e. 1. soft x-ray photoemission spectra of valence band region for a 28 A

in the 18—22 eV electron energy range at Rutgers University:fo,/SiON,/p-Si gate stack.

The x-ray photoelectron spectroscopy measurements were

performed on a Kratos XSAM 800 utilizing MK«

ounts (a.u

C

in the vicinity of the Fermi level by a step function and a
(1253.6 eV as the excitation photon energy. Gaussian function whose width represents the experimental
Rutherford backscattering spectroscd®BS) measure-  gpectrometer response function. In the case of photoemission
ments are done using a 2 MeV Hebeam. The wide-angle experiments, the obtained spectrometer response function is
x-ray scattering patterns of several samples of ;fin lay-  ¢ross checked by the width of the Ad dioublet, which is
ers on Si substrates were obtained using a Bruker HiStar aregyual to the combined broadening due to core-hole lifetime
detector and an Enraf-Nonius FR571 rotating anode X-rayng the spectrometer response function. In this case, the
generator equipped with a graphite monochroméfarKa;  core-hole lifetime for the Au #,, peak is calculated to be
\=1.5418 A operating at 40 kV and 50 mA. The sample t0 0 32 eV, in accordance with literature valded. The spec-
detector distance was 5.5 cm and the standard spatial calibrggmeter response functions had Gaussian widths of 0.67 and

tion was performed at that distance. Scans were 3 deg widg.50 eV for photoemission and inverse photoemission ex-
in omega(w) with fixed detector, or Bragg, angi6) of  periments, respectively.

40 deg, and fixed platforrtg and y) angles of 0 and 0 deg,
respectively. In all cases, the count rate for the area detector
did not exceed 100 000 cps. B. XRD measurements

X-ray diffraction studies were performed on a series of

Ill. RESULTS AND DISCUSSION films of different thicknessegFig. 3). The thickness range

A. PES and IPES measurements

. .. Photoemission Inverse Photoemission
Figure 1 shows the photoemission spectra and peak a

signments in the valence band region for a 28 A
HfO,/SiON,/p-Si gate stack. The intense feature in the
17-20 eV region is the Hf #4spin-orbit doublet. The curve
fitting was performed after a Shirley background subtraction
A pair of Gaussians was used to model this region represeng
ing the spin-orbit splitting of the #level. The spin-orbit
splitting was found to be 1.66 eV. The intensity ratio was
~4:3, in agreement with the expected theoretical ratio. Th
binding energies of thef4,, and 45, peaks were 17.65 and
19.31 eV, respectively.

The photoemission and inverse photoemission data o
tained from a 28 A HfQ/ SiO,N,/p-Si are shown in Fig. 2.
The valence band mainly consists of @ ke nonbonding
orbitals of = symmetry while the conduction band is mainly oo |-

Hf 5d like nonbonding orbitals. All energies are referenced = " T, T s s 10 1
to the Fermi level which is determined by a clean polycrys-

talline gold or platinum sample. Special care is taken wher, Energy (eV)

determining the spectrometer response functions for bothig 2. combined photoemissia®) and inverse photoemissiaf); spec-
IPES and PES. This is accomplished by modeling the regioma of a 28 A HfG/SiO,N,/p-Si gate stack.
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3.76 eV. In order to determine a more accurate gap as well
as the VBM and CBM positions, we have employed the fol-
lowing procedure which combines experimental and theoret-
ical results. First the theoretical density of states for mono-
clinic HfO, is convoluted with the appropriate spectrometer
response functions for both PES and IPES spectra. The
1150 A height of the first main peak belog@boveg the VBM (CBM)

is normalized(such that the experimental and theoretical
heights are the samerhen the broadened theoretical curves
450 A ‘ in the band edge region are shifted until they align with the
experimental curves. The energy shifts needed to align the
experimental(PES and IPEfSand theoretical densities of
states are added to the theoretical gap to obtain a new effec-
tive band gap of 6.70 eV. The energy separatidtc gy
=Ecgm—E; andAEygy =Eygm — Ef) between the Fermi level
and the VBM and CBM are found to be 3.87 and 2.83 eV,
1254 respectively.

If, on the other hand, we were to use the conventional
method of linear extrapolation of the experimental valence
and conduction band edges to the background intensity level,
we would obtain a value of 5.86 eV for the band gap and
3.54 and 2.32 eV for thAEgy andAE, gy values, respec-
tively. The difference in these two sets of numbers show that
10 2 30 40 50 60 70 the methodology of VBM and CBM assignment is a greater
source of uncertainty iky,,and barrier height determination
than the experimental result itself. It is also important to note
FIG. 3. X-ray diffraction data for four different HigJayer thicknesses: 125, that photoemission and inverse photoemission give a one
250, 450, 1150 A. particle energy gap that, although wider than the convention-

ally reported optical gapwhich usually involves an exciton
was 125-1150 A, as determined by RBS assuming a densitpay be more relevant to understanding tunneling through a
of 9.68 g/cni for all samples. All 12 of the significant dif- dielectric. Other methods of gap and edge determination
fraction peaks for the 1150 A sample were consistent wittsuch as UV/Vis spectroscopy, x-ray photoemission spectros-
monoclinic HfOZ.ll As the thickness is reduced, the crystal- copy (XPS) with shake-up spectral analysis, near-edge x-ray
linity of the films decreases, as is evident from the broadenabsorption spectroscopiXAS), should include the exciton
ing of the diffraction peaks, consistent with a decrease in th@ap which may be as high as 1-2 eV in some oxides.
average scattering domain. The diffraction peaks for ortho-
rhombic HfO, can be differentiated from those of monoclinic
HfO, by d-spacing comparison alone. The absence of signifiP- Détermination of band offsets

cant diffraction intensity at thel spacings of maximum in- Figure 4a) shows the theoretical density of states of the
tensity for the orthorhombic phase¢2¢=30.4° and valence and conduction bands for this system. In Fig),4
32.19,7"is strong evidence that the orthorhombic phasegne theoretical density of states is convoluted with the instru-
are not present to any significant degree. We have also renental response function, and is plotted along with the ex-
ported Fourier transform infrared studies on these samplegerimental measurement of valence and conduction bands.
where we identified the presence of the monoclinic phasgood agreement is observed between the experimental and
through an assignment of IR-active phonon motes. theoretical valence band densities of staggsecifically the
band widths and main featupe®ven though the theoretical
density of states is not modified for photoemission cross sec-
tions (transition matrix elements However one would ex-
We (X.Z. and D.V) have recently performed first prin- pect that the photoelectron cross section across the band
ciples density functional theoryDFT) calculations on all would be similar(if not the samgsince the valence band is
crystal phases of Hf§) details of these calculations can be almost exclusively made up of oxygemp-ke orbitals of o
found elsewheré& Although the band gap is not calculated and 7 symmetries. In the case of the unoccupied conduction
exactly in this method, the shapes and densities of state dfand, the overall width of the band and the first two features
the occupied and unoccupied bands are thought to be accagree reasonably well with theory. However the intensity in
rate. Since the crystal structure of these films was determinetthe higher energy region of the conduction band clearly does
to be predominantly monoclinic, only the theoretical densitynot agree well.
of states for monoclinic Hf@is considered here. The VBM In order to extract the valence and conduction band off-
and CBM as determined from the “raw” DFT band structuresets, a knowledge of the position of the Fermi level within
of the monoclinic phase calculation yield an energy gap othe silicon band gap is required. The substrate used was

250 A

20 (deg)

C. Methods for determination of band edges
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FIG. 4. (a) Theoretical valence band density of state©S) for monoclinic
HfO,, (b) photoemission spectra of HfQhin film along with convoluted
DOS, (c) theoretical conduction band DOS for monoclinic Hf@nd (d)

inverse photoemission spectra of HfGhin film along with convoluted
DOS.

p-type Si with a doping concentration of<110*® cm™3. The
position of the Fermi level with respect to the CBM and
VBM of Si can be calculated using standard methtids.To
obtain the(Si-HfO,) offsets, the energy separation between
the Fermi level and CBM of Si is subtracted from the posi-
tion of the CBM of HfO, with respect to the Fermi level
(using our combined experimental-theoretical mejhéig-
ure 5 shows a simplified energy band diagram for this gat

stack. The valence and conduction band offsets are theH

found to be 3.61 and 1.97 eV. These offsets are large enou
to confirm HfG, to be a viable highk candidate from a bar-

rier height perspective. However in order to be able to com-
pare the values with results found by others, one must re-

member to specify the phase of the Hf@s well as the

Sayan et al.

TABLE |. The extracted values for band gag, Electron affinity EA, con-
duction band offset CBO, valence band offset VBO, and the energy separa-
tion between Hf 4, photelectron line and valence band maximum
[AE (Hf4f;,—VBM)]. Experiment/theory is determined by assuming per-
fect crystallinity while the effective values are extracted by including the
band tail stategat the 2r level). All values are in units of eV.

Experimental

Experiment/Theory

Effective Straight-line

values values method

Ey 6.70 5.84 5.86

EA 2.18 2.68 2.69

CBO 1.97 1.47 1.46

VBO 3.61 3.25 3.28
AE (Hf4f;,,—VBM) 13.78 14.14 14.11

determined. The energy separation between a given core
level (the 4f, can be treated essentially as a core here as it
is not involved in bondingand the VBM is constant for a
given material; both shift in essentially an equivalent manner
as one changes the chemical environment or local field. Thus
even in the absence of valence band measurements, by mea-
suring the binding energy of this level, one can easily locate
the VBM for a given HfQ system. The energy separation
between the two iSAE Hf 4f,,—VBM) is 13.78 eV (see

Fig. 1). Experimentally determined values are summarized in
Table I.

Figure &a) shows PES and IPES spectra of the substrate
SiON,/p-Si, and as well as 10 A and 28 A HiCfilims
[Figs. §b) and &c)]. The substrate silicon yield is visible
through the thinner Hf@films. The positions of the VBM

gnd CBM are the same as are observed in the thicker film

ase, hence the band gap is equal to that of the thicker
mple. This set of data, along with similar measurements
erformed on thicker Hf@ samples, indicate that bulk be-
havior is reached within the first fe@—4) monolayers of the
oxide.

E. Band bending in silicon

method of edge or gap determination. An additional property

of the dielectric material, the electron affinitifA), can also
be determined. Since both the electron affinity of silicon
(4.15 eV) and the conduction band offset are known, the
electron affinity of HfQ can be extracted as 2.18 &Vable
1. If the straight-line method is used to determine the offset
we obtained 3.28 and 1.46 eV for the valence and conduc
tion band offsets respectively. Another useful result is tha
the energy separation between the Hj,4and the VBM are

1.97[ 1.471
— 870 ——F—= 5.84
3.61 3.25

Si HfO,

(@ (b)

FIG. 5. Simplified energy band diagram of HfBiO,N,/n-Si gate stack
(a) intrinsic (b) including band-tail states.

Counts (a.u)

The photoemission spectra of the $b Begion before
and after deposition, as well as following a forming gas an-

Photoemission Inverse Photoemission

Photon Counts (a.u.)

Substrate
Silicon - yield

12 10 -8 -2 0

Energy (eV)

FIG. 6. Combined PES and IPES spectrgafL1 A SiQN,/p-Si, (b) 10 A
HfO,/SiON,/p-Si, and(c) 28 A HfO,/SiON,/p-Si.
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FIG. 8. (a) Densities of states of monoclinic HfCas determined by PES
FIG. 7. SXPS spectra of Sip2region of(a) SiON,/p-Si, (b) as-deposited and IPES, the Gaussian peaks roughly model the presence of occupied and
HfO,/SiON,/p-Si, and(c) HfO,/SiO,N,/p-Si after FGA. unoccupied band-tail/defect states in the vicinity of the VBM and CB}!.
The fit between theoretical and experimental DOS improves after the band
tail states subtracted from the measured DOS.
neal (FGA), are shown in Fig. 7. The binding energy of the
Si” 2p3» is measured to be 99.30 eV. There is another band
associated with the i species, which is about 3.91 eV close to the two band edges. These two peaks can be mod-
away from the Si2p;, peak(the curve fitting is not shown, €led as a pair of Gaussian curv@sg. 8) with centrums at
as it is not trivia). A shift in the unoxidized Sig,, peak of —4.01 and 2.83 eV, and widths of 0.58 and 0.59 @ter
about 0.26 eV towards higher binding energy is observegubtracting out the corresponding spectrometer response
after deposition, consistent with band bending. An additionafunctions outlined above The literature consensus is that
feature around-3.2 eV on the higher binding energy side of HfO, films have a gap of 5.6-6.0 eV, although the proof and
this peak is observed and is tentatively attributed to Si in anethodology of this remains debat¥a”® We obtain this
(HfO,),(SiOy), silicate, implying a finite level of intermixing  value from our results by defining the edge as thdedel of
at the HfGQ/SiO, interface. the Gaussian-modeled band tail states. Although there is no
strong theoretical argument to include what we are calling
_ ) band edge defect states in defining the “real” gap, they may
F. Comparison of theory and experiment: be considered as contributing to an “effective” band (e
Band tail states Fig. 8). We also include these effective values in Fig. 5.

The theoretical calculations presented in this paper are Concerning their physical nature, one of the conven-
for bulk oxide crystals of infinite extent. As noted above, duetional assignments of the observed defect states would be to
to finite crystallinity of the ultrathin films and the presence of attribute them to band-tail states. The presence of structural
structural and compositional defects, electrical defects maglisorder can also be caused oy related tg deviations from
appear. The defects could be charged or neutral, according tdeal stoichiometrymetal vacancies, excess oxygen, oxygen
their atomic nature, and could in principal exist anywh@ne vacancies or impurities such as atomic hydrggen fact,
space and/or enerpyn the film. Experimentally, interfacial these films do contain slightly higher oxygen content than
and/or bulk defect states are observed in a variety of alterndhe ideal stoichiometryat least as measured by MEIS fol-
tive high permittivity materials, some with defect densitieslowing growth and are also likely to contain excess hydro-
on the order of 1& cm?eV! (which translates to a bulk gen as deposited. Peacock and Robertson have shown that
density of 18° cm™3). This value is high enough that these atomic hydrogen, as an extrinsic defect, would introduce
states may contribute to the observed photoemission and irshallow unoccupied states in the vicinity of the conduction
verse photoemission yield near the band edges. Because loéind which behave as acceptdts:osteret al. reported on
the observed excess density of states near the band edges &hnel vacancy and interstitial defects in Hf@here it is theo-
the consequence this has on the band edge definition, twetically shown that the O species would introduce defect
values for the offsets as well as the band gap are noted. Orsates in the vicinity of the valence band. These states are
solution would be to simply report an average local densityneutral when occupied, and act as dorférs.
of states at each position across the film, and not to define a Kerberet al. reported on conventional charge pumping
gap or pair of edgeg&s preferred by the device community results on a Hf@/SiO,/Si dual-layer gate stadk. The
One way to understand the defect state energies would be tharge measured with an amplitude sweep, along with the
assume a distribution of defect states in the vicinity of theobservation of a strong dependence on charging/decharging
band edges, as the data suggest. If the experimentally detd¢ime, supported the proposition that defects were located
mined DOS is taken and subtracted from the theoretical DO8eeper inside the gate stack. All the observed features in the
(following normalization, the difference yields two peaks experimental data could be explained qualitatively if defects
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were located in a Hf@layer distributed in energy and space. electrostatic potential just outside the surface will be either
It was also argued that the defect states are above the silicgositive or negative with respect to the potential at infinity,
conduction band minimum whose origin was attributed todepending on the whether the material's electrochemigal
oxygen vacancies and/or impurities in HfO'he energy of potential is smaller or larger than the local work function
the states observed in our wofik the vicinity of the HfQ,  $.2° In Fig. 9, this is illustrated for a smaller local work
conduction band minimupis qualitatively consistent with function. If one can devise a method to probe this potential

those proposed by Kerbet al. just outside the surface, then information regarding local
_ _ work function will be reached. One such tool is to take ad-
G. Electrostatic potential across the gate stack vantage of surface hydrocarbons due to atmospheric con-

The charge neutrality levéCNL) of semiconductor sur- {@mination; this is similar to6 5)7utting inert adator(gich as
face (interface states is defined as the energy above whict<": X€, €tc) on the surfacé®*" Although the hydrocarbon
the states are empty for a neutral surfgireerface.’* The ~ SPecies become bound.to the surface, they are _usually only
band alignment between two semiconductors is believed tghysisorbed, hence their electronic states are pinned to the
be controlled in part by charge transfer across the interfackcal vacuum leve{not the Fermi levgl One should be care-
which results in the creation of interface dipoles. This dipoleful when analyzing such charging, as local fields and polar-
modifies the barrier heights given by the electron afﬁnityization can shift the relevant states. In our studies, we used
rule2* which is basically the difference between the elec-thin dielectric films(no thicker than 30 Aand checked for
tronegativities screened by a factor which depends on theharging as function of flux and time; no indication of charg-
electronic component of the dielectric constant. In the case dfd is found within the experimental resolution. Our energy
HfO,, the bulk CNL lies above the Fermi level of the reference is the Fermi level obtained by analyzing the va-
p-doped silicon substratén other words the electronegativ- lence band region of clean polycrystalline inert metal foils
ity of HfO, is smaller than that of the silicon substretAn  (Au, Pt, Ag, etc). The Fermi energy observed in this manner
equalization of the electrochemical potentials occurs whegan be used to determine the spectrometer work function. To
the materials are brought into contact which creates a dipolgonvert the measured kinetic energies to binding energy, the
at the interface. This interface dipole alters the occupancy ospectrometer work function should be subtracted from the
interface states due to the charge transfer from HtDsili- difference between the excitation energy and the kinetic en-
con. This leaves positive charge on the dielectric side ofrgy. In this way, the measured binding energies would all be
interface, with opposite charge appearing in silicon to screefeferenced to the same Fermi level. As shown in Fig. 10, the
it. This is consistent with our finding of downwards band binding energies of the Cslphotoelectron peak from surface
bending observed for substrate silicon since the downwardlydrocarbons on a Au or Pt surface differ by abeud.5 eV
bending for ap-type silicon substrate is indicative of the which corresponds to the work function difference between
presence of negative charge in the silicon. Furthermore thAu and Pt(the latter being larggrThep-Si used as substrate
amount of charge can be calculated from the observed barfths a doping level of % 10'> cm ™ which places the Fermi
bending in silicon by plotting the surface potential versuslevel at 0.26 eV above the valence band. Using this informa-
charge curve. The amount of charge, for a band bending dfon together with the electron affinity of silicon, one obtains
0.26 eV, is found to be B 10 cm™2 which is in good a work function of ~5.0 eV for this particular substrate,
agreement with the electrical measureménts. which is very close to the work function of gold. However,

The energy of the orbitals that carry this positive chargethe C Is position differs from that of Au by about0.6 eV.
(that is compensated for by a buildup of negative charge imhis indicates a local work function change 6f0.6 eV.
silicon substrate is of concern. Due to the presence of Following a forming gas anneal, the G fositions for both
charges within the gate stack, electrostatic potentials are déhe sample and gold align perfectly, indicating the expected
veloped across it. One scenario is depicted in Fig. 9. Theesult of equal work function6~5.0 eV\). Following a form-
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C 1s region 400,61 Although the presence of defects on spectroscopic and
I ; electrical behavior are observed, the origin of the defects
could not be unambiguously understood with the presently
el available data and theory. The presence of band-tail states, as
- L revealed by the comparison of theoretical and experimental
;; C'“f(oaf;?lbs‘ results may originate from disorder in the film.
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