Soft x-ray photoemission studies of Hf oxidation
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Soft x-ray photoemission spectroscopy has been applied to determine the binding energy shifts and
the valance band offset of Hfyrown on Hf metal. Charging of oxide films upon x-ray exposure

is found to be very severe and special care is taken to eliminate it. Photoemission results show the
presence of metallic Hffrom the substrajewith a 4f,,, binding energy of 14.22 eV, fully oxidized

Hf (from HfO,) with a 4f,,, binding energy of 18.16 eV, and at least one clearly defined suboxide
peak. The position of the valence band of Hf@ith respect to the Hmeta) Fermi level is 4.23

eV. © 2003 American Vacuum SocietyDOI: 10.1116/1.1525816

[. INTRODUCTION also reported 14.31 and 18.13 eV binding energies for the
. Hf 41, levels of the metallic Hf and HfQ), respectively. As
Although photoelectron spectroscopy is widely used foro pe geduced from these studies, although the reported

elucidating the electronic structure of numerous materialsb-nding energies for Hieta) are in agreement with each

!nterfgces, and surfa_lges, systematic studies of hafmium a her, those for the Hf@have a large scattéas much as 1.7
its oxides are scarce> Sarmaet al. employed x-ray photo- V)

electron spectroscopXPS) to investigate oxides of second-

and third-row transition metals, including those of rare . ! - 2

. . . I . 71998 because of its promise for use as a Higtielectric in

earths They described the spin-orbit splittings and the bind- : . .
future highly scaled memory and logic metal—oxide—

ing energies of core levels of the metals. Specific features of . : . 3
individual oxides concerning satellites, multiplet structure,Sem'conductor field effect transistor deviceSAs a result

configuration mixing, and other properties were also disextensive use of XPS and other surface techniques have re-

cussed and binding energies of 29.8 and 16.4 eV were ag_ently b_(—:éelrg_lgeported on hafnium oxide and_ rela_ted
signed to the B, and 4f, levels of HfO,, respectively, system?. " “Although HfO, has a moderately high di-
Nyholm et al. reported the binding energies of all core levels €!€ctric constant and band gépoth useful for ultrathin di-

in the N and O shells for the elements from hafnium to€!€ctric applications in micro- or nano-electronjasharging
bismuth (that are accessible with AKla radiation using during photon or.elgctron irra_diation can make it di.fficult to
x-ray photoelectron spectroscop¥hey reported binding en- deétermine the binding energies and/or the chemical states
ergies of 29.9 and 14.2 eV for the metallip5, and 4,  accurately. This, in turn, may lead to incorrect assignments
levels of Hf as referenced to the Auf4, level (84.00 eyy. ~ @nd conclusions. For example, the binding energy of the
The Handbook of X_ray Photoelectron Spectrosc@yes Hf4f7/2 levels of a thick film qu can be estimated as 17.3
the binding energies of the Hff4, as 14.4 and 16.7 eV for and 17.4 eV from the recently published data of Wélkal.
Hf(meta) and HfO,, respectively Morant et al. were the and Cosnieet al, respectively,® again differing by about 1
first to report on a systematic XPS investigation of the initial€V from the previously reported values. Additional confusion
stages of oxidation of hafniuthThey studied the oxidation may arise from incorrect assignment of the surface and the
kinetics of polycrystalline hafnium at room temperature un-bulk states. Finally, we note that understanding the position
der low oxygen pressures~(10~ 7 Torr) and reported that of the valence band edges of oxides next to metals will be-
suboxides are formed in the early stages, and thatb, Hdi&  come critical for future devices in which doped polysilicon is
mation proceeded through oxidation of suboxides. The filnreplaced by metal electrodes.

thickness saturates to a value of 12(dnder their condi- In this article, we present results from an investigation of
tions with an average Hf:O stoichiometry of 1:1.8. They the stepwise oxidation of polycrystalline hafnium foil using
high-resolution(and surface sensitiyesoft x-ray photoemis-
@Author to whom correspondence should be addressed; electronic maifiON t0 accurately determine the binding energies, electronic
suzer@fen.bilkent.edu.tr states, and valence band offsets for the Hf/HE9stem.

Interest in hafnium dioxide has grown enormously since
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Hf (bulk)
HfO /Hf(m)
(hv=100 eV)
Hf4f
Fic. 1. Valence band, #and 5 photoemission spec-
02p + Hi5d trum of polycrystalline Hf foil recorded at 100 eV pho-

ton energy beforg(a) and (d)] and after{(b) and ()]
in situ heating. The figure also contains the deconvo-
luted 4f region.

Binding Energy (eV)

[I. EXPERIMENT be fit to four spin-orbit doublets, each with 1.66 eV separa-
tion, with the correspondingf4,, binding energies at 14.22,
14.58, 15.41, and 18.16 el¢éee Table)L The first two dou-

toblets have relatively narrow linewidths-(0.4 eV) and can

pe assigned to the Afibulk meta) and to the Ht (surface

Polycrystalline hafnium foi(0.025 mm thick with a 3%
Zr nominal contentAlfa Aesan was used in this work. After
cleaning with acetone and alcohol the foil was placed in

the sample holder and loaded into the ultrahigh vacuu i
(UHV) chamber(base pressure 210~ Torr) for in situ meta). The energy separation between tHe,4levels of the
bulk and surface metasurface core level shifivas 0.36 eV,

cleaning and controlled oxidation. Cleaning was accom- R 10N i
plished in UHV by resistive heating of the foil. Controlled "N 900d agreement with single crystaand polycrystallin

and stepwise oxidation was also accomplished in the UH _tudies, the latter reporting a shift of 0.42 eV. The difference

chamber by heating the foil to ca. 200 °C and exposing it tdn core-level binding energie_s for the bulk and surface metal
1X 1075 Torr oxygen for various durations. Soft x-ray pho- atoms resu.lts from a narrowing of tilebands at the surface; .
toemission spectroscopy has been performed with monot_he narrowing requires a cha.rge transfer to align the Fermi
chromatic radiation ati) the USB beamline of the National level. For transition metals witd bands Ie_ss than half fuII_
Synchrotron Light SourcéNSLS) at Brookhaven National SUch @s Hf, the surface core levels are shifted to larger bind-
Laboratory in the 120—400 eV range, afiid the 9.3 beam- N9 €nergies since the_sgrface acquires positive chargee

line of the Advanced Light Sourc\LS) at Lawrence Ber- last two doublets exhibit larger widths>0.9 eV) and can

keley Laboratory in the 70—400 eV range. We report our2ccordingly be assigned to a suboxide‘Hf and the fully

) . i .
results to 10 meV accuracy for relative binding energie2Xdizeéd hafnium HE*. The 1.19 and 3.94 eV chemical

while the uncertainty in the absolute energy scale is slightly>Nifts for the suboxide and the full oxide are in qualitative
agreement with the previously reported XPS values of 0.90

and 3.64 eV respectivefySimilarly, the chemical shift in the

binding energy of the Hf b5, level is determined as 3.9 eV

lll. RESULTS AND DISCUSSION exactly the saméwithin our experimental uncertaintas the
The spectral features of the Hf foil immediately after in- 4f;, shift.

troduction into UHV are presented in Fig. 1. The spectra

clearly indicate the presence of a “native” oxiflEig. (1a)]

and only afterin situ heating do features belonging t0 the ;¢ | ginding energiesiin eV) together with their full width at half

metal emerggFig. 1(b)]. The deconvolution of the H®  maximum(in ev) and assignments of the peaks of clean and oxidized poly-

spin-orbit couple is done after a Shirley background subtracerystalline Hf foil.

tion with the theoretical area rati@®:4) held constant. The

binding energy of the Hf#,, feature is reported as refer- VEzecigset ?(:\7//)2 ?5\3/’)2

enced to the Fermi energy of the cleaned hafnium foil. The

Fermi energy is modeled by a Boltzmann broadened steEfo(meta'r bulg 0.00 14.22(0.37) 29.9
. . : L e . 0 (metal, surface 14.58(0.40

function and the inflection point is found by fitting this func- HEX O (su,boxide) 15.41(0.97

tion to the experimental data using a standard Ieast-squarf#uoi 4.3 18..16(0:92 33.8

fitting method. As shown in Fig. 1(b, the Hf4f region can
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Fic. 2. Spectra of the VB andf4region of the partially oxidized sample Kinetic Energy (eV)

using different photon energies. Fic. 3. Single scans of the Hffdregion of a>20-nm-thick oxide sample

recorded consecutivelin) and with a brief(ca. 10 $ anneal(without expo-
sure to photon fluxbetween each scan.
Figure 2 presents the spectra of hafnium foil in the pres-

ence of the native oxide at different photon energies in the
range of 70—130 eV. The use of synchrotron radiation with
variable photon energy enables an assignment of the bandsg in a significant shift to lower kineti¢higher binding
(for example, O® versus HfE, 6s midgap bandsas energies, which varies with flux and/or time. Figuré)3
shown in Fig. 2. As the photon energy increadesreasing shows the photon induced charging shifts that result when
the escape depth of electronthere is a decrease in intensity scans are taken consecutively at 2 min intervals. Under our
in the 0—4 eV range, indicating that the valence band of theonditions, we observed shifts on the order of 2 eV in the
metal is mainly composed of Hitband 6 bands. The band spectral features due to charging. The charging can, however,
in the range of 4.5-10 eV is mainly composed of @like  be eliminated even for these thick oxides by a 10 s brief
nonbonding# orbitals with some contribution from Hf6  anneal to~200°C (without exposure to photon fliixas
levels. It is worth noting that the shoulder at aroun@.5 eV~ shown in Fig. 8b). Therefore special care should be paid
becomes more pronounced with increasing photon energy.when analyzing thicker oxides, as temporal and thermal
When the thickness of the oxide layer is increased changes in charging may confuse the analysis. Multiple re-
(>20 nm), the sample undergoes extensive charging resultording of a single scan spectrum with annealing in between

Hf4f

HfOX/Hf HE
hv =160 eV

Binding Energy (eV) FiG. 4. Spectra recorded at 160 eV photon energy dur-
ing the stepwise oxidation of the Hf fofh), and of the
fully oxidized sample at different photon energigs.
The inset shows the fitting of the valance band offset of

the fully oxidized sample.
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the scangwithout photon exposujds one way to minimize results show the presence of metallic (ffbm the substrate

charging. with the 4f,, binding energy of 14.22 eV, fully oxidized Hf
The spectra corresponding to differens ©&xposures are (from HfO,) with the 4f, binding energy of 18.16 eV, and

given in the left panel of Fig. 4. As the oxygen exposureat least one clear suboxide peak. The k5 chemical shift

increases, the intensity in the valence band region decreasssexactly the same as that off 4. The position of the

(0—4 eV and the band corresponding to @-Bke levels valence band of Hf@with respect to the Hffn) Fermi level

(4-10 eV increases in intensity. The right panel presents thas determined as 4.23 eV.

spectra of the fully oxidized sample in the energy range of

120-240 eV. This data set depicts the excitation energy dexcx NOWLEDGMENTS
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