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Measurement of the band offsets between amorphous LaAIO 3 and silicon
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The conduction and valence band offsets between amorphous La#i@ silicon have been
determined from x-ray photoelectron spectroscopy measurements. These films, which are free of
interfacial SiQ, were made by molecular-beam deposition. The band line-up is type | with
measured band offsets of 8.2 eV for electrons and 3220.1 eV for holes. The band offsets are
independent of the doping concentration in the silicon substrate as well as the amorphoug LaAIO
film thickness. These amorphous LaAlfims have a bandgap of 6:20.1 eV. © 2004 American
Institute of Physics.[DOI: 10.1063/1.1644055

There is currently an extensive research effort to findfers. The native Si® on the silicon wafer was thermally
alternative gate dielectrics to replace $ild metal-oxide- removed in UHV at a temperature of 900 °C, measured with
semiconductor field-effect transistofMOSFETS as SiQ an optical pyrometer. The films were grown using elemental
approaches its fundamental limits. LaAl@s a promising sources. Lanthanum, aluminum, and molecular oxygen
alternative gate dielectric for the replacement of Si®Osili- (99.994% purity at a background pressure ok@.0 8 Torr
con MOSFETS.® Single-crystalline LaAlQ has a dielectric  were codeposited at a thermocouple temperature 160 °C
constant of 24.£ 0.2 measured at 145 GHRef. 4 and has onto the clean X1 Si surface. The lanthanum and alumi-
an optical bandgap of 5.6 eAmorphous LaAIQ thin films  num fluxes were each210' atoms/cri s. Several 1000-A-
on silicon have an estimated dielectric constant of 20%37. thick amorphous LaAl@films have been analyzed by Ruth-
It has also been shown that single-crystalline Lafl®  erford backscattering spectrometfiBS) (1.4 MeV Het,
stable in contact with silicon under standard MOSFET pro-170° scattering anglelt indicated that the films are stoichio-
cessing conditions of 1026 °C for 20°sThe band offsets metric, with a ratio of La:Ak1+0.05. A 3000-A-thick
between LaAlQ and silicon have been predicted to be in theamorphous LaAI@film on silicon was used to determine the
range of 1.0 to 2.1 eV for electrons and 1.9 to 3.5 eV forbandgap of amorphous LaAlQising a far-UV spectroscopic
holes!®** All of these properties meet the requirements forellipsomete?
an alternative gate dielectric as suggested by Ititerna- Once the films were at PNNL in UHV, the Glcore-
tional Technology Roadmap for SemiconductomRS).* level spectra indicated the presence of hydrox@si) on the

Although LaAIO;/Si shows many promising properties, fiims. Polar-angle-dependent XPS measurements on a 150 A
there are no published papers that have experimentally detgraa|O,/Si film confirmed that the OH layer was only on the
mined the band offsets. It is critical that the hihgate  gyrface of the films and was not distributed within the entire
dielectric have conduction band offs¢GBO9 and valence fiim or at the LaAIQ,/Si interfacial region. Nuclear reaction
band offsetdVBOs) of at least 1 eV for both electrons and gnalysis(NRA) was used to corroborate the presence of hy-
holes from the silicort? In this letter, we report an experi- drogen. A series ofn situ annealing steps were completed
mental determination of the bandgap, CBOs, and VBOS 0fjsing NRA. NRA indicated that the hydrogen content was
amorphous LaAl@ on silicon. . . completely removed by a 10 min anneal at 400 °C in UHV.

Amorphous LaAIQ thin films with the following  rigyre 1 shows the Oslcore-level spectra before and after

H 3
thicknesses? 10, 20, 40, and 150 A were grown by annealing. Such an annealing step was completed in the XPS
molecular-beam deposition in an EPI 930 molecular-beamamper for all of the films measured in this letter. High-

epitaxy chamber modified for the growth of oxidésand \osoiion scans of the Ss2region were completed on the
shipped to Pacific Northwest National LaboratdBNNL) as-grown films and after annealing. The as-grown films, even

for the x-ray photoelectron spectrosco¥PS) measure- as thin as 10 A LaAlQ/Si and exposed to air, were free of

ments. The films were grown am andp-type Si(00D) wa-  jeectaple Si@at the interfacé® After annealing at 400 °C
in UHV, the XPS spectra contained a small peak-a463 eV,

aElectronic mail: schiom@ems.psu.edu indicating the formation of Si—O bonding.
YAlso with: Interface Studies Inc. A core-level photoemission-based method similar to that
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TABLE |. Summary of CBOs AE.) and VBOs QAE,) for a series of
7 Ols different thickness amorphous LaAJGilms on n- and p-type silicon.
'E As grown
£ \ Film AE, (eV) AE, (eV)
Z | pomelod 400°C f 10 A LaAIO, /n-Si 1.75:0.2 3.35:0.1
g 10 A LaAlO, /p-Si 1.93+0.2 3.17:0.1
s 20 A LaAlO,; /p-Si 1.99+0.2 3.110.1
Z 40 A LaAIO,/n-Si 1.76:0.2 3.34-0.1
g 40 A LaAIO; /p-Si 1.88:0.2 3.22:0.1
3
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%
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for bulk Si(001), a thick (150 A) LaAlO5/Si, and one of the
10 A LaAIO;/Si heterojunctions that was used to determine
FIG. 1. High-energy-resolution Oslcore-level spectra for a 40-A-thick the band offsets. The VB valueE() was determined by
amorphous LaAl@ film on p-Si(001) before and after annealing at 400 °C Iinearly f|tt|ng the Ieading edge of the VB and ”nearly f|tt|ng
for 10 min in UHV. L= . . .

the flat energy distribution and finding the intersection of
, a5 these two lines, as shown in Fig. 2 for silicon and the thick
of Kraut et a was used to determine the VBOSAP- | 5a|0,/Si film. The energy differences between the VB
propriate shallow core-level peaks were referenced to the tonges and the Si2centroids Eq; »,— E,)s Were measured
of the VB for bulk S00) and a thick(150 A) film of 15 pe 98.96-0.05 and 98,98 0.05 eV forn- andp-type sili-
LaAlO; on Si001), using a linear extrapola}g)gomethod 0 con wafers, respectively:°These results are in good agree-
determine the valence band maximBM)."""The re-  mant with the value of 98.950.04 eV for n-type silicon

sulting binding energy differences between the core peaks,casured by Yiet al?! For the thick(150 A) LaAlO/Si,
and VBMs for the pure materials were then combined withy,q leading edge of the VB relative to the Fermi le¢ieL)

corel—level binding energy Qiﬁerenqes for heterojunptions O nd the energy difference between the pl@ntroid and the
obtain the VBO as a function of thickness and doping typeieading edge of the VBEx 25— E,) trisk Lanio,, Were mea-
Monochromatic AKa x rays at normal incidence with a 3 .

sured to be 4.320.05 and 70.86:0.05 eV, respectively. The
GammaData SES 200 analyzer were used for all measure. .\ difference between the i zentroid and the Al
ments. The XPS spectrometer was calibrated using a poly- 9y

crystalline Au foil. The Auf5,, peak position and Fermi-edge centroid s 20~ En 2p_) LaAlO, /si WaS determined for each OT
inflection point were determined to be 84:00.02 and the LaAlO;/Si heterojunctions. These values were then in-

0.00+0.02 eV, respectively. Therefore, all of the binding en_serted into the following equations to calculate the VBOs
ergies(BE) are accurate on an absolute scale within 0.02{(AE.) and CBOs QE.):

| 16,17

0.03 eV, over the binding energy range of 0 to 100 eV. AE,=(Esizp—E,)si— (Ea2p— E.)hick LaAlO,
A thick (150 A) LaAlO,/Si film was used to obtain the
XPS spectra for bulk amorphous LaAJOThe 10, 20, and —(Esizp—Ear2p)Laniossi (1)

40 A LaAIO,/Si films were thin enough to obtain XPS spec- d
tra from both the LaAlQ@ film and the underlying silicon. an
Figure 2 shows the shallow core-level and VB spectra AE.=Eg(Lanio, ~ Egsy —AE, . 2

where Eg(Lanio,) is the bandgap of amorphous LaAj@nd

- Eq(si) is the bandgap of silicon. The VBOs and CBOs were

determined for a series of films om and p-type silicon.

0522005V Table | shows a summary of the band offset results. Both the

S CBO and VBO are independent of silicon doping as well as
\ the thickness of the amorphous-LaAl@Im.

vﬂ 4 2 0 N A 3000-A-thick film of amorphous LaAlQwas grown

«VB»

p- Si(001)

on a silicon substrate to determine the bandgap of amorphous
LaAlO5 on siIicon[Eg(LaA,os)]. The sample was measured in

a spectroscopic ellipsometer system described previdusly.
The initial analysis assumed that the dielectric response of
- amorphous LaAl@ was identical to that previously deter-
J\/\ g 6 4 2 O :éB’ mined for crystalling LaAlO5. The results indicated a thick-
0 3 ness of around 3350 A;-10% more than the target thick-
ness. We then fixed the thickness and permitieahd k to
! | vary from that of single-crystalline LaAlpto better match
100 8 60 40 20 O the experimental results. We performed these measurements
Binding Energy (eV) several times under several different assumpti@hsassum-
ing a single layer of amorphous LaAi®@n Si, (2) assuming
FIG. 2. Shallow core-level and VB photoelectron spectra for pa&(001)

and 150 A and 10 A LaAlgQ/Si heterojunctions. The insets show high- a mixed interface b_etween the amorphous Lag . d the Si
resolution scans of the VB regions for theSi(001) and the 150 A substrate(our routines always found that this was very

LaAlO; /Si. smal)), (3) assuming an SiQinterlayer between the amor-
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pinning. The experimentally measured VB and CB values are
in good agreement with the theoretical predictions of Pea-
cock and Robertsot?:* The theoretical predictions have es-
timated a CBO of 1.0 to 2.1 eV and a VBO of 1.9 to 3.5 eV
for single-crystalline-LaAlQ on silicon®''We have experi-
mentally measured a CBO of 8.2 eV and a VBO of
3.2+0.1 eV for amorphous LaAlQon silicon. These band-
offset values meet the requirements for an alternative gate
dielectric as suggested by IT®Sand make amorphous
- LaAlO; a candidate material for the replacement Si®
’ ¢ N : 0 Si-based MOSFETs.

Binding Energy (eV)

FIG. 3. Simulated VB region in comparison with the measured heterojunc- ~ TWO authors(L.F.E. and D.G.S.gratefully acknowledge
tion valence band for 10 A amorphous LaAlon p-Si(001). The simulated ~ the financial support of the Semiconductor Research Corpo-
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