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Studies of the interfacial structure of LaAlO 5 thin films on silicon by x-ray
reflectivity and angle-resolved x-ray photoelectron spectroscopy
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The microstructures of amorphous LaAl@hin films deposited on silicon substrates by the laser
molecular-beam epitaxy were studied by the x-ray reflectivity and the angle-resolved x-ray
photoelectron spectroscopy. It was shown that the film/substrate interface contains a La-rich
La,Al,O,Si layer and a SiQlayer. It was shown that the electron density of the Lajl&yer and

the LgAl,O,Si layer is not homogeneous along the growth direction due to the diffusion of La, Al,
and Si. The growth kinetics of the LaAldilm was described by three processgs:formation of

the SiQ layer at the early stage whose thickness saturates rapidly at about(2B fArmation of

the LgAl,O,Si layer by the out diffusion of Si and the inner diffusion of La, (Mostly Lg. This

stage continues as the film grow® In the deposition process of LaAlDthe distributions of La

and Al in the LaAlG, layer change from inhomogeneous to homogeneou20@5 American
Institute of Physicg§ DOI: 10.1063/1.1941470

I. INTRODUCTION cleaned with acetone, alcohol, and dilute HF solution to re-
move any native oxide layer, producing a hydrogen-
terminated surface. The deposition was carried out at an oxy-
en pressure of 0.1 Pa and a substrate temperature of
0 °C. Three samples were prepared with different thick-
ness of 50 A(sample A, 80 A (sample B, and 120 A
(sample @, respectively. High-resolution x-ray diffraction

With the continuing miniaturization of the complemen-
tary metal-oxide semiconductaiCMOS) devices, highk
gate dielectrics have gained considerable attention to repla
SiO, as the gate dielectrit.Candidate materials include
Al,O3, Y20, La,0Os, ZrO,, HfO,, and their pseudobinary

. 2-6 . . ™
gﬁlt?setfét d VIYZ,I:IZ):;es t:ir(;nn?ggunr?g“g? E@:tzrtﬂje :hrg:lilécon was performed to confirm that the LaAJ@Ims were amor-
considered as another most promising candidate. It has %hous. o . .

The x-ray reflectivity and high-resolution x-ray-

steady interface with silicon and a higher dielectric constant,. :
8 . . diffraction measurements were performed on a Bruker D8
of 25-277 however, when these materials are deposited o

. . . 'Advance diffractometer at room temperature with K ra-
silicon, SiQ or metal silicates are often formed at the diation. The incident beam was confined by a 0.1-mm slit
interface>™* The existence of these interfacial sublayers, it e th e and th tt >clib '
would reduce the overall electrical property. Understandinqinedmt;; ae(())rze-mrre] Ssalli;nel'ﬁearz]anglee-rsecsat‘)l\ferz X:gncv\;vsspggn-
and controlling the growth of these interfacial sublayers arg | ed on a .PHI-5300/.ESCA surface analysis system using
key to obtain high-performance hidhdielectric films. {M Ka (hv=1486.6 eV at different takeoff angles. The posi-

Many authors have studied the interfacial structure of. )
LaAlO; on silicon substrate by transmission electron micros-tlon of the C peak was taken as a standandth a banding

copy (TEM), secondary-ion-mass spectroscq®yMS), and energy of 285.0 e¥

x-ray photoelectron spectroscogyPS).>>* The x-ray re-

flectivity has been considered an efficient and nondestructivil- RESULTS AND DISCUSSION

tool to measure the microstructures of thin films such as the  ghown in Fig. 1 are the x-ray reflectivity profiles of the
thickness, the electron-density profile, and the interfaciafp ee samples. We have tried to simulate the data by using
roughness of each layer in the film. In this article, the interthe matrix method®*’ A simple two-slab model, which in-
facial structure of the LaAl@films was investigated by the (|ydes a LaAIQ layer and a SiQ interfacial layer on the
x-ray reflectivity (XRR) technique and the angle-resolved sjjicon substrate, failed to reproduce the experimental data.
XPS. The growth kinetics of LaAlQfilm on Si substrate  The dashed lines in Fig. 1 are the best fit we can get with

was discussed based on the results. Bruker'sLEPTOSprogram if a simple two-slab model is used.
The large discrepancy between the simulations and the ex-
II. EXPERIMENTAL PROCEDURE periments enforced us to pursue a more complex model
based on our XPS experiments.
The LaAlG; films were deposited om-type (100 Si The angle-resolved XPS analysis is performed on

substrates by the laser molecular-beam epitékWMBE)  sample A to obtain the interfacial information about the film.
the mean attenuation lengtk, and the takeoff angle), of
¥Electronic mail: bluelixl@163.com the photoelectrons. At a lower takeoff angle only the elec-
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FIG. 1. X-ray reflectivity spectra and theoretical simulations of the samples
with different thickness, sample A: 50 A, sample B: 80 A, and sample C:
120 A.

trons emitted from the near surface region are detected, and
the signals are predominantly from the surface of the sample.
While at a higher takeoff angle the signals contain the infor-
mation of the sample interface. FiguréaRshows the La @
core-level spectra of sample A at different takeoff angles of
15°, 30°, 45°, and 90°, respectively. One sees that the posi- 85 8 75 70 85 60
tions of the La 8,5 peaks at 834.9 eV are similar for the Binding Energy (eV)
takeoff angles of 15°, 30°, and 45°. However, at the takeoff
angle of 90° the peak of the Lad3, is broader and shifts
towards higher binding energy, consistent with the formation
of La—O-Si bond?® Similar results of the Al P spectra are
shown in Fig. Zb). At the takeoff angle of 90° the peak = vt 00
position of the Al D shifts towards higher binding energy. It A
is clear from Fig. o) that the peak profile of the Alj2at the - . g, i 1 K04 5
takeoff angle of 90° is composed of two peaks, one at /
74.2 eV corresponding to the Ap2n LaAlO; environment, o S o St e
another at 75.3 eV indicating the Al-O-Si bond at the inter- B HRAETE30
face. The peak at 75.3 eV disappears when the takeoff angle 160 135 150 145 140
decreases. The La to Al ratigka/Al) for different takeoff Binding Energy (eV)
angles are estimated by the ratios of the La and Al peak areas
in Figs. 2a) and 2b). The La to Al ratios(+2%) are 0.95, FIG. 2. (a) Angle-resolved spectra of the sample A's Ld Gre level taken
0.98, 1.08, and 1.39 for the takeoff ang|e5 of 15°, 30°, 45°at the takeoff angles of 15%urface sensitive 30°, 45°, and 90°%interface

° . nsitive, respectivley(b) Angle-resolved XPS spectra of sample A's A 2
and 900 ! rfSpeCtlveLy' One can See, that for the takeoff anglez%re level taken at the takeoff angles of 15°, 30°, 45°, and 90°, respectively.
of 15°, 30°, and 45°, the La/Al ratios are very close to 1:1.(c) xps spectra of sample A's Sisxore level taken at different takeoff
However, at the takeoff angle of 90° the ratio of La/Al is angles of 30°, 45°, and 90°, respectively.
greater than 1. A reasonable explanation is that the

La,Al,O,Si layer contains high concentration of La. Theselowest takeoff angle of 30°. This may be due to the photo-

results inplicate that there is a La-rich,84,0,Si compound  gjactric signal from the edge of the Si substrate.

near the interface. . The XPS measurements of sample A indicate that there
Figure 2c) shows the angle-resolved St Zore-level 5.0 g LgAl,O,Si component and a Si@omponent near the

spectra of sample A. The spectrum taken at 90° is composgfierface of LaAlQ and Si; the SiQ layer lies below the

of three peaks, noted as peaks |, II, and Ill, respectively. Peaka Al O,Si layer. Since the only difference between the three

il at 154.1eV is attributed to SiQ° and peak Il at samples is the deposition time, it is reasonable to consider

152.9 eV is related to L&l,O,Si corresponding to the La— that samples B and C have a similar interfacial structure as

O-Si and AI-O-Si bonds. The intensity of peak Il decreasegample A. Based on these results, we have used a three-layer

with the decreasing takeoff angle and diminishes eventuallynodel, which includes a LaAlQlayer, a LaAl,O,Si diffu-

at 30°. On the contrary, the intensity of peak Il increases withsion layer, and a SiQlayer on top of the silicon substrate to

the decreasing takeoff angle, indicating that the Sayer  fit the XRR spectra of the three samples in Fig. 1. For a

lies below the LgAl,O,Si layer. Peak | at the binding energy better fitting the SiQlayer is divided into two sublayers with

of 150.4 eV is attributed to silicon. Its intensity decreasesa low electron-density layer and a high one. The low

with the decreasing takeoff angle, but remains even at thelectron-density layer corresponds to the amorphous, SiO

Intensity (arb. units)

-

o

()

S

9

s

N

2
- w H (o]
Q Qa9

I.
© W [t . sizs

Intensity (arb. units)

Downloaded 12 Nov 2005 to 159.226.36.218. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



124104-3 Li et al. J. Appl. Phys. 97, 124104 (2005)

TABLE |. Parameters used in fitting the x-ray reflection curyeis the electron densitfe™/A3)+0.01,d is the
layer thicknesgA)+1, ando is the root-mean-square roughness of the interf48¢40.5.

Interface layer(p/d/ o)

LaAlO5 Si substrate

pldlo La,Al,O,Si SiQ Denser SiQ plo
Sample A 1.2%,,—0.9%440m/44/2.8 0.765/4.5 0.668/6 0.73/5/5 0.7/3
Sample B 1.38,,—1.1Q3040n/65/3.5 0.77/10/9 0.6®/5.5 0.745/5 0.7/3
Sample C 1.42/100/7.0 0.80/19/15 0/863 0.74/5/5 0.7/3

and the high one is believed to correspond to the quasiepto diffuse, hence the compositional grade of the LaflO
taxial growth of the SiQ near the substraf@?! which is layer is decreased gradually, and eventually the LaAiln
slightly denser than the Si substrate. Because there migltecomes homogenous and compact.
exist suboxide at the SidSi interface’>**we consider the It is impressive to find that the thickness of the
SiO, to be a better description of the interfacial Sil@yer. A La,Al,O,Si layer increases with the thickening of the
linear gradient of LaAl@ compound density is also consid- LaAlO; layer, while the thickness of the SiQayer is basi-
ered for samples A and B. The best simulation results areally changeless. We suggest that the oxygen diffusion oc-
shown in Fig. 1. The parameters used in the simulation areurs only at the early stage of the film growth, and the thick-
listed in Table I. The electron-density profil€EDPS ob- ness of the SiQ layer saturates at about 13 A. It is in
tained from the simulation data are shown in Fig. 3. agreement with the previous study that the growth of,SiO
The arrows in Fig. 3 indicate the interfaces of thelayer saturated with the time and the pressure but increased
LaAlO;/La,Al,O,Si, which are defined by the different den- with the temperature in ZrgSi systemz.4 The diffusion of
sity gradients of the two sides. The gradient of theSi into LaAlO; layer is a dominant process of the interface
LaAl,O,Si layer might be caused mostly by the out diffu- growth mode>” The emission of Si towards the surfite
sion of Si, while that of the LaAl@layer might be formed during the growth promotes the formation of La—O-Si and
by the inner diffusion of La and Almostly La. From Table  Al-O-Si bondgmostly La—O-Si bond as the XPS results of
I, one can observe that the electron density of the LaAlO La-rich interfaceé. Consequently, the thickness of the
layer of sample A is highly inhomogeneous and shows d.a,Al,O,Si layer increases. SiO generated at the interface of
graded distribution along the growth direction. It is aboutSi/SiO, via the reaction Si+Si@— SiOf is the most pos-
1.27e /A3 at the surface of the LaAlQlayer, and about sible diffusion mode of the Si speciés.
0.95e /A% in the vicinity of the substrate. It might be caused
by the inhomogeneous depth distributions of La and Alin they, concLUSIONS
LAO film. With the continuing increase of the thickness, the
inhomogeneous is decreased gradually and the Lafger The microstructures of amorphous LaAl@in films de-
becomes more compact as the parameters of sample Bsited on Si substrate were investigated by the x-ray reflec-
showed. The electron density near the top surface of thévity technique and the angle-resolved x-ray photoelectron
LaAlO; layer is increased to 1.38/A3, and is about spectroscopy. The results showed that there argAl}@,Si
1.10e€ /A3 in the vicinity of the substrate. Eventually, the compound and a SiQcompound at the interface of
inhomogeneous of electron density disappeared. We can s€@AlO3/Si substrate. The thickness of the Silayer satu-
from sample C that the electron density becomes homogeates rapidly at about 13 A, while the thickness of the
neous with a value of 1.4& /A3, When the film is thicker, La,Al,O,Si layer keeps increasing as the deposition contin-
the La and Al in the LaAlQ layer would have enough time ues. The electron density of the LaAJ@ayer is highly in-
homogeneous along the growth direction. The gradient of the
electron-density distribution decreases and disappears even-
| LaAl,OSi tL_JaIIy as the LaAIQ Iayer_ be(_:omes thick._ From the disc_us-
T —, sion above, the growth kinetics of LaA@ilm grown on Si
- substrate can be described by the following three processes:

=
\

(1) Atthe early stage of the LaAlQgrowth, oxygen atoms
arrive easily at the Si substrate, the transport of oxygen
should have a much higher diffusivity than oxygen dif-
fusion at the growing SiQfilm, and the oxide growth is
a rate-limiting step. At the following time, with the
thickening of the SiQ layer, the grown SiQ) prevents
the further growth of SiQso that its thickness saturates
rapidly.

FIG. 3. Comparison of electron-density profil&DP) of the samples with (2) With the further deposition of LaAlg) the oxygen dif-

different thickness, sample A: 50 A, sample B: 80 A, and sample C: 120 A. fUSi_on_thrOUgh the L_aA'_@f”m beCQme.S maore d.ifﬁCU“-
The arrows indicate the interface of the LaAkRa,Al,O,Si. Emission of Si species is the dominating diffusion mode
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